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PREFACE

Originally this handbook was intended to serve as a guide to the beginning m icroscopist

and as a reference for the supervisor in the nuclear microscopy laboratory at Los Alamos.

Considerable interest has been shown in its contents by researchers who are engaged in work

with nuclear emulsions, especially those who are forming analysis groups such as that at

Los Alamos.

In consideration of this interest the handbook has been revised to include additional ma-

terial, some of it more recent than the original report. Various corrections have been made

along with some deletions, particularly when information was not firmly established.

It seems desirable to emphasize the necessity for flexibility in the procedure of analy-

sis. Though the techniques described here are in general applicable to a variety of experi-

mental situations, they can best serve as a guide in the formulation of procedures for other

experimentation.

Because of the large number of sources of information on the analysis techniques for

nuclear emulsions, no effort has been made to document completely the contributions of vari-

ous workers in the field. It seems fitting, however, to acknowledge the work of the nuclear

microscopists at Los Alamos who have proved the success of the methods described. Also

we must acknowledge our indebtedness to Louis Rosen, who is responsible for many of the

ideas presented here, though not for any errors in the presentation. We wish also to thank

Leona Stewart for her considerable help in the preparation of this report.

Finally, we wish to call the attention of the reader to two review articles, one by Arthur

Beiser, Revs. Mod. Phys. ~, 273 ( 1952), and the other by Louis Rosen, “The Measurement

of Neutron Energy Spectra Using Nuclear Emulsion Techniques” (in preparation).
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Chapter 1

THE MICROSCOPE

Several views of the Leitz Ortholux microscope are shown in Figs. la and lb and the

various parts are labeled. The optical system proper consists of the eyepieces, binocular

tube, the objective, the condenser, the field diaphragm and condenser, and the light source.

In Fig. lb, A indicates the protractor eyepiece attachment for measurement of angles between

tracks; B is a mirror system which gives a direct view of the scale of the fine adjustment

knob; and C and D are the micrometer stage movements in the x and y directions, respec-

tively. The alignment of this system is very important, and detailed instructions for align-

ment are given at the end of this chapter.

The mechanical features of the microscope provide a convenient means of handling the

nuclear plate, which is placed on the stage. Two focusing adjustments are provided. The

coarse adjustment is used to bring the plate up to the objective, and the fine adjustment is

used in fine focusing and the measurement of the dip of tracks, when this is required.

In spite of its rugged appearance and weight, the microscope is a very delicate instru-

ment. The results which are obtained from a microscope depend to a very great degree on

the care with which it” is treated.

Absolute cleanliness is probably the single most important factor in the care of the

microscope. Our laboratory is air-conditioned with filtered air for the purpose of keeping

dust--and especially grit--out of the mechanisms of the microscope. Many of our measure-

ments have to be made with extremely high accuracy and the wearing of a micrometer screw

or a fine adjustment can make an instrument useless in such cases. It is important that you

keep the dust cover on your microscope at all times when it is not in use.

Should you notice that any movement on the microscope becomes hard or rough, stop

using the microscope immediately and tell your supervisor about the trouble. From time to

time it becomes necessary to clean and regrease the fine movements. Unless you know ex-

actly how to do this, ask your supervisor for the proper procedure. Dirt and dust in the

optical system must also be removed periodically. Usually such work is done by a skilled

optician who comes to the laboratory at intervals for the purpose. Again, unless you are

positive that you know the proper procedure, do not attempt this kind of job yourself. The

alignment of a binocular system, for example, is a clifficult job even for an expert.

For most of your work you will use what is called an oil-ire mersion objective. To use

this objective, one places a drop of cedar oil on the slide and brings the slide and objective

-4-
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Fig. lb. Leitz Ortholux microscope
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nearly into contact, so that the oil forms a part of the optical system. In this way, higher

magnification and greater clarity are obtained. When cedar oil dries it forms a gummy resi-

due which is rather difficult to remove. It may get into the condenser diaphragm, below the

slide, and “freeze” it completely. Be especially careful, therefore, not to drop oil down on

the condenser. However, if it should happen, be sure to clean the oil off immediately. A

good way to keep from dropping oil on the condenser is to bring the oil in from the side of

the plate.

Oil-ire mersion objectives are constructed to prevent leakage of oil into the lens system.

The y are not always completely tight, however. For this reason, you should never leave the

objective in contact with the oil for any extended time when you are not using your micro-

scope. tiwer the stage and wipe the oil off the objective with lens paper. At the same time,

the cedar oil should be wiped off the slide.

Xylol is a good solvent for cedar oil and may be used to remove dried oil from a plate

or an objective. Unfortunately, XY101is also a solvent for the cement with which the lenses

are fixed into the objective mount. Therefore, when you use xylol on an objective, use it

sparingly. Merely dampen a lens tissue with xylol, wipe it across the front lens, and wipe

off the XY101with a clean, dry lens tissue. Immersion oil should be removed from the ob-

jective in this manner after every use.

Xylol dissolves some of the protective plastic coatings put on the photographic plates to

retard peeling. Hence it is best to remove the immersion oil from a plate only by wiping it

clean with Kleenex. Although plates must be wiped to prevent swelling, a small residual film

of oil seems in most cases to be beneficial to the plate.

The statement above concerning leakage of oil into an objective is of even greater im -

port in the case of objectives which are not designed to be used with oil. If you should by

accident get oil on a “high dry” objective , clean off the objective as soon as possible. Dry

objectives are not, in general, very well sealed and oil leakage into them is much more likely

than is leakage into oil-immersion objectives.

On both objectives and eyepieces (or oculars) you will find numbers which indicate the

magnifications, as 6x, 12x, 45x, 90x. The magnification of the microscope in diameters is the

product of the magnifications of the eyepiece and the objective. For example, with 6x ( read

“six by” ) eyepieces and a 90x objective, the magnification is 6 x 90, or 540 diameters. Thus

a track 10 w long will appear to be 5400 ~ ( about 0.2 in. ) long in the field of the microscope.

Oil-immersion objectives can be distinguished from dry objectives in that they usually

are marked “oil” or “eel.” Also, the numerical aperture (N. A.) of an oil-immersion objec-

tive is usually greater than 1, for example, 1.3 or 1.4. A dry objective always has an N. A.

less than 1.
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Most objectives used in this laboratory are of a type called apochromats. The name

refers to the degree of correction of the objective for color and distortion. With an apochro -

matic objective, always use compensating eyepieces. These are labeled, for example, 6x Comp

or 6 x B Periplan.

Most microscopists find that any tendency to eyestrain is minimized by the use of a

blue -green filter in the illuminating system. The filter can be placed just below the condenser

in the path of the light beam from the light source ( see Fig. la). The color of the filter ap-

pears to be largely a matter of personal preference. Filters in use in our laboratory range

in color from a pale yellow-green to dark blue-green.

In all types of analysis you will use an eyepiece reticle. This is a round, flat glass

which has engraved on it a large square subdivided into smaller squares (usually 100). In

addition, you may use other similar devices , such as eyepiece scales and angle retitles.

These are to be placed into one eyepiece by removal of the top lens mount, which unscrews

from the eyepiece. The engraved side of the reticle should be down, otherwise the reticle

lines will not be in focus. If a reticle or eyepiece scale is used in only one eyepiece, a

clear, round piece of glass should be placed in the other eyepiece. This system provides

compensation for the change in effective length of the light path caused by insertion of extra

glass in the optical system.

Misalignment of the optical system can be detected by a shifting of the grains and tracks

as the” fine focus is changed. This effect should be corrected by the alignment procedure de-

scribed below. The following instructions apply primarily to the Leitz microscope. Alignment

of the Cooke microscope follows the same general procedure except for the location of some

of the adjustments.

Alignment of Leitz Microscope

1. Place plate, emulsion side up (or numbered side down), on stage. Check to see

that the small rotatable lens (top element of condenser) is in the vertical position and that

it is almost flush with the glass side of the plate. If the lens is too high, the plate will

scrape on it, and perhaps be pushed up as the plate is moved horizontally or vertically. This

adjustment is made with the screw under and to the rear of the microscope stage on the left-

hand side of the microscope --not to be confused with coarse and fine adjustment screws for

raising and lowering the stage.

Focus on plate with low-power objective ( 10x or 12x).

2. Close the field iris (or diaphragm, or aperture) with the milled ring under the stage.

Note the image of the aperture (usually a decagon). It may be necessary to change the con-

denser focus slightly (by raising or lowering it as in 1 ) to make the image sharp.
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3.

stage.

4.

just until

5.

Center the image by means of the two aperture-centering screws just under the

Open iris to illuminate field evenly. It is not necessary to open it all the way, but

the image becomes larger than the field of view.

Move lamp condenser over full range using lever in front of lamp housing; mean-

while, look into the eyepieces. If the maximum illumination is off-center, bring it into the

center with the lamp-housing centering screws. This centering is not critical, but the field

should be well illuminated.

6. Move lamp condenser to position of nice illumination , minimum glare ( lever will be

near top ).

7. Now go to oil-ire mersion lens and focus on tracks. Close the condenser field dia-

phragm ( milled ring). Note aperture image, if possible. In some cases, even with the milled

ring turned to the right as far as possible, the image may be larger than the field of view

and, if centered, its edges will not be visible. However, if the image is not centered, the

field will probably appear nonuniformly illuminated as the aperture is slowly opened and

closed.

The centered aperture image should

of view so that the field is well illuminated.

8. Remove one eyepiece and look down

You should see a uniformly illuminated round

finally be made somewhat larger than the field

into opening. Do not get your eye too close.

spot of light. Close the aperture iris with

lever; round spot should become smaller and have polygon appearance. Now bring lever

slowly to left until the spot is almost completely a circle again, i.e., until the aperture iris

leaves are just sufficiently open to give a bright inner circle of light surrounded by a narrow

darker ring of light.

9. The interpupillary adjustment has probably been made during operation 1, so that

the centers of the lenses in the two eyepieces are exactly the same distance apart as the

centers of the observer’s eyes. The adjustment knob between the eyepieces is calibrated in

millimeters. Record this reading at times of calibration, and be sure the setting is main-

tained since later calibrations depend upon it.

10. A final adjustment which may be made compensates for differences in strength be-

tween the right and left eyes. To make this adjustment, focus the microscope so that it is

sharp for the right eye, then cover the right eyepiece and turn the adjustment on the left eye-

piece until the image is equally sharp for the left eye. Both eyes should then see the image

equally well.
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Chapter 2

CALIBRATIONS

One of the fundamental measurements necessary in the analysis of any plate is an ac-

curate measurement of the length of a track. What one measures, in reality, is the projected

length of a track in the emulsion. This is the distance between the ends of a track projected

perpendicularly onto the surface of a plate. Thus, if the track is tilted in the emulsion, a

length less than the true length of the track is measured. However, it is possible to arrive

at the true length by measuring also the dip, or the distance in microns in a direction per-

pendicular to the surface of the plate from the beginning to the end of a track.

It is then necessary to calibrate the reticle in the microscope eyepiece in terms of a

known length, as well as to check the calibration of the fine-adjustment screw, which is

marked directly in microns. These calibrations are described in detail below.

2.1 Calibration of Eyepiece Reticle

Two types of stage micrometers are used. The more accurate one has a scale 1000 ~

long, with lines at 5-v intervals along the entire scale. No correction factor needs to be ap-

plied to this stage micrometer. The second type has a scale 2000 v long subdivided into 100-#

intervals with one 200-# section divided into 10-~ intervals. With this type of stage micro-

meter, always use the finely-divided region. A correction usually has to be made with the

latter type, and is obtained from the number stamped on the plate itself or on the box in

which it is kept. For instance, if the stage micrometer is marked 200.3 (the length in mi-

crons of the 20 spaces in the finely-divided region), each space of this portion is equal to

200.3/20 or 10.015 W, instead of 10.000 &

Clamp a stage micrometer in position on the micrometer stage and locate the scale. It

may be possible to find it directly with the high-power oil-ire mersion lens. If trouble is ex-

perienced, however, shift temporarily to a low-power objective ( 10x or 12x) until you locate

the scale; then return to the oil-immersion objective. For ease in locating the lines the next

time calibration is necessary, note “V” (vertical ) and “IT’ (horizontal) stage vernier positions

of the marked end of the stage micrometer.

Place the reticle in the eyepiece used by your dominant eye ( see Appendix K). Lnsert

a clear round of glass in the other eyepiece. With the horizontal movement, bring one of the

lines of the stage micrometer into coincidence with the left-hand line of the reticle. Then

look at the right-hand side of the reticle. If the right-hand line is also lined up exactly with

a stage-micrometer line, the reticle length is an integer ( usually 10) times the stage-microm-

eter spacing, S. Thus to get the length of the reticle in microns, count the number, n, of
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stage-m icrometer divisions within the reticle, and multiply this number by the calibration

factor, S, for the stage micrometer. R. L. ( reticle length) = n x S.

NOTE: Because the lines of the stage micrometer are wider than those of the reticle,

you should always bring a reticle line into coincidence with the middle of the stage-

micrometer line, the left edge, or the right edge --it does not matter which, as long as

you are consistent. Also, always make the horizontal motion in the same direction

when you bring reticle and stage -micrometer lines into coincidence. If you overshoot,

back up and approach again. Now rotate the reticle so that the top and bottom are in

the positions where the sides were, and repeat the above observations. This dimension

gives the reticle width, which is also the swath width. If the reticle length and width

are each exactly an integral number of stage-micrometer divisions, the calibration is

completed. Return the reticle to its original position.

If both reticle dimensions are not integral multiples of stage-micrometer divisions, re -

place the clear round of glass in one eyepiece with one having a scale etched on it. After

calibration has been completed, the scale may be removed and the clear round of glass re-

turned to that eyepiece. ( Either a scale or a clear glass is needed to compensate for the

reticle in the other eyepiece which alters the path of the light coming up that eyepiece. ) With

the horizontal movement, bring one of the fine lines of the stage micrometer into coincidence

with the zero line

ward the zero end

micrometer line.

and this maximum

Divide the number

of the scale. Then, starting at the 100 end of the scale, follow back to-

with your eye until you find a line of the scale which coincides with a

Count the number of stage-micrometer divisions between zero on the scale

scale reading at which coincidence of scale and micrometer lines occurs.

of stage-micrometer divisions found in this interval by the scale reading

at the end of the interval. Call this quantity C, the scale calibration factor.

EXAMPLE : There are seven stage-micrometer divisions between O and 86, where 86

is the maximum scale position at which a scale line and a micrometer line coincide.

Then C = 7/86.

Now bring a stage-micrometer line into coincidence with the left-hand line of the reticle.

Count the number, N, of whole stage-micrometer divisions within the reticle. Then, with the

length of the scale parallel to the horizontal lines of the reticle, determine the number of

scale divisions between the right -hand edge of the reticle and the last stage-micrometer line

falling inside the reticle. Call this number of scale divisions M. Then (N + C x M), multi-

plied by the stage-micrometer calibration factor, S, gives the reticle length in microns.

Reticle Length = S x (N + C x M).
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Repeat this procedure with the reticle turned through 90° to find the reticle length.

If the reticle divisions are not numbered and if the two dimensions are not the same,

put an identifying mark, such as an inkspot, near one side of the reticle so that it will always

be in the same position in the eyepiece.

2.2 Calibration of Fine Adjustment

The fine -adjustment knob of the microscope is marked in divisions which would, ideally,

correspond to one micron movement of the stage. In general, however, the stage does not

move exactly 1 u per division on the fine adjustment, but somewhat more or less, depending

on the particular microscope. Also, the fine adjustment of a microscope is to some extent

nonlinear over its range. That is, one division may correspond to 1 # at one part of the

scale, but not at another part. These deviations from exact depth measurements ordinarily

do not exceed 10 per cent. For this reason, we sometimes accept this error and use the

fine -adjustment scale as though it were truly calibrated in microns. Since the fine-adjustment

screw is somewhat nonlinear, it is best always to make measurements of depth in a plate by

using the central portion of the adjusting mechanism. You will find that there are about 20

turns of the fine-adjustment knob from one extreme end of its range to the other, correspond-

ing to a movement of the stage of about 2 mm. For the calibrations which follow, and for all

depth measurements, you should use the center of this range, about 10 turns from either end.

So that you can continue to use the central range, always bring the emulsion on the plate in

focus first with the coarse adjustment.

Fortunately, it is not necessary to have an absolute calibration of the fine adjustment

for much of our work. A relative calibration will serve practically the same purpose. The

important feature, in general, is a knowledge of the ratio of thickness of the undeveloped emul-

sion to the apparent thickness of the developed emulsion. This ratio we will call the apparent

shrinkage factor, and it should be used as K in the formulae in which the shrinkage factor is

involved.

K is determined as follows:

Before a plate is exposed, two opposite corners of the emulsion on the plate are cut off,

and the true thickness of the emulsion is measured at each end of the plate by means of a

dial gauge. This is done in the darkroom during the preparation of the plate for exposure,

and the measured thicknesses are recorded.

After exposure and development, the thickness of the

scope by focusing on the top and bottom of the emulsion.

and focus in the center of the field for this measurement.
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fine-adjustment knotI away from you; with a Cooke, turn the knob toward you. ) Then the ap-

parent shrinkage factor will be given by

~ = thickness before exposure (dial gauge)
thickness after development ( microscope)

number of microns of unprocessed emulsion=
fine -adjustment divisions .

The only assumption made here is that the stage movement is linear, that is, that one division

on the fine-adjustment knob moves the stage the same distance as does any other division.

NOTE - This method takes into account any systematic error introduced by a difference—.

in refractive indices of processed emulsion and immersion oil.

A knowledge of the apparent shrinkage factor, K, permits the measurement of absolute

dip angles in the unprocessed emulsion. For the most accurate work, it is necessary to

make a new determination of K for each plate analyzed, since the shrinkage is not always

the same for two plates even though they coime from the same batch and are processed to-

gether.

2.3 Use of Depth of Focus for Dip Measurement

The optical system of the microscope focuses in a range such that all grains within a

vertical distance appear to be equally in focus. This distance is called the depth of focus of

the objective. It is about 0.9 u for an oil-immersion 90x objective, but will vary so,mewhat

depending on the microscope-observer combination. The larger the numerical aperture of

an objective, the smaller will be the depth of focus.

It is possible to measure the dip of a track--or at least to determine whether or not

a track falls within a given dip acceptance angle --by using the depth of focus criterion. This

criterion is that a certain minimum length of the track must be in focus if the track is to be

accepted.

To calibrate for the dip measurement, consider, for example, a track within the em ul-

sion which has a dip of 1 in 10, as measured with the fine adjustment and reticle width, both

calibrated previously. A second requirement for such a track is that it be straight, that is,

it must not scatter detectably in the reticle width over which the dip is measured. This can

be ascertained by focusing along the track length and noting that the same length of track is

in focus for any portion of the track. In this measurement, as in the dip measurement above,

it is important because of curvature of field that the center of the section of track on which

measurements are made be at the center of the field.

The next step is to focus on the portion of the track at the center of the field, and ob-

serve the length of the track which is in focus.

/
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The depth of focus is given by

d = ( length in focus) tan L9d,

where f3d is the dip angle. Tan Od is the vertical dip distance

to the other, divided by the reticle width. For example, if the

dip is 10 ~

from one side of the reticle

reticle is 100 w wide, and the

10 p
tan Od=—=100 ~

0.10.

Then, if 9 p are in focus at once, the depth of focus in

d=9 # x0.1=0.9&

For a given angular criterion, the minimum length of track which should be in focus at

one time will be

If, for example, the dip criterion is 2 in 10, then

1=min

In the case above,

J?=min

d—=5d.
2/10

where d = 0.9 W, the minimum length which can be in focus is

5X0.9 U=4.5U.
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Chapter 3

NUCLEAR EMULSION PLATES

The photographic emulsions used in nuclear-particle detection are, to some extent, quite

similar to those used in an ordinary roll of film. Both consist of a light-sensitive chemical

( silver bromide) distributed fairly uniformly throughout a gelatin. When light falls on the

emulsion, changes in the silver bromide grains occur. These changes can be emphasized by

other them icals (development) so that the bromine is removed from the activated silver bro -

m ide grains. In its place are left small particles of silver. These appear black in their

finely-divided form.

An action similar to that caused by light occurs when a charged nuclear particle passes

through an emulsion. Development then makes visible the path of the particle in the emulsion.

In the microscopy laboratory, the analyst investigates the various characteristics of such

tracks, counting their number, and measuring their lengths, angular distributions, or other

features which may be needed for the interpretation of a particular experiment.

A fundamental difference between nuclear emulsions and ordinary photographic emulsions

is that the nuclear emulsion contains a great deal more silver. About four -f ifths of the weight

of the emulsion before development consists of silver. This feature makes a track more

dense and continuous in nuclear emulsion, hence it can be followed more easily. Nuclear

emulsions are also much thicker than ordinary photographic emulsions, and many particles

will lose all their energy in the emulsion. When this happens, it is possible to determine

the initial energy of the particle by measuring the length of the track ( range) in the emulsion,

provided the identity of the particle is known.

Energy, in the sense that we use it, is a measure of the mass of a particle and its ve -

locity. That is, the greater the mass and velocity of an object, the greater its energy. When

a nuclear particle enters the emulsion it begins to slow down, which is the same thing as say-

ing that it starts to lose energy. But the greater the energy, the greater will be the distance

required to stop the particle. A fixed relation exists between the energy and range in emul-

sion for all charged particles. For protons and alpha particles, this relation is well known.

It is important to note that this relation varies with the nature of the particle, being different

for a proton than for a deuteron, for example. Range -energy tables are given for the more

common particles in Appendix A.

The unit of range which we use is the micron, one-thousandth of a millimeter. Energy

is expressed in a less familiar unit, Mev ( million electron volts).
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Several types of nuclear emulsions are available. These differ mainly in their sensi-

tivity to the various kinds of particles and one or another type of emulsion is used, depend-

ing on the particle to be studied.

-16-



Chapter 4

CHARGED PARTICLES AND NEUTRONS

From the nuclear-plate point of view it is convenient to divide nuclear particles into

two groups--those which are electrically charged, and those which are not. The latter group,

for our purposes, consists of only one kind of particle, the neutron. The former group in-

cludes many particles, of which the simplest is the proton. The neutron and the proton have

essentially the same mass, and differ only in that the proton has a positive charge. In de-

scribing the charge of other particles, we use the charge of the proton as the basic unit. If

we say a nucleus has a charge of 2, we mean that it has twice the charge of a proton.

Only charged particles produce tracks in the emulsion. Therefore, it is impossible for

a neutron to record its path in the emulsion directly. When it is necessary to observe neu-

trons in an experiment, the neutrons can be “converted” to charged particles by various

means. These methods are discussed in Chapter 6.

The most common light particles, together with their charge and mass in units of the

proton charge and mass, are indicated in the following table:

Symtml Name Charge Mass

N Neutron o 1

P Proton 1 1

D Deuteron 1 2

T Triton 1 3

He3 Helium three 2 3

He4 Helium four, 2 4
or alpha

Occasionally you may see in a plate a star formation of tracks about 25 v long, origi-

nating at a potnt inside the emulsion. This is usually a thorium star. It is produced by a

small amount of thorium, a radioactive element which emits alpha particles ( charged helium

nuclei ). Thorium sometimes occurs as an impurity in the glass or in the emulsion.

Again, you may find a star with many branches of various lengths and degrees of dark-

ness. This is a cosmic-ray star, produced by a highly energetic particle which had its ori-

gin directly or indirectly in outer space. However, thorium and cosmic-ray stars are not of

any particular interest in our present work.
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Chapter 5

MATHEMATICS

As a microscopist you are not required to know or use any but the simplest mathe -

matics. -most of it ~ithmetic. There are a few easy ideas from more advanced mathematics,

however, which may prove useful to you in your work. In the experiments which produce the

plates you analyze, these ideas are used frequently. Some understanding of trigonometry, for

instance, may help you better to understand the reasons for certain measurements you will

make. Consequently, you will be able to do your analysis more efficiently, Here, then, are

some of the concepts most often used in this laboratory.

Angles are commonly measured in degrees, a unit derived by dividing the central angle

of a circle into 360 equal parts. Some angles and their values are shown below:

/10°~450h900~1800~3600 0°

A 90° angle is called a right angle; a triangle having one angle of 90° is called a right

triangle. Trigonometry is the mathematics of triangles and, in particular, of right triangles.

The sum of the three angles of a right triangle is 180°. Thus, if we are given one

acute (~ 90° ) angle of a right triangle, all three angles are known.

Now let us look at two right triangles having equal angles, but with sides of differing

lengths.

adjacent A

These are called “similar” triangles. The sides of these triangles are in exact proportion to

each other, no matter how large or how small the triangle, and names are given to the ratios

of the sides. We can refer to the sides of the triangle in relation to angle A as opposite A,

and adjacent to A. The third side, opposite the 90° angle, is always called the hypotenuse.

It is now possible to name the ratios of the sides:

opposite
sine A= sin A=

hypotenuse ;
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cosine A = cos A =
adjacent
hypotenuse ;

tangent A . tan A .
opposite
adjacent “

The values of these ratios for all angles are available in tables.

As an example of the use of these functions, suppose it is desired to measure the length

of a track which dips into an emulsion, starting at the surface, as shown:

*

Glass

Usually it is possible only to measure 2, the “projected” length of the track in the plane

of the surface of the emulsion. L is the true length of the track. By the above definition for

the cosine of an angle,

1—= COSB
L

or
1

L=— .cos B

Now, if angle B is known ( and usually it is in an experiment of this kind), all that is neces-

sary is to look up cos B in the tables. Then the true length is found by dividing # by cos B.

Suppose, for example, that ~ is 1000 u and B is 10°. From the tables, cos 10° = .9848,

and

There will be many such applications of trigonometry in your work. Usually most of

the data necessary for such calculations will be given.

There is one other relation which you will be called upon to use rather frequently. This

is, again, a relation between the sides of a right triangle and the hypotenuse. It states that

the square of the hypotenuse of a right triangle is equal to the sum of the squares of the other

two sides, or

4

Jv

90°

-19-
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This is a useful relation in finding the true length of a track which has scattered in the emul-

sion. One measures the horizontal and vertical components of a track by micrometer screw

or by reticle, and can then arrive at a value for the true length. The table of squares and

square roots of numbers in most mathematical-table collections is useful here.

For tables of the various trigonometric functions, see Appendix J.
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Chapter 6

EXPERIMENTAL TECHNIQUES AND ANALYSES OF PLATES

Just as we have divided the particles of interest into two divisions--charged particles

and neutrons ( Chap. 4 )--so we can classify the experimental techniques of photographic emul-

sions. There may be charged particles to begin with, or it may be necessary to convert neu-

trons into charged particles which can produce tracks in the emulsions. The analysis tech-

niques are considerably different for the two types of experiment, hence they will be treated

separately.

6.1 Charged Particles

At Los Alamos there are at present two types of particle accelerators which produce

charged particles of high energy. These are the Van de Graaff accelerator and the cyclotron.

Usually, the particles which are accelerated in these machines are protons, deuterons, and

alpha particles. In the Van de Graaff accelerator it is possible to accelerate other particles,

including tritons and helium threes.

In the usual experimental arrangement, a charged particle beam passes through the nu-

clear multiple -plate camera, a photograph of which is shown in Fig. 2. To be more specific,

let us suppose that we are using the beam of deuterons from the cyclotron.

The multiplate camera is loaded with plates, closed tight, evacuated, and then filled with

a very pure gas, say, helium four. If the cyclotron is turned on and deuterons are passed

through the camera, most of them will go straight through. But for every thousand or so

deuterons which pass through the camera, one will collide with a He4 atom and be scattered.

When this happens, the deuteron will give a part of its energy to the He4 and both Particles

will go off at angles to the original deuteron direction.

Some of those particles which are scattered will pass through the slits, fall on the sur-

faces of the various plates, and produce tracks which can be seen after development. The

situation is shown in Fig. 3, except that the deuterons and He4’s are shown very much larger

than the y actually are, and the slit systems are also somewhat enlarged.

Now you may see the reasons for the standards which are set up for the analysis of a

plate of this kind. First, the tracks can go in only one direction--away from the numbered

end of the plate, which is always pointed toward the center of the camera. Second, the tracks

must start on the surface of the emulsion, since the charged particles which produce the

tracks enter at the surface. Third, the slits limit the angle which the path of a particle can

make with the axis of the plate. You are thereby given certain angular limits for the spread
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and dip of a track. Finally, the slits are small enough so that only the central portion of

the plate can be struck by the scattered particles. Tracks should appear only in the central

portion of the plate. The reason for recording the position of tracks on the plate is that later

you will be able to make a plot of track density vs position along the plate. Only those

tracks which fall in the proper area on the plate are acceptable.

In the analysis of a plate of this type, tracks are counted in swaths, which are strips

taken lengthwise along the plate. The width of a swath is defined by the reticle height as it

appears in the microscope field. If a track begins within the reticle it is counted; otherwise

it is not. Even if the track begins within the reticle and then scatters out, it is still counted.

Swaths should be spaced far enough apart so as not to overlap. This means that if the reticle

height is less than 100 ~, 0.1 mm is sufficient spacing between swaths. If the reticle height

is more than 100 p, 0.15 or 0.2 mm spacing should be used. In order that the swath be

properly defined, it is essential that the top and bottom edges of the reticle be parallel to

the direction of the stage motion in the H direction. Make sure this is the case by placing

a silver grain on the top of the reticle and moving the H adjustment. If necessary, rotate

the eyepiece containing the reticle until the grain stays on the reticle ruling across the en-

tire width of the reticle.

It is possible to calculate the energy of any particle scattered at any angle in the

camera, provided the initial energy of the beam particle is known. From this energy and the

range -energy curve for the particular particle, it is possible to predict the range of the par-

ticle in the emulsion. On some plates there might be several range groups, corresponding

to various kinds of particles scattered at the same angle. This is the reason for making a

range analysis- -that is, measuring all tracks, tabulating the number of tracks in equal range

intervals, and plotting a graph. Such a graph indicates whether the particles have their proper

range, and whether there are extraneous particles which may have an influence on the experi -

ment.

As we have seen, neutrons camot themselves produce tracks in an emulsion since they

have no electric charge. In order to observe the effects of neutrons, it is necessary to con-

vert the neutrons into charged particles. The charged particles can then be observed, and it

is possible to arrive at conclusions concerning the neutrons which produce the charged particles.

6.2 Radiator Technique

One convenient way in which neutrons can be converted is to place a thin foil of material

that contains hydrogen ( paraff in, for instance) in the path of the neutrons. Some of the neu-

trons will strike hydrogen nuclei in the foil, and the hydrogen nuclei, or protons, will take up

some of the energy of the striking neutron. If the proton goes in a direction parallel to that
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of the neutron direction, it will receive all the energy of the neutron. If there is an angle,

O, between the neutron and proton directions, the proton receives a part of the neutron energy,

according to

Ep = En COS2 6 .

This equation says, for example, that if there is an angle of 10° between the directions of

neutron and proton, the proton will have 97 per cent of the initial neutron energy.

Now it is necessary to let the protons fall on a photographic plate and produce tracks.

The apparatus for such an experiment is shown in Fig. 4. From the figure it is possible to

see how the analysis criteria are set up. These are:

1. The track must start on the surface of the emulsion.

2. The track must proceed away from the nulmbered edge of the plate.

3. The track must enter the emulsion within certain angular limits which are deter-

mined by the placement of the plate and the radiator, the size of the radiator, and the area

to be counted. (See footnote page 36. )

The camera is evacuated so that tie protons produced in the radiator will not lose any

of their energy before they strike the plate.

In an experiment of this kind one usually wants to find tie number of neutrons at each

energy. To do this, note first that in measuring the length of a track in the microscope, we

really measure the “projected length” - -only the length of the track parallel to the surface of

the emulsion. In order to get the true length we must divide by cos 6.

NOW it is possible to find the energy of the proton which produced the track by using

the range-energy curve for protons. Knowing the proton energy, we use the equation above

in reverse, that is,

E
En= ; .

Cos o

Thus we arrive at the neutron energy by dividing proton energy by COS2 0.

There is some slowing-down of protons in the radiator and in aluminum absorbers, which

are sometimes placed between the radiator and the plate. Small corrections are necessary

for these factors; they occur as a correction M the true range of the proton.

The probability that a neutron will collide with a proton varies with the energy of the

neutron. The higher the neutron energy, the less likely it is that a neutron-proton collision

will occur. This probability is expressed by a number called a the neutron-proton scat-
n-p’

tering cross section. u represents the effective proton area available to a neutron for
n-P

making a collision. A table of u
n-p

plotted against neutron energy is given in Appendix B.
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Since it is less likely that neutrons of high energy will produce recoil protons, it is

necessary to divide the nu,mber of protons produced by u in order to arrive at a true
n-p

picture of the neutron distribution. u always enters into our neutron measurenlentso
n-P

The instructions for reading and calculating the neutron spectra observed in a camera

with a radiator are summarized in Sect. 6.3.

Measure only tracks starting on the surface in the central inch of the plate, and pro-

ceeding away from the numbered edge. Acceptable tracks must satisfy given horizontal and

dip-angle criteria.

6.3 Calculation of Neutron Spectra for Plates in Camera -- i.e., with radiator (and, possibly,
absorber )

1. Colulmn L En in 0.5-Mev intervals.

2. Column II. Ep (= En COS2 8). Use four significant figures. 0 will depend” upon

position of plate in camera.

3. Column III.

curves for protons in

nificant figures.

4. Column IV.

where A = correction

5. Column V.

6. Column VI.

Rp, for each value of Ep in Column II. Obtain from range-energy

dry emulsion (J. Rotblat, Nature l&7, 550 ( 1951)) . Read to four sig-

R
[

=R
pcorr.

p - (A + Rad/cos .9)1
for absorber, and Rad/cos Q = correction for radiator.

Robs (= ‘Pcorr x cos 9)..
A En.

Tabulate Column I in 0.5-Mev steps, e.g., 0-0.5, 0.5-1.0, etc.

7. Column VII. A Robs.

Tabulate Column V in corresponding steps.

8. Column VII L Np ( = number of proton tracks in A Robs intervals).

Tabulate from microscope data.

9. n-p. ( n-p cross section for mid-point of A En intervals, e.g., forColumn IX. a

9.25 Mev, 9.75 Mev, etc.).

Obtain from large graph of u vs E, or from tables.
n-p

10. Column X. Nn (= N/a ).
p n-p

110 Plot Nn vs En ( Mev).

For En use m,id-point of A En intervals, as in Column IX ( see Table 6.1).

6.4 Bare Plate Technique

Another way in

bare plate technique.

neutrons collide with

which neutrons can be made to produce charged particles is the so-called

Here the principle is much the same as in the radiator technique in that

protons, the protons then producing tracks in the emulsion. The difference
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is that the hydrogen tn the gelatin of the emulsion is the radiator.

The apparatus is quite simple. A plate is wrapped in black paper to prevent blackening

by light, and the plate is aimed at the source of neutrons , with the numbered end of the plate

pointed toward the source. Neutrons pass through the plate, producing recoil protons whose

energy depends on the energy of the neutron and the

Figure 5 shows a typical experimental arrangement,

pens in the plate during and after an exposure.

The criteria for analysis of a plate exposed in

angle of collision ( E = En COS2 O).
P

and a greatly enlarged view of what hap-

bare exposure are somewhat more in-

volved. In this case the tracks must start and end within the emulsion. To make this cer-

tain, the requirement is made that the beginning and end of a track be 2 u or more below the

surface and 2 y or more above the bottom of the emulsion.

Since we ordinarily want to know the energies of the neutrons which give rise to the re -

coil protons, it is necessary to set angular limits for acceptance of tracks both in dip and in

horizontal angles. Usually, the angles which we use are about 10°, to either side and up and

down. The reason for this is that for a 10o n-p collision, the proton will have 97 per cent of

the neutron energy ( COS2 10° = .9698). If the angle for the collision is less than 10°, the

proton will have a greater fraction of the neutron energy.

We know that the emulsion shrinks vertically during development by a factor of about

2.3. This means that, in general, the dip angle for acceptance of tracks must be reduced by

about this factor. Sometimes plates may be soaked in glycerin in order to swell them back

to their original, pre -development thickness. In such a case the dip angle is usually the same

as the horizontal angle.

As noted previously, it is important to remember to measure the dip, especially of short

tracks, by placing the section of track where the dip is to be measured in the center of the

field of the microscope. Also, always remember to turn the fine adjustment knob in the di-

rection which lifts the stage ( see Chap. 1).

There is another very important difference to bear in mind in the measurement of track

length in bare plate exposures. The track length must be measured along the long dimension

of the plate. In Fig. 6a, for example, the two tracks illustrated would be

the same length, provided both fell within the proper angular criteria.

A correction factor is always applied to the range measured in this

is l/cos 0, where the bar above cos 6 means that cos 6 is averaged over

pyramid for acceptance.

recorded as having

reamer. This factor

all angles in the

Similarly, the factor for conversion of proton energy to neutron energy is

COS2 O is averaged over the pyramid for acceptance. In calculating cos2 0, it

l/cosz 0, where

is necessary
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also to take into account the size of the neutron source, so that cos 2 0 may be averaged

over solmewhat larger angles than cos 0. For this reason, ( cos 8)2 may not have the same

value as COS2 6. Details of the calculation are given in Appendix C.

Particularly in neutron work, but also in any plate in which protons are the particles

which produce the tracks you are observing, you may find an occasional track which looks

like that shown in Fig. 6b. If the angle between the branches of the tracks is exactly 90°,

you may be sure that the proton which made the beginning part of the track has struck a

second proton in the emulsion. The first proton has lost a part of its energy to the second,

and both produce tracks.

The proper way to find the true range of the initial proton is as follows:

1. Measure the range of the first proton to the point of branching.

2. Measure the true length of each of the branches. Using the range-energy curve for

protons, find the energy corresponding to each branch of the track.

3. Add the two energies from ( 2 ) together and find the range of a proton of the com -

bined energies, again using the range-energy curve.

4. Now add the range which you got from (3) to the range of the first proton up to

the branching point. This new value is the range that the first proton would have had, had

there not been a collision.

As in the case of the radiator technique , it is necessary to divide the number of pro-

tons per energy interval by the appropriate n-p scattering cross section ( an-p ) in order to

take into account the lower probability of scattering for higher energy neutrons.

Another criterion for acceptance of tracks is that they must begin and end in the emul-

sion. This gives rise to the correction factor, P, related to the probability that a track of a

particular length will go out of the emulsion when certain angular criteria are applied. Clear-

ly, the longer a track and the greater the angular limits allowed, the more likely it is that

the track will go out of the emulsion. The methods used in evaluating P are described in

Appendix G.

A concise summary of the criteria for measuring tracks in plates exposed in “bare”

geometry is given below.

6.5 Plates in Bare Exposure

6.5.1 Instructions for Reading Plates

Measure only tracks originating in the emulsion, 2 v or more below the surface and 2 K

above bottom, and proceeding away from the numbered edge. Since a track may be traveling

in any direction and at an angle either up or down in the emulsion, the direction in which it

is proceeding must be determined by its character --tenuous at the start, and becoming heavier
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toward the end. In general, and unless otherwise instructed, measure only those tracks which

also end in the emulsion.

Allow a spread of 11.3° ( 1 in 5 ) on either side of the horizontal axis. The dip angular

criterion is 7° ( 1 in 8). Tracks may dip either up or down and be accepted.

In determining whether or not a track falls within these angular criteria, the important

point to notice is the initial direction of the track. A track may scatter outside the angular

limits, for example, only 5 ~ from its beginning, or it may remain within these angular limits

throughout its entire length. What counts is that the first part of the track must be within

the angular limits.

If a track remains within the specified angles through its entire length, the length to be

measured is a projection of the track length parallel to the long axis of the plate. This means

that for such a track, you need only take a reading with your horizontal micrometer screw.

If, however, a track begins within the angular limits and scatters out of either or both

of them, it is necessary to measure the true length of the scattered portion of the track. If

the scattered length is short, measurement can be made most accurately by turning the eye-

piece reticle parallel to the track. When the scattered portion is long, use the micrometer

screw. If you do not have a vertical micrometer screw , use the reticle to measure the ver-

tical component of the track length. Should the track scatter up or down, it is necessary to

measure the difference in dip (in microns) with the fine-adjustment scale. Having measured

the horizontal, vertical, and dip components of the track, you can arrive at the true length of

the scattered portion of the track by using the formula

~=/h2+v2+(Kd)2 .

The factor K is the shrinkage factor of the emulsion. If you have measured the track length

with your reticle, substitute the square of that measurement for h2 + V2 in the above equation.

Having found the true length of the scattered portion of the track, multiply it by the fac-

tor .985 (for the criteria given above ), and add this corrected length to the length of the

track which falls within the criteria. The sum is the proper length to use in your tabulation.

If the scattered portion of the track falls outside the horizontal but not the dip angular

limit, you need only measure the horizontal and vertical components, and omit d from the

for mula above. Similarly, if the track falls outside the dip angle only, you can ignore the

vertical component, measuring only the horizontal and dip components.

In all dip measurements, be sure to turn the fine-adjustment knob in the direction which

lifts the stage ( L.eitz ) or nosepiece ( Cooke). For the Leitz, turn the knob away from you;

for the Cooke, toward you. You should always have the segment whose dip is to be measured
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the center of the field to avoid error caused by curvature of the field.

While measuring tracks, make about 10 determinations of the thickness of the emulsion

different regions of the total area covered. This figure will determine which graph of P

to be used in the calculations.

The above instructions and those for calculations of the spectrum below apply to most

bare plates. There may be occasional exceptions to these instructions. For example, if you

have a plate which has been soaked in glycerin subsequent to development, the dip angle for

acceptance of tracks will be altered. In item 2 below, the value which you should use for

eav will depend on the experimental setup. Consult your supervisor about which value to use.

6.5.2 Calculation of Neutron Spectra from Bare Plate Data

1. Column I. En in 0.5-Mev intervals.

2. Column II. Ep (= En COS2 El).

3. Column III. Rp, for each value of Ep in Column II.

curves for protons in w~t emulsion ( Lattes, Fowler, and Cuer,

Read to four significant figures.

4. Column IV. Robs (= Rp x cos 9).

5. Column V. A En.

Obtain from range -energy

Ilford Technical Data, 1947).

Tabulate Column I in 0.5-Mev steps, i.e., 0-0.5, 0.5-1.0, etc.

6. Column VI. A Robs.

Tabulate Column IV in corresponding steps.

7. Column VII. Np ( = number of recoil proton tracks in A Robs intervals).

Tabulate from microscope data.

8. n-p. (n-p cross section for mid-point of A En intervals,Column VIII. a

9.25 Mev, 9.75 Mev, etc.).

e.g., for

Obtain from

9. Column IX.

10. Column X.

Obtain from

large graph of u vs E, or from tables made from this graph.
n-p

Np X l/a
n-p”

P

probability y correction curve for the appropriate angle and for the thicK-

ness of unprocessed emulsion of your plate.

vals.

11. Column XL Nn=P N/u
p n-p”

12. Plot a graph of Nn vs E ( Mev ).

(See Table 6.2. )

Record values for mid-points of A Robs inter-
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6.6 Neutron Spectra Measurements using Nuclear Reactions

In both the radiator and bare techniques described above , it is difficult to measure ac-

curately the energy of a neutron when it lies in the range 0.5-1.0 Mev, and it is practically

impossible if the neutron energy is less than 0.5 Mev. In the energy region O-2 Mev, a sup-

plementary technique is being attempted. Called the Li6 ( lithium-six) technique, this method

makes use of the fact that an atom of Li6 can react with a neutron to produce an alpha par-

ticle ( He4 ), a triton ( H3 ), and a considerable amount of energy, even though the neutron may

have almost zero energy. This reaction is written

Li6+n~He4+

When a neutron of very

the energy available from the

H3 + 4.78 Mev.

low energy ( called a thermal neutron) produces this reaction,

reaction is divided betwee”n the alpha particle and the triton in

such a reamer that the total range of the disintegration tracks is about 42 p. If the neutron

energy is increased, the length of the disintegration tracks increases in a calculable way.

A complete discussion of the Li6 method can be found in LA-1303, a training manual by

J. H. Roberts and J. Haugsnes.

We have observed with some emulsions that reticulation during development of a very thin
surface layer may lead to shifting of the first few grains of a track. It is important that
this fact be taken into account in determining the acceptability of a track since its neglect
may lead to the rejection of tracks which would otherwise be acceptable.
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Appendix A

RANGE-ENERGY RELATIONS FOR PROTONS, DEUTERONS, TRITONS, He3, AND He4

( M~v )

0.0

0.1
0.2
0.3
0.4
0.5

0.6
0.7
0.8
0.9
1.0

1.1
1.2
1.3
1.4
1.5

1.6
1. ‘7
1.8
1.9
2.0

2.1
2.2
2.3
2.4
2.5

2.6
2.7
2.8
2,9
3.0

3.1
3.2
3.3
3.4
3.5

3.6
3.7
3.8
3.9
4.0

R(/.L)
Proton

(Wet Emulsion )

0.0

0.8
1.8
2.9
4.2
5.6

7.1
8.7

10.5
12.5
14.5

16.6
18.8
21.1
23.5
26.1

28.7
31.3
34.1
3’7.0
40.0

43.1
46.4
49.7
53.1
56.5

60.0
63.5
67.3
71.2
75.2

79.3
83.6
88.0
92.5
97.0

101.5
106.1
110.9
115.7
120.6

R(v)
Proton

(Dry Emulsion )

0.0

0.8
1.8
2.8
4.0
5.3

6.8
8.4

10.1
12.0
14.0

16.1
18.4
20.7
23.0
25.5

28.1
30.8
33.7
36.6
39.7

42.9
46.2
49.4
52.7
56.0

59.5
63.1
66.8
70.7
74.6

78.6
82.7
87.0
91.3
95.7

100.3
104.9
109.5
114.2
119.0

R(N)
Deuteron

Dry

0.0

0.8
1.7
2.6
3.6
4.6

5.6
6.8
8.0
9.3

10.7

12.1
13.6
15.2
16.8
18.5

20.2
22.1
24.0
25.9
27.9

30.0
32.2
34.5
36.8
39.1

41.4
43.7
46.0
48.4
51.0

53.6
56.2
58.9
61.6
64.5

67.4
70.3
73.2
76.3
79.4

R(v)
Triton

Dry

0.0

0.8
1.6
2.5
3.4
4.4

5.4
6.4
7.4
8.5
9.7

10.9
12.0
13.2
14.5
15.9

17.3
18.8
20.3
21.9
23.5

25.2
27.0
28.8
30.6
32.3

34.1
35.9
37.9
39.9
42.0

44.0
46.0
48.2
50.5
52.9

55.3
57.7
60.0
62.2
64.4

RH$3)

Dry

0.0

1.6

3.2

5.1

7.0

9.0

11.5

14.3

17.1

R(v)
He4

Dry

0.0

0.3
0.7
1.0
1.2
1.5

1.9
2.2
2.6
2.9
3.2

3.6
4.0
4.3
4.7
5.0

5.3
5.7
6.1
6.5
6.8

7.2
7.7
7.9
8.3
8.7

9.1
9.5

10.0
10.4
10.9

11.3
11.7
12.1
12.6
13.0

13.5
14.0
14.4
14.9
15.3
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Appendix A (continued)

R(v) R(/.L)
Proton Proton

( Mgv ) (Wet Emulsion) (Dry Emulsion)

4.1 125.5 124.0
4.2 130.6 129.0
4.3 135.8 134.1
4.4 141.0 139.3
4.5 146.2 144.5

4.6 151.5 149.7
4.7 156.8 154.9
4.8 162.2 160.3
4.9 167.6 165.7
5.0 173.0 171.3

5.1 178.5 177.1
5.2 184.2 183.0
5.3 190.0 189.0
5.4 196.0 195.2
5.5 202.1 201.3

5.6 208.3 207.4
5.7 214.5 213.5
5.8 220.9 219.7
5.9 227.4 226.1
6.0 234.0 232.5

6.1 240.8 238.9
6.2 247.7 245.2
6.3 254.7 251.5
6.4 261.8 258.0
6.5 269.0 264.8

6.6 276.3 271.6
6.7 283.6 278.5
6.8 291.0 285.5
6.9 298.4 292.5
7.0 305.9 299.7

7.1 313.5 306.9
7.2 321.2 314.1
7.3 329.1 321.3
7.4 337.0 328.5
7.5 345.0 335.8

7.6 353.0 343.1
7.7 361.0 350.5
7.8 369.0 358.1
7.9 377.0 366.0
8.0 385.0 374.0

R(y)
Deuteron

Dry

82.6
85.8
89.1
92.4
95.6

98.8
102.1
105.3
108.6
112.0

115.4
118.9
122.5
126.2
129.9

133.6
137.4
14103
145.2
149.2

153.2
157.2
161.3
165.4
169.7

174.0
178.3
182.7
187.0
191.3

195.9
200.5
204.9
209.6
214.3

219.0
223.8
228.6
233.3
238.1

R(/L)
Triton

Dry

66.7
69.0
71.3
73.9
76.5

79.0
81.6
84.3
87.0
89.7

92.4
95.2
98.1

101.1
104.0

106.9
109.9
113.0
116.2
119.5

122.6
125.6
128.7
131.9
135.1

138.4
141.5
144.9
148.2
151.3

154.6
157.9
161.2
164.7
168.0

171.4
174.9
178.3
181.9
185.6

RH&3)

Dry

20.2

23.5

26.9

30.6

34.6

38.6

42.8

47.6

RH~4)

Dry

15.8
16.2
16.8
17.3
17.9

18.3
19.0
19.7
20.3
20.9

21.5
22.0
22.5
23.0
23.8

24.5
25.2
25.9
26.4
27.0

27.7
28.3
29.0
29.6
30.2

30.9
31.5
32.1
32.8
33.5

34.2
35.0
35.7
36.4
37.1

37.9
38.7
39.4
40.1
40.9
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Appendix A ( continued)

( Mgv )

8.1
8.2
8.3
8.4
8.5

8.6
8.7
8.8
8.9
9.0

9.1
9.2
903
9.4
9.5

9.6
9.7
9.8
9.9

10.0

10.1
10.2
10.3
10.4
10.5

10.6
10.7
10.8
10.9
11.0

11.1
11.2
11.3
11.4
11.5

11.6
11.7
11.8
11.9
12.0

R(p)
Proton

(Wet Emulsion )

393.0
401.1
409.3
417.6
426.0

434.4
442.8
451.3
460.0
468.7

477.7
487.0
496.4
505.8
515.3

524.9
534.5
544.3
554.2
564.1

574.0
584.0
594.0
604.0
614.0

624.0
634.0
644.5
655.1
665.6

676.3
687.1
698.0
709.0
720.0

731.0
742.0
753.3
764.6
776.0

R(v)
Proton

(Dry Emulsion )

382.0
390.1
398.2
406.4
414.7

423.0
431.5
440.2
449.0
457.9

466.9
475.8
484.8
493.7
502.5

511.5
520.5
529.5
538.4
547.5

557.0
566.5
576.2
586.0
596.0

606.0
615.9
625.9
636.0
646.1

656.4
666.7
677.0
687.3
697.7

708.2
718.7
729.3
740.0
750.9

R(v)
Deuteron

Dry

243.0
248.0
253.0
258.0
263.0

268.2
273.4
278.6
283.8
289.0

294.1
299.2
304.4
309.7
315.0

320.4
325.9
331.3
336.7
342.1

348.6
354.4
360.2
366.0
372.0

378.0
384.1
390.3
396.5
402.6

408.7
414.8
420.9
427.0
433.2

439.5
445.9
452.3
458.7
465.1

R(u)
Triton
Dry

189.3
193.2
197.0
200.6
204.4

208.1
212.0
216.0
220.0
223.9

227.9
231.9
235.8
239.9
244.0

248.1
252.4
256.7
261.0
265.1

269.2
273.5
277.9
282.3
286.8

291.5
296.2
300.9
305.4
310.0

314.7
319.3
324.0
328.6
333.3

338.0
342.7
347.3
352.0
357.0

RH$3)

Dry

52.5

57.5

62.7

67.9

73.7

79.6

85.5

91.4

R(/J)
He4
Dry

41.6
42.3
43.1
44.0
44.8

45.6
46.4
47.2
48.0
48.9

49.7
50.4
51.2
52.0
52.9

53.8
54.7
55.5
56.3
57.1

58.0
59.0
60.0
61.0
62.0

63.0
63.9
64.8
65.7
66.7

67.7
68.7
69.7
70.7
71. ‘i’

72.7
73.7
74.7
75.6
76.5
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( M:v)

12.1
12.2
12.3
12.4
12.5

12.6
12.7
12.8
12.9
13.0

13.1
13.2
13.3
13.4
13.5

13.6
13.7
13.8
13.9
14.0

14.1
14.2
14.3
14.4
14.5

14.6
14. ‘7
14.8
14.9
15.0

Note:

R(/J)
Proton

(Wet Emulsion )

787.5
799.0
810.5
822.0
834.0

846.0
858.1
870.2
882.4
894.5

906.6
918.8
931.0
943.1
955.0

966.8
978.8
990.9

1003.0
1015.0

1027.0
1039.0
1051.0
1063.1
1075.2

1087.3
1099.4
1111.6
1123.8
1136.0

Appendix A ( continued)

R(v) R(p)
Proton Deuteron

(Dry Emulsion) Dry

761.8
772.8
783.8
794.8
805.8

816.8
828.0
839.4
850.8
862.1

873.8
885.5
897.2
909.1
921.0

932.9
945.0
957.3
969. ‘7
981.9

994.2
1006.9
1019.9
1032.9
1045.9

1059.0
1072.1
1085.7
1099.9
1114.6

471.5
477.8
484.1
490.4
496.8

503.2
509.7
516.2
522.9
529.7

536.5
543.3
550.1
557.0
564.0

571.0
578.0
585.0
592.1
599.3

606.6
613.8
621.0
628.1
635.3

642.6
649.8
657.0
664.5
672.2

R(p)
Triton

Dry

361.9
366.9
372.0
377.0
382.0

387.0
392.0
397.0
402.1
407.1

412.3
417.6
423.0
428.2
433.6

438.5
443.6
448.8
454.0
459.3

464.7
470.0
475.3
480.6
485.8

491.1
496.7
502.1
507.4
513.0

RH~3)

Dry

97.7

104.1

111.0

118.1

125.2

132.3

RH&4)

Dry

77.5
78.5
79.5
80.5
81.6

82.7
83.9
85.0
86.0
87.0

88.1
89.3
90.5
91.7
92.9

94.1
95.1
96.1
97.2
98.4

99.6
100.8
102.0
103.1
104.3

105.6
106.8
108.0
109.2
110.4

Proton wet emulsion data taken from experimental results of Lattes. Fowler and Cuer.
Nature 159, 301 ( 1947).

.

Proton dry emulsion data taken from experimental results of J. Rotblat, Nature 167,
550 ( 1951).

The ranges of deuteron, triton, He3, and He4 particles are calculated.
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Appendix B

n-p SCATTERING CROSS SECTION PER O. 25 MEV

En

( Mev )

0 -0.25
0.25-0.50
0.50-0.75
0.75 ~ 1.00
1.00-1.25

1.25-1.50
1.50-1.75
1.75-2.00
2.00-2.25
2.25-2.50

2.50-2.75
2.’75-3.00
3.00-3.25
3.25-3.50
3.50-3.75

3.75-4.00
4.00-4.25
4.25-4.50
4.50-4.75
4.75-5.00

5.00-5.25
5.25-5.50
5.50- 5.75
5.75-6.00
6.00-6.25

6.25-6.50
6.50-6.75
6.75-7.00
7.00-7.25
7.25-7.50

7.50-7.75
7.75-8.00
8.00-8.25
8.25-8.50
8.50-8.75

----

6.91
5.52
4.54
3.89

3.54
3.29
3.06
2.86
2.69

2.53
2.39
2.25
2.14
2.03

1.94
1.84
1.76
1.69
1.63

1.57
1.51
1.46
1.41
1.36

1.32
1.28
1.24
1.20
1.16

1.13
1.10
1.06
1.04
1.01

-----

0.145
0.199
0.220
0.257

0.282
0.312
0.327
0.350
0.372

0.395
0.418
0.444
0.467
0.493

0.515
0.543
0.568
0.592
0.613

0.63’7
0.662
0.685
0.709
0.735

0.758
0.781
0.806
0.833
0.862

0.885
0.909
0.943
0.962
0.990
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Appendix B ( continued)

1
En

( Mev )

8.75- 9.00
9.00- 9.25
9.25- 9.50
9.50- 9.75
9.75-10.00

10.00-10.25
10.25-10.50
10.50-10.75
10.75-11.00
11.00-11.25

11.25-11.50
11.50-11.75
11.75-12.00
12.00-12.25
12.25-12.50

12.50-12.75
12.75-13.00
13.00-13.25
13.25-13.50
13.50-13.75

13.75-14.00
14.00-14.25
14.25-14.50
14.50-14.75
14.75-15.00

15.00-15.25
15.25-15.50
15.50-15.75
15.75-16.00
16.00-16.25

0.99
0.97
0.95
0.93
0.91

0.89
0.87
0.86
0.84
0.82

0.81
0.80
0.78
0.77
0.’76

0.75
0.73
0.72
0.71
0.70

0.69
0.67
0.66
0.65
0.64

0.64
0.63
0.62
0.61
0.60

1.01
1.03
1.05
1.08
1.10

1.12
1.15
1.16
1.19
1.22

1.23
1.25
1.28
1.30
1.32

1.33
1.37
1.39
1.41
1.43

1.45
1.49
1.52
1.54
1.56

1.56
1059
1.61
1.64
1.67
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Appendix B ( continued)

n-p SCATTERING CROSS SECTION PER O. 50 MEV

En

( Mev )

o - 0.50
0.50- 1.00
1.00- 1.50
1.50- 2.00
2.00- 2.50

2.50- 3.00
3.00- 3.50
3.50- 4.00
4.00- 4.50
4.50- 5.00

5.00- 5.50
5.50- 6.00
6.00- 6.50
6.50- 7.00 ~
7.00- 7.50

7.50- 8.00
8.00- 8.50
8.50- 9.00
9.00- 9.50
9.50-10.00

10.00-10.50
10.50-11.00
11.00-11.50
11.50-12.00
12.00-12.50

12.50-13.00
13.00-13.50
13.50-14.00
14.00-14.50
14.50-15.00

15.00-15.50
15.50-16.00
16.00-16.50

8.0
5.04
3.70
3.17
2.77

2.46
2.20
1.98
1.80
1.66

1.54
1.43
1.34
1.26
1.18

1.11
1.05
1.00
0.96
0.92

0.88
0.85
0.82
0.79
0.77

0.’74
0.72
0.69
0.67
0.65

0.63
0.62
0.60

1
u

(ba%g)-l

0.125
0.185
0.2’70
0.315
0.361

0.406
0.454
0.505
0.556
0.602

0.649
0.699
0.746
0.794
0.847

0.901
0.952
1.00
1.04
1.09

1.14
1.18
1.22
1.27
1.30

1.35
1.39
1.45
1.49
1.54

1.59
1.61
1.67
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Appendix C

BARE EXPOSURE--CALCULATION OF AVERAGED

AND AVERAGED COS2 @ ( COS2 @ )

1. COS2 @

Tracks are accepted in a pyramid of horizontal half angle

Tracks will occur at @ with an intensity W, where

Coscl (Cos (3)

B and dip half angle A.

At neutron energies of 14 Mev and below, the n-p scattering cross section is isotropic

in the center-of-mass system, and so

W-(4 cos@)(2nsin@ d@),

w“ sin @cos @ d 63.

Hence, in averaging COS2 @ over the pyramid considered, we must weight the averaged quan-

tity by the factor sin @ cos @ d @.

In the figure, @ is the angle between the path of the neutron, 0!0, and the path of the

proton, 06, with O being the point of collision, such that

Ep = En COS2 @

and

Angles A and B

circular source

cos 61 = cos o cos e’ - sin O sin 0’ cos ($ -+’).

define the pyramid for track acceptance in the plate, and angle C defines a

of neutrons, assumed to be of uniform intensity across its face.
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Thus

The expansion of COS3 @ contains two terms which are odd in cos ($ - $’); these will

integrate to zero with the limits O and 21r.

After the $ integration, we have

c

~ li!l[ 1
27rCOS3 (3 COS3 0’ sin O sin 0’ + 37rcos 9 cos 0’ sin3 O sin3 0’ d9 dO’ d$’

9.0

which yields

l=2m7=f(’1c0s3e’sin’’-c0s4c)+in4ne-sin3”l”l

It is convenient to divide the limits of +’ into parts corresponding to the corners of the

base of the pyramid of acceptance, that is, for

()

-1 tan B
O< @’<tan —tan A

O < L?’ c sin-l (tan A sec $’),

and for

O< O’ <sin ‘1 (tan B CSC $’).

The final integration gives for the numerator

[
27r(l-cos4 C) tan A tan B -~(tan3A tan B + tan A tan3B) 1+rsin4C(tan3A tan B + tan A tan3 B).

Integration of the denominator by a similar process gives

4nsin2 C tan A tan B.

The final result is

co’2@ =1 -(+- ~~ sin2C)(tan2A + tan2B) - ~ sin2C.
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2.

not

Cos @

Here the considerations are somewhat simpler, since the dimensions of the source need

be taken into account. We may write

$’ = 2n e’ =f($’)

~=o ~

cos 0’ cos 0’ sin 0’ d6’ drp’

,g!=o
Cos @ =

II

.

cos 6’ sin 0’ de’ d$’

Again we apply the limits

tan B

()
O<$’<tSn-l —

tan A

0 <0’< sin-l (tan A sec @)

and
tan B

()
tan- 1 —~ A <$’ < r/2

O ctl’ <sin
-“1

(tan B CSC $’),

The first integration of the numerator yields

[[

~-l(~n B/tan A)

N = 4/3
[ 11 - ( 1- tan2A sec2$’ )3’2 d~’

and

This form

Integration

Numerical

+

cannot

of the

D=4

Cos @

T/2

J [1-(1-tan2B CSC2$’) 13/2 dq,

tan-l (tan B/tan A)

be integrated and must be evaluated numerically.

denominator gives

tan Atari B

N.
4tan Atari B

integrations have been performed for two cases. The results are

For A = B . 10°, cos @ = O. 9893.

For A = B = 20°, cos @ = O. 9561.
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Appendix D

HEALTH MONITORING

Bare Exposure--Calculation of isotropic neutron flux which produced a given number of

tracks in emulsion.
47rN=( E )

Fn(E) =
:-P(E)Q ,not Aa

where

Fn(E) =

NP(E) =

n .

to =

A

IJ-p( E ) ~

s)=

Reduced to our common

integrated neutron flux

number of protons observed

number of hydrogen atoms per

thickness of plate analyzed

area of plate analyzed

unit volume in plate

n-p scattering total cross section at energy E

solid angle in which measurements were made.
Q . 47r if no direction discrimination is made,
as in health monitoring.

units, this for mula gives

NP(E)
Fn(E) = 3.70x 108 t A cr-p(E)Q

where

Fn(E) = neutrons/cm2

t . microns

A= square millimeters

an-p(E) = barns

a= steradians.

If measurements are made of tracks falling in a rectangular pyramid of half-angles

a and f?, respectively, then

[ (1’

cos a tan 19

) (d

cos ~ tan ~
f2=2n-4 sin-1

-1
+ sin

tan2 a + tan2 13 )]tan2 @ + tan2 li?

where the angles derived are expressed in radians, and ~ is in steradians.

If a = 13, this reduces to

Q . 27r - 8 sin-l (.7071 cos a). (See Appendix F. )
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Appendix E

BARE EXPOSURE--HIGH RESOLUTION METHOD

The usual analysis of tracks which fall within a rectangular pyramid inside the emulsion

gives an energy

neutron source.

ening of a track

energy ( Eneut .

Although a

resolution deter mined by the size of the pyramid chosen and the size of the

In this method, averaged correction factors are applied, both for the short-

( Robs . RT cos 9 ) and for the conversion from proton energy to neutron

Eproton/cos2 e).

rather large amount of effort is required, it is possible to achieve some-

what better resolution in energy by measuring the true range and true /3 for each track,

then calculating separately for each track the energy of the neutron which produced it. The

method follows:

1. As in ordinary bare exposures, measure only tracks which fall within a defined

rectangular pyramid. ( The angular limits will be given to you by your supervisor. )

2. For long tracks which satisfy the proper criteria, make three measurements. We

will call these the horizontal, vertical, and dip distances, and denote them by h, v, and d.

3. For tracks shorter than 100 IL, turn the eyepiece reticle and measure the projected

length with the reticle lines parallel to the track. Call this length p. Measure also the pro-

jected length, h, of a short track in the H direction, and the dip.

4. Compute the true lengths of the tracks as follows:

a. Long tracks

dL = h2 + V2 + (Kd)2 where K is the shrinkage factor of the emulsion.

b. Short tracks

~L= p ●(Kd).

5. Havipg calculated the true length of. each track, find the energy of the proton which

produced the track from the range-energy curve for protons.

6. From the proton energy thus found, calculate the energy of the neutron which pro-

duced it by the formula

‘P
En=—

COS2 6

COS2 e = (h/L )2

En = Ep ( L2/h2 ).

The calculation for COS2 6 given here assumes the source to be of negligible size. If

this is not the case, an additional factor is required ( see Appendix C).
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Appendix F

CALCULATION OF SOLID ANGLE SUBTENDED BY A RECTANGULAR PYRAMID

The half angles of the pyramid are a and ~. @ and 9 are measured as indicated. The

transformation from rectangular to spherical coordinates is then

x=psin$cos~

y=psin@sin O

Z=pcos$

and the el~ment of the solid angle is

O must go through the range O-2 r; @, from O to an upper

is convenient to divide the 9 range into intervals corresponding

the pyramid, integrating O over the limits

and

()

-1 tan~

()

-1 tan f?
- tan —

tan a
to tan —

tan a

()

-1 tan P

()

-1 tan ~
tan —

tan a
to7r -tan —

tan cl”

limit which depends on 6. It

to the diagonals of the face of

In the first O range, @ along the edge of the pyramid is given by

z . const . p cos $

x = const = p sin $ cos O


