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THE IDENTIFICATION OF CHARGED PARTICLES IN NUCLEAR EMULSTONS
CHAPTER I
INTRODUCTION

This report is the result of investigations made by the writer |
over a period of approximately two years, 1953 to 1956, in the Nu-
clear Bmulsions Laboratory of the University of Oklahoma. Since the |
facilities of this laboratory have been and are beiﬁg continuously
improved, some of the earlier work was ;'endered obsolete by later

| innovations.

|
:

During the earlier part of his experiences the writer collabor-

ated closely with Fitgpatrick. Such work as has already been ‘raported,]g
will be reviewed only briefly in this report and only where it bears

i
!

directly upon the findings of this report. Specifically, this includes:
(1) the attempt to "simulate the conditions which would be present dur-
ing actual processing'™ and then determine the optimum warming and cool-

ing times; (2) the actual processing of tue emulsions; (3) the original

gt.echn_ique of track evaluation of severely clogged tracks, by means of
|area measurements made with a planimeter; (4) trackv evaluation by grain

—

; 1 Phillip M. Fitgzpatrick, "The Interaction of Extremely Energetic
Cosmic Ray Particles with Matter®™ (unpublished Ph. D. dissertationm, |
Department of Physics, University of Oklahowma), 1955.

1
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r;own since World War II. IlYord Limited has contributed a great'deal to%

‘cally, the matte} cf affixing the emulsions to glass plates with a mini-

2
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ébﬁhﬁiﬂé; (5) cqrrection;“}6f"distortion.

Largely due to fhe effofts of C. He Powell and his coworkers at
the Universiﬁy of Bristol, nuclear emulsions have really come into theiﬁ
this research field by the development and manufacture of the G5 emul- |
sion which is sensitiva to éll typés of_chafged particles, Thgse empl- |
sions are available in the form of unsupported pellicles which provide
advantages over glass-ﬁadked emnléions'as they furnish a larger volume
and hence a greater probability of obtaining longer tracks.

At the University'of Oklahoma, the use of pellicles was largely
iﬁ an exploratory stage at the time the reported studies were made and
so the writer has used the glass-backed emulsions which'were.available.
Other experimenters will describe, in their dissertations, some of the
difficuities encountered in attempting to develop and use the pellicles.

Some of these difficulties have been satisfactorily resolved. Specifi-~

mum of distortion and blistering, is definitely under control. There still

remains the problem of tracing tracks from one emulsion into the next.

Objectives

The specific objectives of the researches herein reported have

been:

1) To calibrate a microscope which had not previously been used;

2) To re-evaluate the potentialities of such techniques for measuring

fundamental track parameters as were already in use in this laboratory;




3 .
) To deve10p and eveluace the potentialities of a technique, orig-

inal with the writer, for determining, by means of scattering:measure—

.ments,alone, the mass and the residual range of a particle which has

!

.left a non-ending track;

| istics.

Anticipation

The microscope to which reference has been made was acquired at

about the time iiese researches were begun. It is a Leitz Ortholux, a

ories are described in Chapter II. -

Since this was a new irstrument, eelibrations of the vertical
drive micrometer, and the measurement of. the ™noise levei", which is
important in multiple scatfering observations, were carefully made.
Both the techniques already'used on another microscope and new tech-
niques were employed.

Chapter 1II is a resumé of the use of residual range and ioniza-
tion den ity, as observables in nuclear emulsion techniques.

In Chapter IV, the method of Constant Sagitta Scatterlng is dis—

the applications of this method of analysis. .
Chapter V treats the original technique for analysis of non-
eﬁding tracks. The principle of the method, and the application to

both known and unknown particles, are reported.

cussede The writer believes he has been able to improve slightly tpon

2

L) To apply this technique to tracks which exhibit unusual character- |

.’

photograph of which appears as Figure 1. The instrument and its access-
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In Chapter VI, thia method is applied toward the a.nalysis of two
tra.cks which are believed to be: |
1) a decay in flight; and
2) an inelastic scatter.




Figure 1 - The Leitz Ortholux Microscope
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CHAPTER II
THE MICROSCOPE

General Description

Almost all of the work herein reported was done with the micro-

| scope shown in Figure l. This instrument is a Leitz Ortholux, with
; _ ) T - .
built-in illuminator.

Two dry objectives of magnifications 3x and 47x, and three oil

' There are two pairs of eye-pieces of magnifications 12x and 25x. The

lowest power oil objective is a flourite lens which makes possible a

|
|
i

' immersion objectives of magnifications 20x, 531, and 100x are ava:l.lable.

1
H
i

|

quick change from low power to high power, without change from ™oil to

. dry"®e The two dry objectives arnd the highest power o0il objective have

proved most useful up to date. The lower power dry lens is employed

i

for quick location of an event; the higher power dry lens for careful

' examination of an event; and the highest power oil lens for precision

. measurements.,

The lower power eye-pieces have been used almost exclusively.

With the higher power piece, lack of resolution is more apparent.

!

The built-in illuminator is a feature which is a great advantage. :

' It is unnecessary for the observer to devote hours of his time to the

accomplishment of a careful orientation of lamp and microscope.

6




Pre].iminary a;ci:j—ﬁstments such as focusing and ééntering are done quick.ly;

and easily, and are permanent until it is neceesary to replace the
illmninator lamp. |
: This lamp is a spherical, 6-volt, 36-watt lamp manufactured by
‘the General Electric Company.®
After the microscope was procured, it was twice modified in the |
local machine shope The first improvement consisted of replacing the |
plate holder with a turn—table. A photograph of this turn-table appears
gas Figure 2. This feature was designed 1oca1.ly and the plans are on
5f:l.ll.e. It will handle plates which are one inch by three inches. When
a plate is carried by the turn-table it is possible f.o rotate the plate ,
so that a track may be driven parallel to its length. This facilitatesg
both visual inspection and measurements. ‘
A second local mprovement was the addition of micrometer stage

'drives. The design of these drives was a modification of a design by
Rosen.2 These are shown in Figure 3. Thanks to this improvement, it

1 The manufacturer's number is FG 1119-CX. It has been necessary |
to order replacement lamps directly from the factory in Cleveland, Ohio.
Any one who intends to use this microscope over an extended time might |
do well to be sure that replacements are always available. The trans- |
former which energizes the lamp is equipped with a built-in rheostat :
and an ammeter. The ammeter scale shows a red region which presumably
indicates the current which should not be exceeded. Unfortunately this
R"danger mark®™ occurs-at six amperes rather than at five. If one keeps
the current reading just below the red, he is still overloading the
lamp and shortening its lifs. It has been learned that operating the
‘lamp at five amperes, which results in a power level of thirty watts,
provides sufficient illumination and prolongs the life of the lamp.

E

!

2 Louis Rosen, Los Alamos National Laboratory, Los Alamos, New
‘Mexico, private communication.
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Figure 2 - The Turn~Table
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is now possible to displaceﬂgié plate a short distance, paral;el to |
either of the horizontal scales (see Figure 3), and to read the displacé—
ment directly on the appropriate micrometer drum. Such displacement

measurements have been found to be correct to within the reading error.;

Several of the measuremehts required for track analysis involve
the use of an'eye-piece scale. The sgale used in the work reported
hére is a circular glass disk upon which are inscribed two perpendic-
ular scales. Each scale consists of o:ie hundfed scale divisions.
| These scalés have been calibrated by comparison with a standard
in the form of a one-millimeter scale, subdivided into one hundred
equal parts. The standard itself has been compared with other scales
and found to agreé with them to within one part in five hundred.

Comparison of the eye-piece scales with this standard, when using
the 12x eye-pieces and the 100x objective, indicates the following.
When the entire length of the eye-piece scale is used, thirty indepen—
dent readings show one eye-piece scale division equal to 0.917 microns
on the abscissa, with one scale division equal to 0.924 microns on the
ordinate. When only the middle half of each eye-piece scale is used,
one scale division is equal to 0.980 microns on either scale. It is

believed that this discrepancy is caused by parallax and by distortion

1 One revolution of the micrometer drum displaces the microscope
stage through half a millimeter, or five hurdred mi.crons. Thus one rev-
olution is subdivided into five hundred scale divisions, so the displace-
ment can be read directly in microns. Thus it is possible to interpolaﬁe

to a few tenths of a micron.




Figure 3 - Close Up View of Micrometer Drives
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at the edge of the field. It is recommended that only the center por- |

tion of the eye-piece scales be used for any precisé work.1

Calibration of Vertical Drive | ;

Focusing is accomplished, on the Leitz Ortholux, with a micro-
meter drive with which the stage, rather t.hanv the optical System, is
raised or lowered. The vertical distance betﬁeen two points in an
emulsion can be measured by observing the difi‘erence between two read- |
ings. of the dial on the control knob, This d:Lal consists of a scale,

which shows 100 divisions per revolution. One revolution is nominally
equi#alent to a vertical displacement of the stage through one hundred
microns. If measurements of depth are to be relied upon, one must be
informed as to both the accuracy and the linearity of the mi crometer
readings.

An attempt was made to use a small lucite "™staircase' which had
been constructed locally, for use in calibration of another microscope.
Step-heights had already been measured with a micrometer caliper.

These heights were remeasured with the same c<aliper, and an independent

set of measurements was taken with a spherometer. Two different observers

participated in taking the readings. The agreement between step-heights
as measured by different observers, as well as that between those

measured by the same person with different instruments, was highly

1 Measurements such as the noise-level measurements reported in
this chapter, the gap-length measurements of Chapter III, and those
required by the Coordinate Method of Multiple Scattering, have been
taken by use of only the part of the scale between the 25-mark and the

75-marke.




unaatisfact:.or;. Ne;ertheless R ua series of stgé;geight readinga;;s

possible to raise or lower the standard scale as a whole, through a

' distance equal to that between two consecutive marks. At the same | |

12
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taken on the microscope. The data were inconclusive, to say the least.
A graphical repregentation indicated that the microscope readings vere 5
 approximately linear for any one set of rea,cl.i.ngs.l But for a different

set of readings, the slope of the line might differ as much as three I

percent. It was believed that fluctuations might be occurring in the
dimensions of the plast)ic calibration plate. Such fluctuations miéht
well be caused by changes in the temperature or in the humidity or in |

A technique was then used in which the plastic plate was elimi-
nated. The same standard, as had been employed in calibrating the eye-‘

pisce scales, was set in a vertical position, on the microscope stage,

B
as shown in Figure 4. An auxiliary microscope was placed in a sta.tion-§
ary position, so that the standard could be viewed in its eye-piece. |

This second microscope is equipped with a cross-wire which may be » ,

focused upon the marks which make up the standard scale. Thus it was t

E

!
1

| time observations were taken, of the number of scale divisions advanced

by the micrometer dial. Data were taken with the microscope stage

moving upward, and again with the stage moving downward. *

1 The movement of the microscope drive consists of twenty eight
turns of the dial, or nominally 2800 microns. The total height of the |
plastic step plate was about 25 microns. So it was necessary to take
several different sets of readings, in order to include the entire

movement.
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This method has the following advantages over the use of the

éplastic step-plate:

1) there should be negliglble fluctuations in the dimensions of

the standard scale;

2) the standard scale itself may be more reliably calibrated;

3) readings may be takén more quickly and more easily;

L) the entire movement of the microsqopé stage can be covered in a
single set of readings.

Over the first fi#e turns, numerous readings were taken in order
to establish the deviation for a singlé reading. From a éet of four-
teen readings on the first 100 microns of the standard scale, the prob-
able deviation of a'single reading was evaluated as 0,77 microns.

Figure 5 shows the cumulative height as measured on the standard
écale as a function of the height as measured on the microscope mic-
rometer. The departure from 1inearity'near the top of the drive is
slight but definite. Over the middle portion of the drive, from the
tenth to the twentieth turn, the linearity is satisfactory. It is
recommended that only this part of the drive be used for precision
measurements.

Figure 5 also shows a b¥oken line graph of the number of microns

per scale division for each successive, two-turn interval of the mic-

rometer drum. This was done because it was believed that the micrometer

readings are linear, to within the reading error, over any interval of

two hundred scale divisions.

i
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Measurement of Noise Level
The MCoordinate Method of Measurement™ of the effects of mnltiple f
»scatterlng, is a very useful.mathod for analysis of tracks in nuclear

@emn131ons. Chapters IV, V, and VI of this writing are prlmarlly con-

?

;
|

cerned with this method.
Consider Figure 6a; in which the line MN represents tiat axis of
the microscope stagé, parallel to which the plate may be made to move.
This displacement may be accomplished by turning the appropriate stage
drive micrometer drum. The axis, MN, will henceforth be called the
"microscope abscissa™, |
The track under observation iﬁcludes,the points
P

o0e ?

e Py, Py, P o,

i+2’
which, at the moment, are to be considered as equally spaced along MN.
The line AB is so constructed that

Z}g =0,
where Y3 is the dlsplacement from AB of any'p01nb PJ, on the track.
The algebraic sign of Y3 is to be taken positive when the poiqﬁ lies
above AB and negative when the point is below AB. The liné, AB, will
henceforth be called the Maxis of the track". As an approximation, it
is assumed that the axis of the track coincides with the microscope
abscissa, and that the entire track lies in a plane. In Figure 6 then,
AB and MN are shown as the same line.

The Coordinate Method of making multiple scattering measurements,

consists of displacing the track, parallel to MN, so that each of the

points, Pj_j, P;, and so forth, is made to coincide, in turn, with the




-
i
§
i
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-Srdinéiéhof the eye;;i;;ém;céié: The apparent displacement from MN, of?

each of the points, Pi,'is recorded 1 as Yi. The algebraic sign of Y; f

is taken positive when P; appears to be above the abscissa of the eye- §

piece scale, and vice versae. o

|

Now Y; may be considered to be the algebraic sum of two parts. So:
L = ¥+ (2-1)
where Y5 is the ntrue displacement due to scattering"2 of the particle
trajectory from the axis of the traqk, and J} 5 is the apparent incremental
displacement due to what is called ™noise".
This noise is considergd to be the resultant of‘three contributions:
1) deviations in reading the eye-piece scale,
2) deviations due to random departures of the microscope stage from
rectilinear motion, and | | |
3) deviations due to thé distribufion of grains about the particle
trajectory.
For each of the points, Pi’ then, one may observe a value of !i,
and for any three consecutive Yi’s, one can compute the apparent second

difference, Di’ defined by

Over a segment of track which includes N+2 points, one may determine

the mean of the absolute values of the D;’s,

ZIs!
N

D =

L Before any observations are made, the eye-piece scale must be
oriented so that its abscissa is parallel to MN.

2 pn operational definition of "™irue displacement due to scattering’

appears in the Appendices.
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Equations (2-1) and (2-2) may be combined to give | ]{
D; =dj+ di , o (2-3) ;
and g di = Ji - 2;1-’_1 + fi+2 ° i

Now the mean of the absolute values of the second differences due

“to ‘true scattering, A, and the mean of the absolute values of the sec-

ond differences due ‘t'-,o noise, £ , are respecgively defined by

- .z ,di = az-lé.,
A ‘-'J-ﬁ—- s and ¢ N .

. Statistical argumentsl s, show that
D2= 42 +(2 . | (2-4)

It is assumed, as in t.hé argument given above, that the members of each
set, namely, the D;’s, the d,’s and the ‘di’ s follow normal distribution

lawse. |

Nearly all applications of the Coordinate Method require that D be
determined experimentally, and then be corrected by means of this last
equation. This requires that £ , often called the ™noise level'f, be
known. It is commonly accepted as being a function of the microscope-
observer system.

The usual method of determining the noise level, for a given systen
is to select a long, straight, level track, which has been made by a
lightly ionizing particle, and to neglect the contribution of the term,

¥is in each of the equations of the form of (2-1). Then the observed D

for this track is substantially the noise level, € .

1 Wn. Schriever, Professor of Physics, University of Oklahoma, has

8

suggested a rather simple proof of Equation (2-4). This proof appears a

—one of the Appendices,
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But one can never be-sure that the true displacement due to scat- ]'
tering is negligible;l So a technique has been devised which eliminatesi
| the effect of any such contril_mtion to the measurements made upon the E
calibration track. This téchnique is described below. |

Figure 6b shows the same 'track as Figure 6a, after it has beén
turned through 180 degrees, by means of the microscope turn-table. Now

one can observe a set of Y;_’s , each of which is the apparent displace-

? t
ment from MN, of the corresponding point P;. Each Xj is taken nmner_ica}ly -

equal to the corresponding X;. Then it follows that each yi is, by

'définition, equal in numerical value but opposite in sign to the corres-

ponding Tse There will be N equatic;ns of the form (2:1) P and for each

of these there will be a primed equation of the form
o=y . |

From this it follows that for each of the equations of the form (2-3),

there will be an equation of the form

t =  § 4
Di di +J,i ’

and that each d! is mmerically equal but opposite in sign to the
corresponding d;. Then one can write N equations of the form
Dy+ D§ = ‘Li +Ji . (2-5)
One may square both sides of each of the N equations represented

by Equation (2~5), and form the sum
4 2 = v 42 12 3 ?
P (o +0) = 3 W +df)+23d.df

R az?

Since the J/;’s, the dn!.,s’, the D;’s and the DJ’s have a normal dis-
tribution, the second term on the right hand side of this last equation
will venish, if N is a large number. Also

s4f = £4% .

a3 ot
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 Therefore v
7 (D, + D')2
g A’"' i i
 So |
A % —
2 |l s 2
; - 247 0.707 Z (o + D1)
N N -

N

—
2 Tl

i |
Scarborough; shows that the root-mean-square value of an observable

| which has a normal distribution about a zero mean, is equal to 1.2533

times the mean of the absolute values of that observable. Therefore

élfq(i/ = 0,707 '.gllDi"' Dit . - (2-6)
N

The left-hand member of Equation (2-6) is, by definition, € , the mean

of the ébsolute values of thé second differences due to noise. So

N
‘,Z_’ /D; + Dt

£ = 0.707 s Bl LN L (2-7)

Aligrment of the Track With the Abscissa

With care, the aligmment of the track, so that its axis coincides
with the microscope abscissa, can be accdmplished with fair accuracy.
This is also true of the rotation through one hundred eighty degrees,

which is required for the measurzment of the noise level as described.

The following argument, involving Figure 7, shows that the angle
between AB and MN may be as much as three degrees, before the error in

D, which results from this systematic error, becomes as great as (.75

percent.
I

If His the angle between AB and MN as shown in Figure 7, then Y°

1 James c. Scarborough, Numerical Mathematical Analysis (2d ed.;
The Johns Hopkins Press, Baltimore, 19505, Pe 415.




Figure 7 - The axis of the track not coincident with the..
abscissa of the microscope.




!

' So

23

ié the observed displacen;;;xb of P and Y is the true displacement. |
Y = (°-QR) cos &,

R’ = (X°-2a)tan? .

Y = YPcos@ - (X°-a) sin'<9 .

Now P-is any point on the track, so Y may be cdnsidered to be any one

‘of the Y;’s, which are required for the computation of the D,’s. Hence:@
- v°

i"(Yi" i+ 1 1+2) cos& - [(Xg x°+1 (X.“i.‘_l-)g,‘_z)Jsm&.

The quantity in brackets is identically zero, since the X: ’s are equally

spaced.l Therefore

o)
= - p- -4
Dy (r‘.; 27, , o +Y;+2 ) cos

and -
O -
where Dg is the observed second difference. Suppose & £ 3 degrees.

Then sec # is between one and 1.0014, and the relative error in D; is

pf - D = Dy (sece -1) & o0.00L
Dy D;

It is also true that the observed cell length, t°, will be slightly
different fram the true cell length, t, if the axis of the track is not
coincident with the axis of the microscope. In Figure 7

X = A0 + 05 ,

1 This is strictly true only for what is known as ¥constant gell-
length scattering observations®™., With ®constant sagitta scattering
observations", discussed in Chapter IV, the cell lengths vary with the
residual range. The difference between two consecutive cell lengths
is, however, very small.,




05 = 'O‘—I'cos&,
| '5'1"_=X°#-a+5? ’ ‘
and 5
2 QT = YPtan o .
?So |
05 = (°-a+Y tane® ) cos e ,
?while'
0 = 2

cos# »
$ince a is, by definition, the projection of AO upon MN.
Therefore

= & o '
X 057 * (°-a +Y tane) cose ,

and since X is any one of the X, s,
- o
X; = a(sec® - cos®)+ X‘l’ gos& +I, sin®@ ,

and a similar expression holds for Xi +1°

So
LK41°% =(Xg+l-XZ) cos & +(Y2+1-Ig) sine .
or
t=t%cos® - S{sine,
where S; is the observed first difference, defined by
O -
5 = Yci, - Ygi-l‘

For t° = 100 microns , and & s 3 degrees, Sg = micrbns. These data
;yieid a relative error in t of about 0.004. If D is considered to be

proportional to t3/ 2,1 the relative error in D is approximately 0.006.

| t
1 Scattering theory - see Ch. IV, Equation (4-1) - predicts that

a~ 32,

l
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'I'he totéi relative ~er‘1"or 5:1 D, then, resulting from misaligmnent of the

track by three degrees should never exceed 0.0075.

Experimental Results

-

| A 1ong, straight trackl which had previousiy been used for deter- '
mining the noise level for another microscope, was carefully aligned,
and a set of data observed. Both Y-readings, and Y'-readings were
taken. Values of the noise level were computed, by means of Equation
(2-7) for cell lengths of 25, 50, 75, 100, 150, 200, and 250 microns.

Figure 8 shows the logarithm of € as a function of the J.Oga.rithm
of t. With the except:l.on of the value for t = 200 microns, the points
lie close to a smooth curve.

The standard deviation may be computed by2 |

o(e) = O.;Egé (2-8)

For this ™worst point®", at t = 200 microns,
o(e¢) = 0005 microns.
So the point lies off the curve by less than its standard daviation.

Levi-Setti> has fourd that for a microscope in which thisre is

1 For each of the tracks which is discussed in this report, the
writer has compiled a separate folder. These folders are on file in the
Nuclear Emulsions Laboratory at the University of Oklahoma, Room B2L,
Research Institute Building. A typical folder contains information re-
garding the location of the track, including the file number of the
emulsion in which it appears, and the horizontal and vertical microscope
coordinates which are required in order to locate the track in the emul-
sion. Such a_folder also contains the experimental data as initially
recorded and the details of the calculations performed in making the anal-
yses.

2 A verification of this equation appears in the Appendices.

3 R._Levi-Setti, Nuove Cimento, ser. 8, 8, 994, (1951).
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‘ very little stage noisé_,m the noise level is independent of cell l‘engbh.ﬁf

Voyvodic L states that increase in noise level with cell length is due

!

ggto stage noise which varies approximately as t% , for conventional mi-

|

icroscbpes with ball bearing stages. | | * |

!
2 Before this microscope was modified by the addition of the mi- -

crometer stage drives, noise Mlevel measurements had been made by the
same observer, on thé same tracke. 'These were definitely smaller. For
example, for 100—mi§ron cell lengths:

€ (before modification) = 0.15 t 0.0l microns;

€ (after modification) = 0.2 t 0.02.microns. |

It is also true that before modification, almost equal noise levels
were obtained for cell lengths of 50, 75, and 100 microns, and that for

25-micron cell lengths was only slightly less.

So it seems that when the microscope was impi-oved s by the addition
of the stage drives, some stage noise was added. Voyvodicts statement l
as well as the conclusions of Levi-Setti seem to be consistent with thé
~ |findings for this instrument.

In later work, described in Chapters IV, V, and VI, values of the
noise level, € , were required in order to compute the true scattering,

A . Such values have been taken from Figure 8,

1 1. Voyvodic, "Particle Identification with Photographic Emulsions,
and Related Problems", Progress in Cosmic Ray Physics, ed. J. G. Wilson,
(Interscience Publishers Inc., New York, 195L), 1L, 728.
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Figure 8 - The noise level, €, shown as a function of the cell length, t, for the Leitz Ortholux

microscope.
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CHAPTER III
TONIZATION DENSITY AND RESIDUAL RANGE

Introduction

A highly ’energet:lc, charged particle passing through a nuclear
emulsion, leaves beﬁind it silver grains which have been rendered

| 'developable. When the emulsion has been developed, the resulting sil-

‘ver grains constitute a tracke In fq.vorable cases the mass of the

particle can be evaluated from observations made upon the track. '

| A fundamental assumption, widely accepted, is that fox; | a charged

particle passing through matter, the space-rate of energy loss is dir-

ectly proportional to the square of the charge and to some function of

;the velocity. That is

% = £ fl(v) = zzfz(% , (3-1) i

|
s‘
where M is the mass of the particle whose charge is z, and for which the!

residual range is R, at the point where the kinetic energy is E.

Then

2% R = rr (B ax

3 and non-relativistically, ’

5
| 2 " E E
zR-H/F' -ﬁ)d(-i).




, So | R e
‘ - E ,

8 = FG) (3-2)

f The function, F, is believed to follow a power law, since a j

5 graphical representation of the logarithm of E as a function of R, is a

1

'straight line. This has been established with machine-made particles

for which the energy is known.t

Equation (3-2) may then bs written
D
.?33 = h(%)
M b J
where h and - are constantse. '

(3-3)

To evaluate these constants, Fitzpatrick2 has used a curve due to

Brown, and others ,3 which shows the logarithm of % as a function of the |
logarithm of %, for Ilford, G5 emulsions.
If Bquation (3-3) is differentiated with respect to R, the result

is, for the special case of singly charged particles

&€ - 1 g5l (3-4)
&R~ 1o (W ’

or
dE E,
log (@r) = (1 -9) 1og () - log (nd) .
The curve of Brown, and others, closely a.pprogmates a straight

line in the interval in which f varies from 0.0L to 0,10, Fitzpatrick

1 Arthur Beiser, Revs. Modern Phys., 2, 283, (1953).

2 Fitgpatrick, op. cits, 38-40.

y ? Brown, Camerini, Fowler, Muirhead and Powell, Nature, 163, 83,
1949).
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has treated this éggionﬁof t’he“curve as if it were;traight, -and meas—

:ured the slope at the mid-point. Thus he has determined
| J = 1.761 _
} It is well known tkhat the kinetic enei'gy of a mu-meson, at the point.
iwhere it originatés from thé decay of a pi-meson, is unique and equal to
'4.08_5 mev. This value, together with the rest-mass of a mu-meson, 206.6%
mg, and the measured i'ange of such a decay meson, 590 microns, has been
substituted into BEquation (3-3). In this manner h is determined as equal
to 2859.7, in units which are consistent with those of R, M, and E.

Equation (3-3) becomes, then, for a singly charged particle,
R = 2860 M—O.761 gleT61 , (3-5)
Given a track made by a singly charged particle which came to rest,
one may observe R directly. This leaves the two quantities, M and E,

unknown. If E can be determined, indirectly, Equation (3-5) can be

solved for M,

Equation (3-4) suggests that if % caﬁ be determined, the ratio &

M

becomes knowne.

Ionization Density

To evaluate %’ a widely a.cceptéd postulate is employéc{,*namely
that the space-rate of energy loss "%%’ is some function of the number
of grains rendered developable per unit track length. That is

: TR, (3-6) |
where N is the total number of silver grains between the point where
|the residual range is R and the point where the particle came to rest.

Since the explicit form of ¢ is neither known, nor required,




3

T 3

Equation (3—6) may be generallzed to |

; P& ’ (3-7)

éwhere I is any observable ﬁhich is a function of N. The observable, I,
imay take one of the following forms: | : _' _ %
: 1) the totalyprojected track area,
'2) the ﬁotal number of blobs,
- 3) tﬁe total gap length;l

L) the total number of gaps, greater than some arvitrarily chosen
minimum length.

The ionization density corresponding to each of the above forms
of I, is the slope of the curve constructed by plotting I as a function
of R.

The form of I which has been used in these researches, is third in
the above list, the total gap length in range, R This total gap length
is determined by'aligning the track, or a straight section of the track,
with the microscope abscissa, as in measuring noise level, subdividing
the segment into cells, and then determining the sum of the lengths of
'all the gaps in a cell. Then G, the total gap 1ength is given by
G = ;gi ’ (3-8)

where g; is the sum of the individual gap-lengths in the ith cell, and

K is the total number of cells in range, R.

1 By a gap is meant the vacant space between two adjacent blobs
or clusters of silver grains. By a gap length is meant the distance
between two adjacent blobs, measured parallel to the trajectory.
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Equation (3-7) then becomes

dG ,
_ k4 (dR) ,
1 whlch together with (3-1) and (3-2) yields
; dG - ) ,
] . VL
 and - “ |
| |
: G = M G? d ’ i,
o , |

Consider the two expressions for G, the operational definition,
!EQuation (3-8), and Equation (3-10). As the number of cells in the
sum becomes large, the value of the fight hand side of Equation (3-8)
approaches the value of the right hand side of Equation (3-10).

Thus it is concluded that, where a large number of cbservations
is made, the total gap length in range, R, is, for a given mass, an im-

plicit function of the range, R.

Calibration Curves

Suppose one has avalilable a number of tracks made by "known™
particles.1 For each such track, a curve wﬁich shows G as a function of
R can be constructeds Then an unknown particle can be tentétively
identified by visual comparison of its WG-R® curve with the calibration
curves of the known particles.

A more satisfactory calibration curve may be made by utilizing
Equation (3-9). At several prsdetermined values of %}' , evaluations of

G' are made by measurement of the slope of the G-R curve of a known

1 By a "known"™ particle is meant one for which an independent mass
estimate is available.
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particle;' If ;e;eral snch curves are available, such meaenremente of

the elopea are made upon each, and the mean of all such measurements is

| taken as the value of G' for the appropriate %., Then G' is shown

~graphically as a function of %. The resulting curve is a universal

one since G' is a function only of the ratio %, and is not an explicit
function of the mass. |
| Such a calibration curve is shown as Figure 9. Curves showing G
| as a function of R were ¢ constructed for each of six calibration tracks.

Four of these calibration tracks ha.d been established as having been

made by protons, and two as having been made by deuterons ot

Gap Density Applied to Ending Tracks
For a track made by a particle which has come to rest, then, two

observables, residual range and gap-density may be used to determine

the mass. For the unknown particle, a G-R curve is constructed. At

some point, or at several points, on this curve, the gap-density is |

%measured. Reference to Figure 9 yields %, for this point. Since R
' is known, for this point, M may be computed.

As an example, the mumerical vzlues for the two deuterons which |
' were eventually used as calibration particles, are quoted. The G-R

curves for these particles were taken to be identical since the experi- ’

‘mental points corresponded so closely to each other. From this curve

it was found that at R = 1000 microns, G*' = 0.0659.

L The protons had been ldentified by constant sagitta scattering -
measurements. This is a technique which will be described at length,
in Chapter IV. The deuterons were found by the method of the follow-
ling paragraph to_have masses_approximately twice that of a preton.




34

From the mean G' -R curve for the four protons

-

= R . - 1000 -
at Gt | 00659, M 000210-7) so M -6-:-2-1:7 = L4048 INge

A similar determination of M at R = 2000 microns gave M = 4016 m,.

. So these two particles were accepted as deuterons and their vaiues ueed§

\
]
|
i

together with those of the four protons in plotting Figure 9.

| Gap-Density Applied to Non-Ending Tracks

As will be discussed at 1engbh in Chapter VI, a method for deter-
mining the mass of a pa.rtlcle , which has 1eft the emulsion, has been |
originated as part of this research. A track which has been identified
as "Track 5", has been used to test this method. At this time, Track 5
will be discussed and a mass esﬁimate, obtained by gap-density observa-
tions, will be quoted.

There are about 14,000 microns of track available, from the
three-prong star where the particle originated to the point where it
left the top of the emulsion. Gap-densities were determined at two
points on the track, 8000 microns apart. Thsss gap—-densities were

respectively

Gi = 0,133, and Gi 0.299 .

Figure 9 yields

Rl = 1,42 microns §g = 6,20 microns
H me ' M g ®

S0

u 2 620 - 142 = 4.78 microns
M m,
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R, - R.L = 8000 microns.

!
!
i

' Hence
{

_ 8000 .
M= =g = (1670 ¥ 190) mg .

i
|

A modified form of a method devised by Fitzpa’c.rickl has been used to
estimate the standard deviation in M. This method is explained in the

Appendices.

1 pitzpatrick, op. cite, 137.
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CHAPTER IV
CONSTANT SAGITTA SCATTERING

Introduction

In addition to the observables already considered, namely, resid-
ual range and ionization density, the effects of multiple écattering
may be usede These effects are caused by Coulomb type interactions |
between charged particies passing through an emulsion and the nuclei
of the atoms of the emulsion itself. This chapter will deal with mass
estimates from observations made upon ending tracks, by use of a con-
venient technique known as constant sagitta scattering.

Fitzpatrick' has thoroughly reviewed the literature pertaining to
multiple scattering. He stétes that the theory of Williamsz, or that of
MbliereB, or a combination of the two, is most frequently used to study
scattering of charged particles in photographic emulsions.

His discussion includes a description of Fowler!sh Coordinate Méth-

od of measurement. Following Williams and Muliere, Fitzpatrick arrives

1 Fitgpatrick, op. cit., pp. 76-122.

2 E. J. Williams, Proc. Roy. Soc. (London) 4169, 531, (1939).
3 G. Moliere, Z. Naturforsch, 3a, 78, (1945).
4 P. H. Fowler, Phil. Mag. 41, 169, (1950). |

37
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?ét the’ééatteriné eqﬁéiiégwfot”;ingly charged";értiéles:u This_equation%

;is
| - _ Kitd
®  10ppe , (4-1)

where « is the mean of the absolute values of the angles between suc-
3cessive chords drawn between points along the track, p is the mamentum'g
and Bc is the veldcity of the primary particle. K is called the
"scattering constant!, Bqt is really a slowly varying function of +

andﬂ .

Slow Particles

The authoritiés do not agree on a simple, explicit form for K,
which is valid over the entire range of velocities. Rather, the appli-
cation of Equation (4-1) is specialized to: (1) extremely relativistic
particles; (2) fast particles, for which the energy is substantially.
constant over the segment of track used; and (3) slow, or subrelativis-
tic particles.

Biswas, George, and Petersl.quote Voyvodic and Pickupz, as having
calculated |
1_%_ = (o.o96)(§)% (1.006) {0.80 (1,%:_32%? ]5 + leb45 } ,
for Ilford G5 emulsions. |

It is not clear that Biswas and others have intended their equation
to be used only for non-relativistic particles. They have used the

relativistie form for pgc, which may imply that they believe

1s, Biswas, E. C. George, and B. Peters, Proc. Indian Acad. Sci.
384, 423 (1953).

2 L. Voyvodic and E. Pickup, Phys. Rev. 85, 91 (1952).




39

_their expression to be valid into the relativistic region.

The Coordinate Method of Malking Observations

Since o does not lend itself readily to direct measurement, the
nCoordinate Method®, which has been anticipatedt, is utilized.
It will be recalled that

Dy = I3 -2yy+Tian

h ’
and that ,
a= (F-€2% (4-2)
-where : :
| D = glnil~ . ’;
N

€ is the mean of the absolute values of the second differences due to

noise, and Ais the mean of the absolute values of the second differ-

ences due to true scatteringe.

It may be shown that

= _ A
d‘g-li-e-qdegrees.

1'r
When this value for & is substituted into (4-1), the result is
- 0.0137 (£)3/? { | } |
A= 0.94% %
, 1.45 + 0.8 [ln Dsohb (4-3)
e [ BZ+ 0.3]

Range-Energy and Scattering

In principle, Equation (4-3) can be used to obtain an estimate
for the mass of any non-relativistic particle which produces an ending

tracke.

! 1 svove s Ppe 17-19.




j and 7 are known.

A , at a point on the track where the residual range is R. This implies

40
1

’

R = h
may be written in the form
E = j M*RY ,
&

where j = h and g =7 . Since h and .} have been determined,

Then,
ppe = 2B = 23" Rt
and Equation (4-3) becomes
p= at?? WU RN R () (=N
where A is a known constant, and F(B,t) is given explicitly by the
-quantity in the brackets in (4-3).
One might conclude that here is an expression for the "scatteri.ng“z

that one can measure A and R, and then everything in Equation (4~4)

is known except M.
Operationally, A cannot be observed at a single point, but must
be computed by means of
A= (R -€3)? ,
which is derived from statistical considerations. If a segment of
track is available over whichA may be considered to be a linear function

of R, then the above equation can be used to compute A for the mid-

1 Above, pe. 30.

2 7o avoid writing and re-writing the rather cumbersome expressiox%x
“mean of the absolute values of the second differences due to true 1
scattering®, the simplet term ™scattering®™ will hereafter be used for A.
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point of tixi;;;énent. ﬁs i&ea will be considered further in a la.te;j

;chapter. A modifica.tion of this method has been used by Menon and

'Rochat’.

Constant Sagitta Methods

’ In Chapter III, it was stated that the particles which made the
tracks used in constructing the ion:.za.tlon—denslty ca.llbratn.on curves
had been identified as protons. This identification was made on the
basis of mass estimates made'by constant sagitta scattering. This
technique was originated independently by Biswas, George and Peters ,2
at Bonibay, and by Dilworth, Goldsack and Hirschberg ,°> at Bruséels.
Tt is a met.iod in which allowance is made for the change of the parti-
cle's energy with range; hence, for the change of Bwith R.

In Equation (4-4), the value to be used for the cell lengf.h, t,
is presumably chosen with reference to the noise level, € . It will be
shown that statistically, 4 should be 2.4 times €. The technique used
for fast particles, where t is kept constant over the track segment,
is to choose t, by a cut-and-try process. The observer records values
of Y at short intervals, say every ten microns along the track. Sec-
ond differences are computed for t = 10, 20, 30,.. etcs microns. The
value of t which yields a A, that most nearly satisfies the criterion

1 M. G. K. Menon and O. Rochat, Phil. Mag., 42, 1232, (1951).

2 Biswas, George, and Peters, loc. cit., p. 418,

3 G. C. pilworth, S. J. Goldsack and L. Hirschberg, Nuovo Cimento,
8ere. 9, Q_, 113, (1951}).
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 for %,”{; the ope finally used.

With slow particles, A changes rapidly with R.® The optimm cell
length, then, decreases as R decreases. This presents a dilemma. When;E
, the cell length is kept constant, over a long segment of track, either

t is too long, so that statistics are poor near one end of the segment,§
|

or t+ is too short so that the scattering-to-noise ratio is smallr near |
the other end.

The originators of the constant sagitta method proposed to use cell
lengths which vary continuously along the track, so that the scattering
remains constant. This means that before a set of measurements can be

made, the observer must have available what is called a Mscattering

| scheme??,

Scattering Schemes

A scattering scheme may be defined as a set of R;’s (Bys Rps eee
e+ Bj, oo Ry) so determined that Ry, ; = R, +t., the t; being so
determined that when substituted into Equation (4-4), together with the
correspording R;, the Ai’ s which result have a constant, predetermined
value. This is possible only if the mass, M, is known or assumed.

This seems, at first glance, to be a paradox, for it implies

1 More precisely, the scattering equation, (4-3) predicts the
scattering which would be observed if a large number of observations
were made, at the same range, on different tracks made by singly charged
particles of the same mass. This means, then, that if one takes as
the value for 4, a mean of several values, obtained from the track of
a single particle, the observations having been made at various ranges,
the result is an approximation. The error introduced is greater at low
velocities than at high velocities, if track segments of equal length

are used.
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-ihét-fhé”mass must be known before the mass can be determined. But

L3

if a mass is assumed, which is of the correct order of magnitude,
PR ] :
n-/
Mt = M("Ae‘) 7 9 ' T }
where M is the assumed mass,.d.is the desired scattering, M! the'observéd

'
{
I
i

mass, and A' the observed scattering.

v
i
i
‘
'

The details of calculating the Ri’s which constitute a scattering f
scheme, are slightly different as reported by the two separate groups. |
The Dilworth group'ﬁrites down the scattering equation, in the form of
Equation (4-4), and proceeds to calculate scattering schemes with K
treated as a constant. Three objections to the results are listed:

1) at low eﬁergies, the rangé energy equation is not a simple
power law;

2) at high velocities, pgc # 2E, but is given by

pac = E ['1 + ii (‘E )“L;] .

& g |
3) the "scattering constant™ is in reality a siowly varying function
of R and t.

Each of these may}be shown to contribute a systematic error which
in itself is small. The Dilworth group applies an over-all corfection
factor which is a function of R, M, and t. |

The Biswas group has apparently not worried about either of the
first two objections. The'third objection is not applicable, since
they actually calculate values of K as a function of £ and t.

In this laboratory, Equation (4-4) has been uﬁ?d as is, to calcu-

late scattering schemes. To minimize the imperfections in the range

energy equation at low energy, a portion of the track near the end is

dis Carded °
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‘ - Although it is true tha.t. At,he range enérg_ équation is a nOn-rela.-
| tivistic expression, it is believed that it can be used in the low

;é'par'b of the relativistic region with small error. Barkas® shows evi-
B ! dence that momentum as a function of range follows a power law well

. into the region of high velocities. For a proton whose residual range
j.s 10,000 microns, the relative error introduced by taking phc = 2E

may be shown to be less than three peréent..
| .

Choice of an Optimum Value of

As stated in Chapter II, and shown in the Appendix,
o (D) = 0.75 (W) 3

- (€) =075 ME
vwhere N is the number of independent second differences, and ¢~ (D)
and ¢(é) are the respective standard deviations in D and in €.
‘The standard deviation in 4 will then be given by
- 2 2
o (4) = [_39.] [a—(n)] *, [2a7? [ (0] . (15)
D €
The necessary partial derivatives are calculated from
srR-d 2,

Equation {4-5) then becomes

3

o(a) = 0.5 2 @ fh)

or
&) z oA A L 2P, 2t (4-6)
A

! Walter W. Barkas, Am. J. Phys. 20, 7, (1952).
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For a given length of track, ”N is approximately proportional to

A "2/3.1 So

0.75 N2 = i a3

TW =1 53 (42 % 26t (4-7)
For this relative deviation in A to be a minimum, the partial deriva-

tive with respect to A, of the right hand side of Equation (4-7) must.

vanish. Then
O304k L2022, 2eMB( 40 -4 p2e2 - 10€h) =0,
"For this to be true with both A and € finite, the second quantity in

parenthesis must vanish. This requires that
\ -.-’:ng 12-‘1166" + 406“]%

Since A must be real,
A :e(2+v1lp)% :2ok06'0

The optimum scattering scheme, then, is one with which the cor-
rected second difference is 2.40 times the noise level.

Thé minimum relative deviation is, by (4-6)

™ 3 .

Since MY .= M(-a-?-) !

= 0.39(q)

v

1 Actually, A"z/ 3 is nearly proportional to an average cell
length, T, defined by

N
" ,g, by
! N .
Hence, N is approximately proportional to A-2/ 3.

T —



| the optimum scattering scheme is used. A computation for = = L4, shows

L6

' 1l o
M =To7eL T 058
Mt = i f2:31 e —2.31
o (M) = 2,31 MA2e3l g1 -3.310-(A)

g (M) = 2,310 (AY) = (:2.31)(0.89)N‘1l
M? Al ,

(M) = 2.06N°2
M?

This is the relative standard deviation in the measured mass » When

A
E

the relative standard deviation to be about eleven percent greatér , and
forg = 2, about three percent greater.

Since the noise level, for the microscope used in these experiments),
varies with cell length (see Figure 8), a desired 4 of 0.6 microns has
been adopted for purposes of making up scattering schemes. This is not
entirely consistent with thé statistical argument given above, but is
consistent with the commonly accepted procedure of attempting to keep
the scattering between 4 and 6 times as great as the noise level.

Determination of the numerical values of the R;’s which make up a
scattering scheme, is quite a formidable task.

As has been explained, a tentative value of M must be assumed.

This may well be done on the basis of ionization density observations.

Equation (4-3) may be written

. 3/2
u o= O % t F(B,t), (4-8)

M

where

F(fyt) = Luk5+ 0.8 [ln 259‘* ; ; ] 2
4 ® )
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| The entire right hand side of Bquation (4~8) is now a function of }%

and t. For the assumed mass, M, ‘the variables are R and t. The prob-
lem, then, is to allow R and t to vary in such a manner that the right
hand side of (4-8) remains constant a.nd equal to M A, It has been
shown empirically that if this is done, a curve which exhibits the
iogaritlm of t as a function of the logaritim of R will very closely
appﬁﬁmte a straight iine. |

Let it be required to set up a "pP-0.6" scattering scheme; that
is, the assumed mass is 1837 my and the desired scattering is 0.6
‘microns. The product 1837 times 0.6 is 1102.2. It is necessary to

determine several values of R and t, so that each R, together with the
| corresponding t, will, when substituted into (4-8), make the right hand
side of the equation mumerically equal to 1102.2. Then a plot of the
logaritim of t as a function of the logarithm of R can be constructed
and values of the R;s and the tjs taken from the graph.

To aid in the construction of scattering sch&es, Tables I, II,
and IIT have been compiled. Table I enables one to find the value of
mﬁq, and that of %, for preassigned values of B . The relativistic
expression for the momentum has been used, as suggested by the Biswas
group. Table II gives F(B ,t) and Table III gives M A , for preassigned
va.lueé of 8 ard t.
| To locate the first point on the graph from which the P-0.6
‘ scattering scheme is to be taken, refer to Table I. For g = 0.1, the

range of a proton is given as 1h4.7 microns. Table III then shows that

for g = 0,1, and M A = 1102.2, t in microns is between 20 and 30.
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Interpolation, by proporbic;@ parts, yields t = 26 microns. Table II !

shows that for a given B ’ Fé changes ﬁostlinearly with t. By inter%—

polation then, F,(0.10, 26) = 3.123, while Table I yields Be, |

for B = 0,10, so that | -

0.0137 (26) 3/2 _
0.015136 - 35306 ’

M A(0.10,26) = 353.6 x 3.123 = 1104,

More precise calculations show that the exact value of t is greater
than 25.9 microns.

So the value, t = 26,0 microns is chosen, for the point where
R = 144.7 microns. This locates one point on the line labeled "f-0.6",
Figure 10. Five other points have been similarly located. These five
point;s include values of R, almost equally spaced along the abscissa,
up to R = 13,983 microns. No departure from linearity can be detected.

A line for a "‘T-O.é" scheme is also shown.

From these graphs, the scatteringv schemes can be written down.

Experimental Results

As was stated in Chapter III, four tracks, used as calibration
tracks for the gap-density curve, were identified by constant sagitta
scattering as having been made by.protona. Since the noise level, for
the microscope which was'used, did not prove to be independent of cell
length, see Figure 8, it was thought advisable to divide the observed

D/s into groups, according to cell length. Thus for cell lengiixa up to

| 37.5 microns, the value of noise for 25-micron cell length was used;

for t between 37.5 and 62.5 microns, that for 50-micron cell lengths, |
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and so on. For each group of D{s there results a Aj s obtained by

applying Equation (4-2). ‘Then an over-all, mean value of A is found oy

“evaluating I ‘ |
b= @Vl | |
| e ’
where w, is the number of D:':L’s in the j th group, and J is the number of
such groupse. |

The results for the four pai'hi.cles used as protons are shown in
Table IV. The first three were ldentified as pa.rt of these researches,
|-the fourth had already been idemtified as a proton, by Fitzpatrick.

Several other tracks have é.lso been analyzed by this technique.
These will be discussed in Chapter V. The analysis of ™Track 12" was

carried out as a matter of routine.

Summary
Although it is a laborious task to set up a scattering scheme,

once such a scheme is available, it is a simple matter to obtain a mass
estimate for a particle which has come to rest in an emulsion. Both
the observations and the computations can be made conveniently and
quickly.

With the micrometer stage drive on the Leitz Ortholux microscope,
range settings can be made to better than the nearest micron. So the

cell lengths have been written to the nearest tenth of a micron when

possible. This precision is limited by one's ability to read the valueg

. off the curve, Figure 10. |
It is believed to be well worth while to rotate the track each |
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" time a large-angle bend is éncountered; This writer has established

the following rule of thumb. Whenever the track changes direction so-

that several consecutive, obsefved first differences become as much as
one scale division - approximately one micron - per cell length, ré- |
| orient the track. For cell lengths of twenty microns thié is about the
same criterion as was establ‘ished, in Chapter II, that is, t6 keep th’é» |
angle between the axis of the track and the abscissa of the microscope
less than three degrees. For longer cell lengths thig is a more strict
criterion. Bmpirically, it seems that the statistical fluctuations in
-the observed second differances a.fe smaller when the track is kept more
nearly parallel to the direction of drive. |

Constant sagitta scattering, aé a method for determination of the
mass of a pért.icle which has come to rest, is believed to have been
firmly established. The accuracy is believed to rival that of ionisza-
tion density methods for the heavy particles.

The labor involved in setting up scattering schemes is no more
than that involved in the construction of calibration curves,

Since no such calibration curves,as must be available when ioni-
zation density methods are used, are necessary, scattering provides a
relatively absolute method. This in itself is an argument in favor of

the extended use of such a method.
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. - . ‘!
" TABLE I
QUANTTTIES WHICH ARE USEFUL IN THE CALCULATION OF

SCATTERING SCHEMES

c E R R R

o 5 ﬁ B "

(mev. ) (mev. ) (microns) (microns) (microns) (microns)

me s T

‘ — l

0.05 0.001279 0.000639 0.0068 12,44 6.6 1.8
0.06  0.001843  0.000920  0.01.34 2k .65 13.0 3.7
.0.07 0.002510 0.001257  0.0223 41.0 21.6 6.1
0.08 0.003377 0.001643 0.0357 - 65.7 34,6 9.8
0.09 0.04156 0.002070 0.0536 98.6 52.0 k.7
0.10 0.005136 0.002555 0.0787  1huk.7 T76.2 - 21.5
0.11 0.006219 0.003120 0.1105 203.1 107.0 30.2
0.12 0.007410 0.003719 0.1507 276.7 145.8 .1
0.13 0.009707 0.00437h 0.2004 368.2 194.0 5h.7
0.14 0.01011 0.000583 0.2611 479.6 252.8 T1.3
0.15  0.01163 0.005848  0.3342 613.9 323.5 9L.2
0.16 0.01326 0.00669L 0.4240 T78.9 410.% 115.8
0.17 0.01499 0.007548 0.5237 962. 506.9 143.0
0.18 0.01683 0.008485 0.6437 1182.5 623.1° 176.7
0.19 0.01879 0.009481 0.7826 1437.6 757.6 213.6
0.20  0.02087 0.010540  0.9426 1731.6 912.4 257.3
0.21 0.03205 0.011654 1.1256 2067.7  1089.6 307.3
0.22 0.02535 0.012834 1.3341 2450.7  1291.k 364.2
0.23 0.02TTT 0.01%077 1.5698 2883.7  1519. 428.5
0.24 0.03032 0.015385  1.8360 3372.7  1T777.2 501.2
0.25 0.03299 0.016759 2.1343 3920.7  2066.0 582.7
0.26 0.03577 0.018200 2.46T7 4533.2  2388.7 673.7
0.27 0.03869 0.019710 2.8396 5216.4 27Tu8.7 T75.2
0.28 0.04173 0.021292 3.2532 5976.1 3149. 888.1.
0.29 0.04491 0.022945 3.7110 6817.1 3592.2  1013.1
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TABLE I
(Continued)

QUANTITIES WHICH ARE USEFUL IN THE CALCULATION OF

- SCATTERING SCHEMES

E

s HE i i 2
(mev. ) (rev.) (micronms) (microns)(microns) (microns)
me . me . me
0.30  0.04821 0.02467h  h.ouTh T hoS2.k 1151l
'0.31  0.05165 0.0264T8  L.T756 8772.8 u4622.8 1303.7
0.32  0.05523 0.028361  5.3895 9900.5 5217.0 14k71.3
0.33  0.058095 0.030324 6.0637 11139 5869.1 1655.4
0.3+  0.06281 0.032371.  6.8030 12497 6585.3 1857.2
0.35 0.06682  0.034503  T7.6117 13983 7368.1  2078.0
0.36  0.07099 0.036723  8.4961 15608 822k4.2 2319.L
0.37  0.07527 0.039030  9.4574 17373 o154.8 2561.9
0.38  0.07563 0.0kl  10.510 19307 o1hT.h 2869.2
0.39  0.084%0 0.043943  11.653 21407 1128.0 3181.3
0.k0  0.08920 0.046547 12.896 23690 1248.3 3520.6
0.41  0.09418 0.049250 1h.24h 26166 1378.8 3888.6
O.k2  0.09933 0.052071. 15.T712 28863 1520.9 4289.4
O.43  0.10465 0.055030 17.318 31813 1676.4 4727.8
O.44  0.11017  0.0581T7 19.093 3507k 1848.2 5212.4
0.5  0.11587 0.061210 20.891 38377 20222 5703.2
0.46  0.12178 0.064503 22,908 42082 22175 6253.9
0.47  0.12782-  0.067928 25.093 L6096 24290 6850.1
0.48  0.13986 0.071490  2T.456 50437 26577 T495.5
0.k9  0.14075 0.075196 30.012 55132 29052 8193.3
0.50  0.14751 0.079052 32.T77Th 60206 31725 8947.3
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VALUES OF MA FOR VARIOUS VALUES OF B AND t

TABLE III

t
(mi- || i |
crons) 0.05 0.10 0.15 0.20  0.25 0.30 0.35 0.40 0.45 0.50
20 2946.2 732.4 322.5 179.2 115.3 76.8 552 1.1 3L.k4 2k.5
30 5551..2 1608.3 607.3 337.8 218.14 145.0  10hk.1 7.5 59. 46.3
o) 8687.8 1380.3 935.7 528.8 340.5 227.1 163.1 121. 93.1 2.7
50 [|12293.1 3056.0 1346.8 Th48.2 482.2 321.5 230.9 172.1 131.8 102.9
60 ||16319 4058.7 1788.2 993.7 640.0 h27.0 306.7 228.6 175.1 136.8
70 {|20735 5156.7 2271.9 1263.1 813.3 542.8 389.7 290.6 222.6 173.9
80 ||25508 634kt.1 2795.1 1553.4 1100.9 667.8 479.5 357.5 274.0 21h4.1
90 |{30620 7615.6 3355.4 1865.2 1206.8 801.8 576.1 429.6 329.0 257.1
100 ||36043 8964.8 3751.0 2196.6 1415.1 olih,1 678.0 505.8 387.7 302.9
110 [lLi781 10392 4580.0 2546,1 1640.6 1094.8  T786.3  586.6 4h9.2 351.3
120 ||47816 11893 524k0.2 2913.3 1876.9 1252.4 899.8  6T71. 514.2 L02.1
130 ||5k12k 13458 5931.2 3298.8 2125.0 1418.3 1018.9 759.8 582.5 L55.1
140 |[|60703 15098 6652.1 -3699.4 2383.6 1590.6 11u43.1 852.7 653.6 510.6

PO SS—

s
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TABLE IV

MASS ESTIMATES BY CONSTANT SAGITTA SCATTERING

Assumed

Track Length  Mass Estimate and Scattering

No. (microns) Standard Deviation Scheme Identification

| (electron masses)

(1) 445200 1881 = 250 P-0,6° Proton®

(2) 2,800 2035 2 480 P-0. 52 Proton®

(3) 3,500 2291 = 410 P-1.0° Hyperon

(3) 3,500 1910 = 240 P-0.6° Proton®

(4) 14,610 1656 = 229 P-0.5% Proton®
(12) 2,170 1717 = 540 P-0.6° Broton

& Scattering scheme calculated by Fitzpatrick.

b Scattering scheme cal¢ulated by Biswas and @thers.

¢ Scattering scheme taken from Figure 10.

d Mags estimate determined by Fitzpatrick.

€ Used to plot gap density calibration curve, Figure 9.
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CHAPTER V
CHANGE OF SCATTERING WITH RANGE

Introduction

'With a single exception, the methods of track analysis, which have
‘been discussed in these writings, have been applied to ending tracks.
This exception was a track described in Chapter IIil, for which a mé.ss
estimate was made by determining the difference in the gap density at
two points. At first this. mass estimate was considered to be a means
to an end; namely, the analysis of the star from which the particle was
emittede When it became apparent that the star was uninteresting, the
mass of the particle became an end in itself.

Another technique which is useful for estimating the mass of é.
particle, which has left the emulsion, is to combine the results of
ionization density with scattering measurements. This method is par-
ticularly useful for fast particles. |

It had occurred to this writer, that for the slower particles, for
which the scattering changes appreciably with range, the space-rate of
change of A as a function of R might be employed as a track observable.

The idea was to plot A as a function of R, measure the slope of the

1 Above, p. 35 The mass estimate obtained was (1670 T 490) ng.
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curve,atseveral p@ints a.long the curve, and thus c;btain %.‘g as a
function of R. For a non-ending track ’ tﬁén, the scattering equaiion
A=a t3/ 2 M -1 F(p,t) R U (5-1)
and the equation obtained by differentiating with respect to R,

s = a(-) 2L pg R O
R |

| provide two equations, which, in principle, can be solved simultaneocusly

i for M and for R.

The foilowing assumpticns are made:

‘1) constant cell length scattering measurements are made;
{2) the particle has non-relativistic velocities;

:3) the dependence of F upon # can be ignored;

i4) the value of F can be determined.

While this jdea may have merit, it has not been pursued. In the
process of plotting 4 as a function of R another id'ea suggested itself;
namely, that of determining the mass of the particle from a graphical
represéntatidn of Equation (5-1).

Consider Equation (5-1), rewritten in the form

log = k- nlogR, (5-2)
where

k= log A+% logt * (R, ~1) logM* logF.

F changes slowly with R, as is clear from an examination of Table 1I,
Chapter IV, A and y are known constants. For a non-relativistic par-
ticle, then, constant cell length scattering measurements should show

the logarithm of A to approximate closely a linear function of the log-

arithm of R.
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F”wwuwéuppose the track does ﬁot end in the emulsion. Then Equation
(5-2) may be written

log 8 = k - 0,568 log (4 +R) (5-3)
where
R = Ry*R ,
and R§ is the residual range of the first point on the track at which
scattering observations are made. The numefical value forvp;+0.568,
has been substituted into (5-3) in order to emphasize the fact that |
this value is known. |
| Equation (5-3) is not linear in logAR but approaches linearity as
the ratio, g? , becomes small. This becomes clear when the equation is

rewritten as

logd = k - 0,568 [log® + log (1 + % )] .

This is shown in Figure 11, for which values of A have been com-
puted by means of Equationﬁ (5-3)s The mass of the hypothetical particle
has been taken as that of a proton, 1837 electron masses. R, has been
taken as 1000 microns and t as 100 microns. An average value for

F(8 , 100) has been used.

The figure also shows the asymptote,
logd, = k - 0.568 log R . (5-4)

Graphical Approximation of R, and k

Figure 12 is the experimental counterpart of Figure 11. The ob-
served values of A were obtained by the Coordinate Method, which has

been described previously. These data were obtained by observations
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‘ma.de on a track, to be“ discussed preaently as "Track 9", The particle !

gwhich made the track is assumed to have bee_n a proton, because of the
indicated mass estimate. This estimate was made by constant sagitta
scattering, employing a P-O.6 scattering scheme. .
| The values of & were computed by subtracting 1000 microns from the |
residual range of each point at which a value of A was available. This {
| amounts to jgnoring that segment of the track for which the residual
range was less thém 1000 microns.

- Assume, for purposes of the present discussion, that neither the
‘mass of the particie, nor the residual range at the point where R is
equal to zero, were known. It is possible to obtain approximations for
these qué.ntities in the following way. The experimental points are 15-
cated on the graph. Then, the ®best-fit™" curve is constructed visually.
The asymptote, whose slope is known, is also located visually. A value
for A, can be taken from the asymptote at some chosen value of . Then
k can be calculated from Equation (5-4). At this same value of R, a
value for A can be taken from the curve. Then Ro can be calculated by
means of Equation (5-3). |

From the definition of k and the known values of A andn, it may be
shown that
0.432 log M = % log t + log F - k - 0.19955 (5-5)

The numerical values of t and F are known for any particular set of datal
From the value of R,, the kinetic energy of the particle at the

point where (} is equal to zero can be determined.
So, in principle, both the mass of the particle, and its energy at
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Figure 11 - A plot of the equation,
log o= k - 0.568 log (R+R,), where k has been evaluated

for a proton, Mp = 1837 m,.

Dotted line is plot of logld, = K - 0.568 log R.
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_When the equation is linear in its constants, the application is

63

T

any point on the track, can be obtained from observations made on the
graph. Such evaluations can be made, but experience proves that there 5
is so much room for choice in the construction of the curve and in the §

1ocation of the line, that a.ny estimates of mass or energy which result, ,

are crude approximations.

An Analytical Evaluation

I
!

The well known Method of Least Squares is useful for the analysis |
of experimental data in order to determine the constants in an equation.

straight-forward. Thus Equation (5-3), specialized to the case of an
ending track, becomes |
loga = k - 0.568 log R, (5-6)
which is linear in its one constant ke So for such a track, a mass
estimate for the particle can be made by evaluating k by the Method of

Least Squares, and then using Equation (5-5) to evaluate M.
But for the more general case of a parﬁicle which has left the

emulsion, decayed in flight, or suffered a loss of energy, a more com-

plicated method is required.

The method adopted in these studies is that described by Scarborough™,

as a MCeneral Case Method". This is a modified form of the Method of

Least Squares, in which the right-hand side of equation (5-3) is expan-
ded in a Taylor's Series.
Suppose that approximate values of k and R, are available. Then,

~§0pkins Press, Baltimore, 19505, PPe 1,63-1,69.

1 J, B. Scarborough, Numerical Mathematical Analysis, (The Johns
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k and R, may be treated as parameters. Suppose the approximations, as
| |

obtained graphically, are k(1) ang R,Sl) respectively. Then
 kex® L.,

and | |

| Ry = 381)4- b,
where a and b are corrections to be determined.

For a particular value of ®, Equation (5-3) becomes
(R =y, B )+ a2, 51y (s

+ Db %%—'— (k(l), Rgl) ) + Higher Order Terms . g

where y' = k- 0.568 log (R+ Ro) .

| If the higher order terms are neglected, the equation is linear in a
and in b. Then a and b can be evaluated by the Method of Least Squares.
| Since the higher order terms are neglected, the values so obtained
are themselves approximations and should be designated as a(l) and b(l).

Then
k(z) - k(l) + a(l) 9

R = g+ )

In 2 similar way, third approximations can be determined.

The Detailé of the Caleculations

If the higher order terms in Equation (5-7) are neglected
yr ((2), r(2) ) =), 5(2) 2(1) . ¢(1) (1)

where

A = (1) _ 0,568 10g [R R
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) . si;'(k(l) 2 )

3

1) = oy (1 |
C() -S%(k( )’ Rgl) °

| In what follows s the rather cumbersome superscripts will be omJ.t- ‘
ted, and it is to be understood that each of the quantities, except R >
' is an approximation of the same order as that of k and of Ro. s
Since the expansion is carried out for a particular value of R ,
‘there are N equations of the form
Yi = A + Bja + Cb,
~ where N is the number of values of A available. Now let |

Y4 S1logd;
where A; is any one of the N values of A .
The Principle of Least Squares requires that a and b be determined

so that
? 2

g(yi - y; ) is a minimum.

£}
Then

J .( ' =

Yj_ -J = 0,

3= § 1)

and

Y St -7 =0 .
—-é-ggyi 1

The first of these requirements yields
z(Ai'*'Bia + Cb - log &4)B; = O,

13

or, sinece Bi =1,

Na + b3C; + > (& - loga;) = oO. (5-8)
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The second requirement yields

N

w v
a2 C;+b X (C i)2 + D (A; - loga;) C, = 0. (5-9)

i1 i=i iz
Since each of the Ai’s, the Ci’s, and theAi’s can be evalﬁated, these
last two equations can be solved simultaneously for a and for b.

The procedure should be repeated as many times as is consistent
with the accuracy of the mcasured 4;’s. Ideally, each value of a and
each value of b will be numerically smaller than the last. In practice,

has been found that third approximations are usually sufficiently close.

Segment Length

The above discussion has tacitly ignored the fact that 4;is not
directly observable at a single point on the track. In practice, the
mean of the absolute values of the apparent differences, that is Di’
is then determined by means of the relationl

s = (P _62)% ]

is the observable. & 3

D and ¢ are means, which are evaluated by averaging a large number of
observations. |

The method, presently being discussed, _requires one to divide the
available part of the track into segments, determine D for each segment,
correct this value of D for noise, and then assume that the resulting
value for & is the correct wvalue at a point very close to the midpoint

2

of the segment. That this last is, in general, true may be shown™ by

it

1 Above, p. 19, and Appendix I, p. 103.
2 Appendix III, p. 106.
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an argument, somewhat similar to the Theorem of thevMean Value.

If a curve such as that shown in‘Figure 12 is to be comstructed
for N experimentally determined éoints, each point must represent a
different segment of‘track. Each segment should be long enough that
the value of A, for that eegment, is statistically meaningful, yet
short enough that‘A can be taken as the correct value for the midpoint
of the segment. |

When»the first attempts to apply this technidue‘were made, all
segmentS'were.made of equal length. This'practice was abandoned for
three reasons. First, it was found that fluctuations in the observed
scattering, from point to point, wefe enormous. Second, this seemed
to weight the data heaviest whefe the residual range is greatest.
Third, when more than eight segments were used the calculations be-
came prohibitively long. The number of segments to be used in the
analysis of a track has been arbitrarily set as not fewer than five
nor more than eight.

~taq

The statistical deviation in the scattering, over ahy one segment,
may be shown to be an increasing function of the ratio,'g , and to be
inversely proportional to the square root of the number of cells which
make up the segment. This implies that long segment lengths should be
employed where the scattering is small, that is, whefe_the range 1is
great, and vice versa.

This can be conveniently accomplished by making each segment

length greater than the last, so that the ratio between two consecutive
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segment lengths is constant.t

The Optimum Cell Length

McClure2 has shown empirically that the same criterion should be
applied for determining the optimum cell length as in the case of con-
stant sagitta scattering. This criterion is to choose that cell length
which makes the ratio, %; most nearly equal to 2.L. In the present
application the interpretation is that the ratio of the average scatter-

ing over the entire track length, to the noise level should-be 2.4.

Application to Ending Tracks
For the special case of an ending track, R, = 0O, and Equation (5-2)
logA = k - 0.568 logR , |
applies. This equation is linear in its only unknown constant, k.
The Method of Least Squares, proper, can therefore be applied. The
result is
Nk = 0.568 logR flOSAl . (5-10)
This furnishes an aux111ary'methoéﬁfor the evaluation of a mass
estimate for a particle which has come to rest. Obviously the calcu-

lations are much less involved than for a particle which has left the

emulsion.

1 As rule of thumb, one might make the first and shortest segment

length equal to eight cell lengths. Then multiply each segment length
by a factor of the order of 1.2 to obtain the next. With 100-micron
cell lengths, this d1v1des 10,000 microns of track into seven segments,

2 John Jerry McClure, "A Scattering Method for The Analysis of
Nuclear Emulsion Tracks®™, (Unpublished Master'!s Thesis, Dept. of Physics
University of Oklahoma, 1956), pp. 19-22,
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There is no intenmtion to imply that this method is superior to the |

s e e m o

method of constant sagitta scattering. But the fact that this method

yields results which are consistent with those obtained by constant

Esagitta.methods is considered to be significant.

y ’ Statistical Deviations

MhClurel has derived the expressions for the deviations in the mass
and in the residual range of a particle which has failed to come to
reste These will be considered in due time. Rather than specialize ;
these to the case where R, is equal to zero, it is simpler to derive '
‘|the corresponding expression by fundamental.mbthods.

In BEquation (5-8), k may be considered to be a function of each of
the indirectly observed Ais. The standard deviation for a single 4; is

given by'2

_ oo ol ebd

O"(Ai) = g' Dj *e- .
* n

By the Law of Propagation of Deviations,

(k) = {;[V(Ai)]z[-}f;]z}% ,

and from Equation (5-8),

ok _ 1
6A1-N°%? .

1

Then
- (k) = el2loge 2[ 2 a%+203¢% 2t :
A

1 Ibid, pp. 14-19.
2 Above’ Pe 25.
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—— e . _...__.A__.....___.j
. )
)

or | %
i _ | . 2 S
o(k) = leﬁé_es.z{z%; (1+ 204+ ”1)} 3 ,
‘where
17 65 . |
The deviation in the estimated mass is given by
1N | M) =g(k) &
| o (M) =0(k) T ’
and by Equation (5-5) |
Q_M = =M
dk Ou432 log e o
Thus , :
- 1.76 M[S1 2
(o) = —l;,-—{;-;,—i— 1+ 27, + sz}* : (5-11)

When dealing with non-ending tracks, expressions are required for
deviations in both M and Ry. Such expressions have been derived by

McClurel and are

where

o
- Ny
Q gS'R: 9

1 The equations derived by McClure appear to be different, but it
may be shown that they are the same as these. As presented here they
seam to be more convenient for computation purposes.
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n

- Spa

<z/

There is some question as to the correct value for nj. In all expf
perimental work hereln reported, a technique involving overlapping.cellé
lengths has been ﬁsed. Readings of Y, the apparent displacement of theé
track trajectory from;the';xis of the trackl, were recordéd every ten |
microns along the axis of the track. Since the optimum cell length can
not be determined until after the data have been taken, it is almost
necessary to record the data in this manner. Suppose, for example, an
optimum cell length of 80 microns had been adopted. Then for a’tfack
segment which is 800 microns long, there would be ten values of D; if
no overlapping were employed. But there would ‘be sufficient data avail-
able for eighty values of D;, and all eighty would be used. In comput-
ing deviations, however, the number of values which would have been ob-

tained had no overlappirg been used, has been taken as the value for

deviations.

Experimental Results with Ending Tracks

Table V indicates experimental results whici have been obtained
upon five tracks. Each of these has been treated as an ending track

and one or more mass estimates obtained by constant sagitta scattering,

1 Figure 6, Chapter II, p. 16.

2 This is consistent with the "Recommendations for Standardization
of Measurements in Photographic Emulsions;® Varenna Summer School, 1953,
and at the Meeting of the International Congress on Unstable Particles,

Padua, 1954, as reported in Suppl. Nuovo Cimento, ser. 9, 12, 476 (1954)
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as indica.ted. "Track gn has alrea.dy been utilized to construct the

!
i

" curve shown as Figure 12. It is considered to have been well established

as the track of a proton. "Track 10" may very well also be that of a
proton. An unsuccessful attempt has been made to make a case for a
decay in flight out of the data for this particle. This will be dis-
| cussed in a later paragra.ph. The analysis of the last 3330 microns was |
made from the point where the presumed decay toek ﬁlace. That this mass
estimate agrees within 200 mass ﬁhits wiih that made for the track as a
whole is considered very significant. If one assumes that thie particle
was heavier tilan a proton, then it must have been one of the Y-particles
The Committee on Charged Hyperoms, at the Padua Conference, 1954,

reported L P evidence e o o« from cloud chamber work may be inter-

preted with the assumption of a particle (until now known only in its

negative charge state) with a mass of about 2570 me, which decays accord-

ing to the scheme
| Yo 777 + AC +60meve « o o .
The Chicago group2 indicates that a particle whose mass is 2590 m, de-
cays into another particle of mass 21854me and a meson, with a Q of
67 meve It seems reasonable to conclude that such particles might occa-

sionally come to rest.
"Track 11" yields mass estimates which are consistently lower than

the proton's mass. The writer hesitates to conclude that the particle

1 Astbury and others, Suppl. Nuovo Cimento, ser. 9, 12, 458(1954).

2 wEyents of Special Interest®™, (unpublished chart, prepared by
the Nuclear Bnulsions Group, University of Chicago, 195 5)
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TABLE V

MASS ESTIMATES FOR PARTICLES WHICH

HAVE COME TO REST

Mags Estimate and
Standard Deviation

I

. (electron masses)

I1P

Have Been

Particle is
Assumed to

Track Length

No.

(microns)
(9) 11,250
(10) 8,100

3,300
(11) 14,250
(7) 10,000
(7) 7,000

3,190

18732210 (P-0.6)

3067440 (PBO.6)

29001530 (P-0.6)

15372210 (P-0.6)
14714180 (T-0.6)

- 16162250 (P-0.6)

22592380 (P-0.6)
1874500 (P-0.6)

1750%340 ( 80,6)

16602320 (100,6)
1820=390 (120,6)
18352459 (15096)

2890+700 ( 80,5)

32704890 ( 80,10)

29384820 (80,7)
28304780 ( 80,6)
2/,05+560 (100,6)
27302660 (100,7)

14,924280 (100,8)

19254390 (100,7)

27302660 (100,7)

Proton

Hyperon

Proton

a. "I" indicates constant sagitta scattering methods have been used.

The scattering scheme is shown in parenthesis.

b TIIM™ indicates the methods described in this chapter have been
The cell length, in microns, and the number of segments are

used.

shown in parenthesis.




g was anything other théﬁﬁémfrdﬁon. It is trué that the two*independent
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_ estimates, obtained by means of constant sagitta scattering methods,

agree with each other and with the single estimate made by means of thef
local technique, but it is thought probable that a systematic error dueg
perhaps to large-angle scattering may have contributed approximately th;
same amount to each of these estimates. In other words, the agreementf
is thought to be more significant than the values themselves.
"Prack 7" is possibly that of a proten., But there is evidence of

something unusual in this example. More will be said in regard to this
track, both in the next paragraph and in Chapter VI. %"Track 8" also

warrants special consideration.

Particles That Do Not Come to Rest

The first entry in Table VI is for the track which has already'been
mentioned as having motivated these studies. The mass estimate quoted
here is consistent with that obtained by change in gap-density. The
estimated residual range at the point where the particle left the top of|
the emulsion is thought to be a reasonable §ne. Visual inspection defi-
nitely leads to the conclusion that the particle was nearing the end of
its range. It seems futile to attempt to identify this particle as any-

thing other than a proton.
These estimates for Tracks 9 and 11 are interpreted as being in

satisfactory agreement with those estimates already quoted in Tabls V.
As is to be expected the deviations are appreciably greater when the

track is treated as a non-ending one.

No satisfactory explanation is suggested for the rather low mass




(MICRONS)

A

Figure 13 ~ The best-fit curve for particle, whose mass has been estimated - see
Table VI -~ as (2052 * 680) mg and for which Ry = (1572 % 1050) microns.
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TABLE VI

RESULTS OF TRACK ANALYSES MADE BY THE METHOD
FOR NON-ENDING TRACKS

Track Length

Cell No. of Mass Estimate and

Residual Range and

Remarké

No. Length Seg- Standard Deviation Standard Deviation
(microns) (microns) ments (electron masses) (microns)
Ia IIP | |
5 14,000 100 8 2052 + 680 1572 = 1050 ? Left the emulsion
M(G',R)= 1670%490m, |
9 11,250 100 6 2120 * 680 822 £ 600 1000 Proton. See Table V
80 7 2140 + 830 883 * 875 - 1000 g.
80 8 1960 = 950 1012 2 1100 1000
120 6 2130 £ 970 1204 * 1150 1000 |
10 8,100 100 6 2250 t 1080 196 £ 710 100  Hyperon, See Table Vi
11 14,250 100 7 1490 £ 300 -1 % 400 O  Proton, See Table V.
| 100 7 1490 & 250 245 = 330 250
100 7 1525 * 380 LOR £ 380 500
100 6 1590 £ 520 1215 £ 520 1450
8 10,000 100 6 549 * 540 5881 * 6400 982 Discussed at length
in Chﬂpter V1.
" 7,000 100 5 2370 £ 7000 | 4540 £ 1300 | 3190 Disdussed at length

in Chapter VI,

8 nIn indicates the method described in this chapter have been used to determine the residual ranJge

at a point on the track where R was arbitrarily taken as equal to zero.

b ulfn jndicatus the residual range has been measured directly at this same point.

~3
o~
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value obtained for the a.llegéd hyperon. As has already been mentioned, !

f

an attempt has been made to analyze the data for this particle, b;{r

|
|

:making the assumption that a decay in flight has occurred at the point

' 3330 microns from the point where the part.icle came to rest. This un-
esuccessful attempt has anphasized what is probably the weakest factor inf
this method of analysis, namely, that when Ro becomes greater than about}
3,000 microne, the quantity
| | (¥ - @) |
which appears in the denominator of the solutions of the two simultan-
eous equations, (5-8) and (5-9), beccmeé very small. If follows that
there are enormous uncertainties in k and in R,. \

‘In this particular work with Track 11, it was possible td place a
lower limit on the mass. This lower limit was of the same order of
magnitude as the mass estimates for the part of the track which was ig-

nored, so the attempt to make a case for a decay in flight was abandoned.

Summary
This original method of estimating the mass and the residual range

of a particle which has failed to come to rest, is considered to have
been shown to be valid. As in all nuclear emulsion measurements the
statistical deviations are great. Especially is this true for the esti-
mated ranges. If the missing part of the track is more than 3,000 mi-
crons long, such estimates are almost meaningless.

Tt is suggested that the method which has been described might be

combined with constant sagitta scattering methods. This could be done

by obtaining a value for R, and a value for M,and then using these va.lue?
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|
3
|

!

' devised and used a constant sagitta technique upon non-ending tracks.

to set up a scatterlng scheme. This should give a "better™ mass

)
l
l
Baroni, Cortini, and Manfredini,lvat'the University of Rome, have ;
!

They apparently do not obtain a mass estimate but do obtain sa.tisfactory
range estimates. They quote statistical deviations of the same order of
magnitude as those quoted here.

For most satisfactory results it is recommended that:

(1) overlapping cell iengths be employed;

(2) that cell length be chosen which makes the ratio of the mean of
the absolute values of the second differences due to actual scattering,
as nearly as is feasible, equal to 2.4 times the noise level;

(3) progressively increasing segment lengths be used;

(4) the plate be rotated by means of the microscope turn table, each

time a large-angle bend occurs.

1 Baroni, Cortini, and Manfredini, Nuovo Cimento, ser. 10, 1,
473(1955).
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| CHAPTER VI

APPLICATIONS OF THE METHODS OF PRECEDING CHAPTERS TO
- SPECIAL CASES

Introduc;;ion |
In Chapter V, Table VI, mass éstimates are quoted for several par-
|ticles. For two of these the results are and have been designated un-
satisfactory. Track 7, wﬁich will be treated first in the detailed
discnssion, also shows a discontinuity in gap density. For the case of
Track 8, the discrepancy between the two mass estimates, which were
obtained by the method of scattering as a function of range, is suffi-
cient reason for considering this track more carefully.

In this chapter, various possibilities will be considered as ex-
planations for these two ™unfavorable cases®., As is often true, no one
interpretation can be offered which is completely satisfact_ory. The
writer will offer what he believes to be the most plausible explanations,

In additieon to those methods of track analysis which have been
explé.ined » the Law of Conservation of Energy, and the Law of Conserva-
tion of Momentum wili be employed as tools.

Track 7

?General Description
L This track was_located while data were_being collected for the gap _

79
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§.&éﬁgit§ éalibratidgﬁéﬁ;;ésu&iééussed in Chépter III.«“bisé;ntinuities iﬁ
§ the gap density, and the presence of an unusuzl number of 1arge angle j
gbends were apparente The particle which caused the track was tentativeiy
éidentified’by visual inspectionvas having been a prbtbn. The particle |
| had entered the emulsion from the top, at a poznt about two milllmeters‘
fram the edge of the emulsion and traveled a distarge of 3705 mlcrons, f

1

to a point 322 microns below the surface,” From this point, the parti-

cle traveled“aﬁ additional 3195 microns and_came to rest at a point |
289 microns below the surface, So over this last segment, the tracﬁ is'
essentially parailel to the surface of the emulsion.

A ®profile™, that is a graphical representation of the projection
of the track onto a plane parallel to the surface of the emulsion, was
constructed. This profile shows 1afge-ang1e bends, one degree or great-

er, at each of three points, where the residual range was 663ﬁ md.cronsf2

978 microns, and 2309 microns, respectively.

There is no sign of a decay particle at the point where the parti-
cle came to rest. At the point where the residual range was 3195 microns,
there is a rather long delta-ray, and the profile shows a change of dir-

ection through a projected angle of about two degrees.

Gap_Density
The curve for this track which shows total gap length as a function

1 This depth is that in the unprocessed emulsion. The correction
for shrinkage was made by the method described by Fitzpatrick, op. cit.,.

pp. 26-28.

2 The initial gap length data indicated a discontinuity in the gap
density at this point. Later measurements failed to confirm this. It
has been decided the initial data were erroneous.
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of residusl range indicates that this particle is of slightly smaller ],
mass than those particles in the proton group. In the range interval ' -

!

between 2800 and 3500 microns there is a discontinuity in gap density.

The average »of five mass estimates, from gap densities measured at five ;
points for each of which R is less than 3000 microns, is 1608 electron
masses. Thegaverage of five values for ranges greater than 3000 microns
is 13,48 electron masses. This is not a "g"reat difference and: may not be

significant. But it may indicate either a collision in which the delta-
ray was produced, or an actual change in the mass, It seemed reasonable
‘to proceed by treating the track as being composed of two different parts;
one, a non-ending track 3075 microns long; and the other, an» ending
track 3195 mio;rons longe In the followling, the first part will be

called "Part A", and the second, "Part BW,1

The technique was employed to obtain a mass estimate in which gap
densities were observed at two different poiﬁts. For the particle which
caused Part A, a value of 1833 electron masses was determined. That
this number is so near the mass of the proton is thought to be of in-
cidental significance, but the fact that it is greater than that value,
already quoted as having been obtained over Part B, is thought to be
important. The value obtained for the residual range of the initial
point on Part B, waé 4037 microns.

Constant Sagitta Scattering

A P-0.6 scattering scheme has been used to obtain mass values fc'ar

1 The word "segment™ rather than ®part™ might be preferable,
except that segment has already been assigned a different meaning in the
work—ofChapter—V.




82

this particle. First, the entire track was included. In this way &

—— e . oD

mass value of 2289 % 480 was calculated. Since the track was divided in-

|

to segments, it was possible to examine the data with regard to fluctu- |
ations in the second dii"ferenées. For the six segments which comprise |
Part B, the mean value of A was 0.59%4 microns, with fluctuations ‘from
035 to 0.72. For the remainder of the track, thevse@zents were in
general, longer. The A% varied from 0e24 to 0.97. This highest value,
0.97 should probably be eliminated, as it is for that segment where the
particle was nearest the surface. If this were done ihe mass would be
8lightly higher than that quoted.
When only Part B was included in the analysis, constant sagitta.

scatt.ering gave 1874 Z 500 electron masses.

Constant Cell Length Scattering
At this point it seemed safe to proceed on the assumption that

Part B was made by a proton. An analysis was made of Part A, which
employed the technique described in Chapter V for non-ending tracks.
The length -of track available was gdmittedly_ too short for precise
determinations,
A graphical approximation and two successive applications of the

methods of Chapter V, gave

M = 2370 mg, and

R, = 4540 microns,.

The deviations are undoubtedly large.

Only five points were available for the graph. For the largest

'segnent, the number of observed second differences which was available |

|
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for calculation of the scattéring was only sixty six, with overlapping

—
|
|

cell lengths. |

Jt was not feazible to employ the technique in which progressively 1

Li'ncrea.sinAg segment lengths are used, since it was necessary to rotate

the plate several times, because of large-angle bends. Thus the track
was effectively divided into segments in the actual process of recording
the data. |
Since R, is not small relative to K, it is clear that according to
the conclusions reached in Chapter V, the calculated values for R, and M
must be thought of with skepticism. These values are qualitatively con-
sistent with those obtained by gap density methods in two respects. The
residual range of the particle at the end of Part A is greater than the
residual range of the assumed proton at the beginning of Part B. The
mass estimate for Part A is greater than that for Part B. The experi-

mental results for Track 7 are summariged in Table VI1I,.

Various Possibilities

One explanation which has been considered is the following. The
track was made by a single particle, a proton, which lost energy at the
point where the delta ray is observed. If this is the case, one can use
thé residual range as quoted above, that is, 4540 microns, to compute the
kinetic energy of the proton, before the collision in which the delta-
ray was generated.

When this was done, it was found that the electron would have to

have a range of 81,000 microns to account for the 6.7 mev. lost by the

iproton. The length of the delta-ray is of the order of a few microns,
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" TABLE VII

EXPERTMENTAL RESULTS FOR TRACK 7

R p—

l

Value - Method Assumed :
(electron masses) I Particl (microns) |
Entire Track Analyzed as a Whole,
6270 microns
2259 css (P-0.6) @ 0
1478 G! vs % e 0
Part A,
3075 microns
2370 Avs R g hyperon L540
1833 J G' L4037
Part B
3190 microns
1874 css (P-0.6) : proton 0
1742 css (P-0.6) b 0
1790 Avs R 0
1348 G! vs '1% e 0

2 Constant sagitta scattering, scattering scheme shown in parenthes

b Scattering v.s. residual range, ending tracke. -

C Scattering ve.s. range, non-ending track.

d Change in gap density between two points,

€ Gap density measured at several points.

ise.
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microns its energy would be only 0.06 mev.; about ons percent of that
to be accounted for.
It must be observed that the excess energy can be accounted for byé

proposing that it is taken on by a heavy nucleus which might easily'notg

|

i be observeds It is also only fair to point out that the estimated ener-

- I
gy of the particle before the collision is quite likely too large, and

that the loss of energy may have been much less than the 6.7 mev. which
has been calculated.

So the possibility that the entire track was made by a proton. can
not be rejected. | |

Tt is interesting to speculate”on the basis of another hypothesis,
namely, the decay of a hyperon into a proton. Two facts about the X~
perimental data are taken as grounds for the following analysis. First,
the mass estimates, by change of gap densiﬁy and by constant cell length

scattering, each indicate a larger mass before the event which separates

0

the two parts of the track. Second, constant sagitta scattering indi-
cates that the particle had either a greater range or a greater mass, or
both, over the first part of the track, than over the second.

The following analysis is presented largely in order to exemplify
an application of the methods which have been presented. It does yield
a plausible explanation of the descrepancies which have been observed.

The Committee on Charged Hyperons1 at the Intermational Congress on

1 Astbury, Bonetti, Ceccarelli, Dallaporta, Franzinetti, Friedlander
and Tomasini, Suppl. Nuovo Cimento, ser. 9, 12, 448 (1954).




86

Unstable Particles at Padua give as one of the accepted decay schemes

U |

Yﬁ -> F + -'10 9

where the symbol, Yp, represents a particle whose mass is greater than

that of a protoh. P represents a proton, and O represents a pi meson.
‘Five of seven cases reported are consistent with a uhique Q-value of
116 * 2 mev. In particular, this committee mentions a particle of mass
2300 % 800 m, which has decayed according to the above scheme. A group
of nuclear emulsions physicists at the University of Chicagol has indi-
cated that the decay of} a particle whose mass is 2335 mg, into a proton
‘and a neu’pral Pi meson, has been established.

A decay in flight, in which the primary particle is a hyperon which
yields a proton and a neutral particle has been assumed. The Laws of
Conservation of Energy and Conservation of Momentum make possible the
calculation of the mass of any one of the three particles, if the mass,
the total energy, and the direction of each of the other particles are
known. | |

Thus the mass of the unknown neutral particle in the assumed decay
| scheme is given by Equation (6-1), a derivation of which appears in

the Appendices. ¢ £
L RLGRE ST E R COPETTERL Lyet

In the above equatlon, € is the total energy, that is,

£-m2 (- )2

1 wEvents of Special Interest", loc. cit.
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and the subscripts s I, P, a.nd X refer to the hyperon, proton, and un-

:

known particle, respectively. & is the angle between the direction
| of the ﬂyperon and the direction of the proton. |

There is great uncertairity in the measurement of the angle, & .
Fortunately, for this appliéation, the cosine of an angle is ﬁéarl&
constant for angles between zero and five degrees.

The second entry in Table ViII, shdws the results of a calculation
in which the experimentally determined mass value has been used for the
hyperon, together with the experimentally determined residual range at

"the point of decay. The angle,&, has been observed as two degrees.
The respective residual ranges of the hyperon, and the proton have been
used to compute the kinetic energles, hence the total energies, of these
particles. Clearly the mass which is obtained for the neutral particle
is far from that of any well known particle.

One may assume the decay scheme which has been mentioned, namely,
that of a 2335-my hyperon into a proton and a pi meson. Then every-
thing in Bquation (6-1) is known except €. Since the equation is quadd
ratic in &y, two values result from the solution. FPhysically, this is
because the direction of the pi meson is not unique. When one has a
numerical value for & he can determine the kinetic energy and finally

the residual range of the assumed decaying particle.

The third and fourth entries in Table VIII show the results of such

calculations. The fourth entry is for an accepted decay schemel in

which the '\" particle is taken as the primary particle. In each of thes!,e

1 1pid.




TABLE VIIX

SUMMARY OF RESULTS OBTAINED BY MAKING VARTOUS
ASSUMPTIONS REGARDING

TRACK 7

Mase of Mass of R, Q- SE Mass of

Assumed Event Primary Secondary - | Neutral
(mg) (mg) (microns)  (mev) (mev) (mg)

Collision 1837 (a) 1837 (a) L4540 (e) 0 6.7 (d) x
Decay in flight 2370 (m) 1837 (a) 4570 (c) 5.1(d) x 523 (d)
Decay in flight 2335 (b) 1837 (b) 9830 (d) 120 (b) x 263 (b)
Decay in flight 2185 (v) 1837 (b) 8216 (d) L3 (b) X 263 (b)

(a) indicates the value has been assumed as shown in Table VII.

(b) indicates the value has been assumed with the decay scheme.

(¢) indicates the value has been camputed as shown in Table VII.
(d) indicates tha value has been computed as explained in the text.

x indicates the quantity has no significance in the event,
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eolutione only one root has been obtained which is physically meaning-
ful; the other value for 51 being smaller than the rest energy.

e e

Conclusions Re Track

In the opinion of the writer, the explanation which was suggested
first, is most satisfactory. That is, the particle was a proton which
lost energy in a collision with another particle. The following are his
reasons:

(l) the observed delta-ray implies that a collision has taken place;
| (2) the occurrence of such a collision is believed to be much more
probable than that of a decay in flight;

(3) since the estimated residual range is uncertain, the loss of
energy may well have been much less than that which was computed;

(4) the small angle between the direction of the particle before
the event and that after the event seems indicative of a collision
rather than a decay. | |

On the other hand, one may accept any one of the suggested decay
schemes. This may be done on the basis of the following reasons:

(1) the constant sagitta scattering data indicate an abrupt increase
in the scattering at the point under consideration, as would be expected
from a decrease in the mass, or in the range, or in both;

(2) both gap density data and scattering data indicate a decrease
in the mass;

(3) the change in the gap density is much less emphatic than the

change in the scattering, as is to be expected, since gap density is a

function of g
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It is considered to be remarkable that any plausible epr:énation

e e m e e - e

can be made from data on such a short track.

Track 8

e b e v i e e e

General Description _
‘This track was made by a particle which entered the emulsion through
' |

one edge. Since this point at which the particle entered ’phe emulsion |
was néar a corner of the plate, no observations were taken on the first
two millimeters of the track. At the first point where observations
‘were made, the depth in the undeveloped emulsion was 215 microns. The

| angle of dip, that is, the angle between the track and the plane of the
emulsion was estimated, at points where the direction of the particle
changed abruptly. This angle is never greater than 1.5 degrees.

As for Track 7, a profile was constructed. This representation
indicates large angle bends at sixteen points, which are included in
the entire length of 10,000 microns s over which observations were made.

Visual inspection suggests the track of a proton.

Table VI indfcates that ifthe track is considered to be that of'a
single partiéle s With no discontinuities, then the parficle was prob-
ably a proton. Constant sagitta scattering, and the method of Chapter
V for ending tracks have been employed. | |

Table Vll s however, indicates that when a point, 982 microns from
where the particle came to rest, was treated as a terminus, completely

unsatisfactory results were obtained. This is also true when points

R

1 svove, p. 76.
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which are respectively, 585 mi crons , 1203 microns, and 1781 microns are
treated as termini. At these points large angle bends occur. |
| Constant sagitta scattering indicates no obvious discontinuity as |

was indicated with Track 7.

A Possible MIanation

As will be explained, the particle is believed to have been a
proton at the point where it came to rest. At a poin't; whose measured
range was 2720 microns, a change in direction of seven degrees was ob-
serveds When the track, made by the particle before it reached this
iaoint, was analyzed, the mass estimate obtained was 2050 my, and the
evaluated residual range at this point was 1205 microns.

The interesting, and confusing part about these evaluations, is
that the estimated residual range is less than the measured range. As
before, that part of the track which was made before this point, will be
called "Part A", and that part made afterward, "Part B%, If Part A and
Part B were made by the same particle, the pa.rticle must have gained
energy at the point of separation. Of course this is possible.

Table IX shows various mass estimates obtained for Track 8. The
values obtained by constant sagitta scattering are very close to the

mass of the proton.

If one assumes a decay, and calculates, by means of Equation (6-1)

the mass of thé neutral particle, he obtains 175 m,, which is within

one hundred mass units of that of a neutral pi meson, 263 mg. |

As was done with Track 7, one may assume that an established decay ;
|
|
i

has occurred and compute the residual range of the primary particle.
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EXPERIMENTAL RESULTS FOR TRACK 8

— Assumed R,
Value Method Particle | (microns)

(mg)

Entire Track Analyzed as a Whole,
- 10,000 microns

1616 css (P-0.6) 2 0
1530 css -0.6) 2 proton 0
1925 4avs R b | o i
Part A, | |
7280 microns |
2050 Avs R® hyperon 1205
Part B,
2720 microns
1776 " | cas (P-046) 2 proton 0
1890 css (7-0.6) b proton 0
1550 avs R meson 0

& Constant sagitta scattering, scattering scheme shown in parenthesis.
b Scattering v.s. resi’fﬁﬂ range, ending track.

C Scattering v.s. range, non-ending tracke |




SUMMARY OF RESULTS OBTAINED BY MAKING VARIOUS

TABLE X

ASSUMPTIONS REGARDING

TRACK 8

Mass of Mass of Ry Q dE Mass of

Assumed Event Primary Secondary , ? Neutral
(me) (mg) (microns)  (mev) (mev)
Collision 1837 (a) 1837 (a) 1205 (e¢) 0 9.2 x
Decay in flight 2050 (a) 1837 (a) 1205 () 19.4 (d) x 175 (d)
Decay in £light 2185 (b) 1837 (b) 680 (d) 120 (b) x 263 (b)
or 16,670

Decay in flight 2335 (b) 1837 (b) 50 (d) 43 (b)) x 263 (b)

or 10,300

(a) indicates the
(b) indicates the
(c) indicates the
(d) indicates the
X indicates the

value has been assumed‘as shown in Tabie IX.
value has been assumed .with the decay scheme.
value has been computed as shown in Table IX
value has been computed as explained in the text.

value has no significance in the event.

€6
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This has been done for the two decay schemes alrea.dy described, namely,
the decay of a particle whose mass is 2185 Mg a.nd that of a parbiclé
whose mass is 2335 mge The first computation gave a residual range of
680 microns or 16,670 microns. The second computation gave a residual
range of less than fifty microns or of 10,200 microns. Of these, the
first is the only one which is not entirély unsatisfactory.

As has been stated, the angle, between the track of the assumed
primary particle and that of the assumed proton, is not capable of pre-
cision measurement. If this were eight degrees, rather than seven de-
grees, one would find' for the assumed decay scheme of a 2185-m, particlé
into a proton, and a pi meson, that the residual range of the hyperon
at the point of decay is 611 microns. So this confirms the observa'c.:i.on1

which was implied earlier in the discussion, to the effect that the

| value of this angle is not critical in its effect upon the final results.

The results, obtained by making the various assumptions, are summarized

in Table X.

Conclusions Regarding Track 8

It is believed that the arguments as presented make a reasonably
strong case for the decaj in flight of a hyperon, whose mass is of the
order of that of the A -particle, into a proton and a neutral particle,
whose mass is of the order of a pi meson.

If Part A, of the track, were made by a proton, then one must assum
a gain in energy of 9.3 mev. This is thdught to be improbable.

On the other hand, if respective deviations of seven percent in

the estimated mass, and‘ of forty-five percent in the estimated residual

=
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range are assumed then the results are consistent with the proposed

decay.

Summary
The objectives of the work reported in this Chapter were:

(1) to try to suggest plausible explanations for the inconsistencies
in two sgpecial cases, and
(2) to give further evidence that the methods described in Chapter

V yield realistic results. It is believed that these have been accomp-

lished.

There has been no intention to suggest that the events themselves
are extraordinary. The decay in flight has long been a source of
interest to the writer and it is gratifying to believe that very

possibly one has been observed.

Trx o, e . . . RN ,;" -
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CHAPTER VII
DISCUSSION AND SUMMARY

As the title of this dissertation suggests, the emphasis through-
out has been upon particle identification rather than upon analysis of
unique events.

As is usually the case, much has been left undone. In particular,
the writer would have been interested in the following: the analysis
of an apparently interesting event, in which a neutral particle seems
to have decayed into a proton and a meson; further investigation into
the possibility of employing total number of delta rays as a track para-
meter; the appiication of constant sagitta scattering methods to non-
ending tracks; the use of the scatteriﬁg—range technique with pellicles;
further investigation of the merits of using overlapping cell Iengths
in making scattéring observations. |

Preliminary investigation of the event mentioned in the preceding
paragraph indicates that the alleged neutral particle was emitted from
a star which is in the same plane as the point at which the two charged
particles originate. One particle has been shown to have had a mass of
the order of that of a protdn. The track of the other particle is too

short for positive identification. The general appsarance of the track

suggests that it was a pi meson. The track terminates in what is be-

96
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lieved to be a three-prong sigma star. An attempt to conserve momentum

shows that the assumpﬁion that this 1ighter particle was a’pi meson is
inconsistent with the assumption of the decay”of a neutral particle
which originated in the manner indicated. It is believed that a case
might be made for a tau meson rather than a pie

Experimental work with delta rays has indicated that the total
number of delta rays in a given residual range, is an observable which
is subject to large statistical deviations. The writer believes that
tracks made by doubly charged particles, such as alpha particles, can
be distinguished from those made by singly charged particles, if there
is available a residual range of not less than two thousand microns.

He also believes that if the residual fange is 3500 microns or moré, one
may be able to distinguish betwéen tracks made by deuterons and tracks
made by protons.

A track made by a particle which failed to come to rest might well
be analyzed by the method which employs scattering as a function of
range. The estimated mass and the estimated residual range could then
be used to determine a consfant sagitta scattering scheme. Then an aux-
zliary mass estimate could be obtained, which should be better than the
first. Any observations, which one makes using constant cell length,
are inconsistent with scattering theory. The theory is based upon the
constancy of the probability that a particle will be scattered through
an angle between o and o{ + d . This assumption is not wvalid 1f a
comparison is made between a fast particle and a slow particle whose

masses are equal. Therefore, in principle, one must use a variable cell

. length.In praztice, the use of a constant cell length may be an |
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acceptably good approximation.

- Summary
Chapters IT through VI of this report consist of detailed dis-

cussions which were aﬁticipated» in Chapﬁer I. In some cases the methods
used were methods which had been well established in this laboratory,
for example, the determination of gap density by measuring the slope of
the curve which shows total gap length as a function of residual rangee.
In othef cases the methods of previous workers have been modified slight-
lye. Examples are: the use of a univer_sa.l curve of gap density as a
function of the ratio between residt:ai range and‘mass; and the technique
of allowing for the change in noise level with cell length, in constant
sagitta scaf.tering analyses. These modifications are believed to yield
better résults. In still other cases, the methods used have been fun-
damentally different from those of previous workers. The "reversing
sagitta” method, described in Chapter II, has been shown to yield a
more accurate noise level calibration than that which results when the
true scattering in the calibration track is neglected. The use of scat-
tering as a function of range to obtain a mass estimate for a particle
which has failed to come to rest, is another technique which is funda-
mentally new. This method is discussed at length in Chapter V. Pre-
viously the tracks of such particles were analyzed by using gap den-
sity and scattering as observables. The method proposed in this report
yields mass estimates and range estimates which are as good or better

than the "G! vs R" determinations. The results for the two special

cases, discussed in Chapter VI, provide further evidence that this methoF.
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is both valid and useful.
While it is true that the calculations required are both long

and tedious, it is believed that the labor reguired is less than that
required to make and analyze'the additional set of gap density measure-
ments.

Unlike procedures involving‘measureﬁents of ionization density,
ihis methodfwhich employs scattering measurements only, is not subject
tovthe errors introduced by differential development. |

As has been pointed out, the statistical deviations which result
from the use of this method, are large. When the unavailable ﬁart of
the track is longer than three thousand microns the deviations become
extrémely'large. This had been anticipated. In many cases it is sur-

prising that such realistic mass estimates have been obtained together

with such enormous statistical deviations.

!
i
§
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APPENDIX I
PROOF OF EQUATION (2-4)

Equation (2-3), page 19, reads e
| in which Dy is any one of the N observed second differences, d; is
the corresponding second difference due to scattering, and dy the

corresponding second difference due to noise. —— -

One may square both sides of the above equation and form the sum
X 2 .. 2 42 X
,Z.. D;° = Z A1+ d47)+ 2 Xdi‘L.‘L .

| The second term on the right vanishes, and therefore

pYs &

= | -
N ,z-:, Dy % [Z di + 2 di j

By the well known theoreml which says that the root mean square value is
proportional to the mean of the absoi.ute values

[;Zlini(] 2 _ [{:_}dil} 2 [éuJJ 2
~SE— £ + .:._ﬁ.._

N

So, by definition of D, 4 and £ , R
= 8% €.

1 Scarborough, op. cite, Pe 415
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APPENDIX IT. THE STATISTICAL DEVIATION IN THE MASS WHEN
DETERMINED FROM THE GAP DENSITY

Consider the case of a noﬁ-ending track, where the mass ié deter-

‘mined by |
| Rp-R
P2 "7]_ ’

‘where Ry - R, is the directly observed distance along the track between

M =

the two points where the gap densities are Gé and G;_, and ?2 and ?1
‘are the respective ratios E?. and E-'_L_ taken from the curve which shows

M M
log G* as a function of log % « M may be considered to be a function of

the two @s, so that

M = {_%%_]2 [r@] ® - E'g«‘lf{;] 2[0- @) | 2} 2

Now P may be considered to be a function of G', therefore

o = %_éf_:, d“(G') .

0= (G?) can be determined experimentally by measuring a number of values
of the slopes of the curves constructed by plottiné G as a function of
R for known particles. g-g,- can be determined for any given value of

by measuring the slope of the curve which shows log G' as a function of

log @ , at the appropriate pointe If m is the slope éf the curve,

aP -
& Coa

so the expression for g-(M) becomes
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o (M) ’(—"‘Hi ::i { T1 r(q)] [

ending track,

For the special case of an

o (M)

P mG?

o (G?)

- (cy) ] }é

e e s i e e 2




. APPENDIX III. JUSTIFICATION FOR TAKING THE MEAN VALUE
OFA OVER A SEGMENT AS THE VALUE AT THE
| MID-POINT OF THE SEGMENT

Consider the sc#ttering equation in the form
A= A R"L ’
where the value of A depends upon the mass of the particle, upon the
cell ler;gbh , upon the emulsions and upon the Wscattering constant®,

The mean value .ff A , over a segment of length s, is given by
2 = A f‘n-m dR

where Ry is the residual range of that point on the segment, nearest
the point where the particle came to rest. At some point, the residual
range of which is Ry +d&s, the value of A will be the same as the above

value for A « So

I
(R1+ 8) - R n
A l — .,.ﬂ P
(1 -n)s ﬁ(Rl 8)
and
o -
ys + Rl :ERl + S)Ln - R1’ 'L] n
(1 -n)s '
Hence, L o ,}7{
& =ER1 +8) -Rl]-ﬂl
L-n)sn | &
or -
- I-n . B\ n
o - R [(1 B’l) - l] ] EJ.-.
(l - ,l)s n 8
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Now if the substitutions,

q = '§; and M = 0.568

are madé, the result is

Le38

Q|-

So the fractional part of the segment length, which gives the distancs
from the initial point to that polnt at whichA 1is equal to the mean
value of A over the segment, is a function of the ratio of the segment
length to the residual range of the initial point on the segment.

Values of @ for various values of q are shown below.

q @D
0.10 0.52
12 o449
ol5 o4i8
«20 o449
30 49
35 «50
o440 «50
«50 o449
«60 o7
070 ol}6
«80 46
«90 46
1.00 | 46

It is concluded that, unless the segment length is well over half
the residual range at the initial point on the segment, no correction

need be made for this small systematic error.
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APPENDIX IV. CONSERVATION OF ENERGY AND MOMENTUM
APPLIED TO A DECAY IN FLIGHT
Suppose a heavy particle such as a hyperon decays into’ two lighter
particles, and suppose mass estimates and estimates of the energies are
available for the decaying particle andk for one of the other particles.
If the total energy is called £, and if the subscripts, Y, P, and X
refer to the primary particle, the known secondary and the unknown

secondary, respectively, then

EY = £P + Ex o (1)

If~49 is the angle between the direction of the primary particle
and that of the known decay particle, then the Law of Conservation of
Momentum yields |
p§ = p§+ pf, - ZprP cos® . (2)

The ’relativistic expression for the total energy, 5, of any one of
the particles is |

€= u® (1 - 6% = ’
in which M is the mass, and Bc the velocity of the particle under con-
sideration. The momentum of a particular particle is given by
p = Mpe(l - g2 2
Ifg is eliminated between these equations, the result is
P = ;% (€2 - 1%c*) (3)

or
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| E 2 = p2c2 y Mt | | )
Equation (1) may be rewritten in the form | |
2 _ a2 2 |
&% = €7 - 266, +€7 ’ |
or |
L 22 _ ¢c2 2 |
o'+ b = 7 =266 + €7 )

Equations (2) and (3) give A

22 _ g2 by 2 by oo fic2 by, 2 247%

B = (oM (€ -t eemolel - 2 - 1]
This expression together with that 61‘ Equation ), for the momentum of the

‘unknown particle. glives

)§ = Lé + lé - ZSEEP + 2-‘3-‘:37‘2- [(fé;léch)(fg-!éch)] it.




APPENDIX V... THE DEVIATION IN APPARENT SCATTERING

The expressions used in Chapters II, IV, and V, for the standard'
deviations in D and €, are
| o) = 015N
and

(€ = 0.75NE€

where N is the number of independent values of D or ¢ . This expression,
which is widely used, has its origin in a statement by Kendalll to the
effect that the variance in the mean deviation (from the mean), is

given by

2
Var (D) = [ a-N(X)l— (1 -1’2)

wheré o-(x) is the standard deviation in the observable, x, and N is the
number of independent observations. The observable, x, is presumed to
follow a normal distribution law. |

The following definitions are taken from the Mathematical Tables

from the Handbook of Chemistry and Physics:2

1 M. G. Kendall, The Advanced Theory of Statistics, (Charles
Griffin and Co. Ltd., London), I, 215.

2 Chemical Rubber Company, Mathematical Tables from the Handbook
of Chemistry and Physics, comp. Chas. D. Hodgeman (8th ed., Chemical
Rubber Publishing Co., Cleveland, 1946), 260.
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o st.andard deviation =]{ oo
AL, = variance ;

” ’ .
D, mean deviation (from the mea.n) - %;fi 'Jrl - xl 3

where f; is the weighting factor assigned to the valué, X;, and X is

given by ~
X = L11%

V'Y

1 :
Scarborough shows that the standard deviation is equal to l.2533
times the arithmetic deviation. |

In this application

fe= 1 ,
x5 =D,
and
x = O ’
Therefore,
1 2 2
(D) = ,[far (D) =¢~(D;) [ s ] ,
~(D) = (1.2533) (0.603) N20 = 0.75 vPp .

2

A committee of twenty eight eminent physicists™, has recommended

that the statistical deviation be

1 James B. Scarborough, Mumerical Mathematical Analysis, (The
Johns Hopkins Press, Baltimore, 1950), A415.

2 "Recommer:dations for The Standardization of Measurements in
Photographic Emulsions', International Congress on Unstable Particles,
(Padua, 1954), Supple Nuovo Cimento, ser. 9, 12, 476, (1954).
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i
)

n oo taken as

where N2 is the

YR

number of measurements on non-overlapping long cells™,

e e
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APPENDIX VI
AN OPERATIONAL DEFINITION OF "TRUE DISPLACEMENT® DUE TO SCATTERING

Consider Equation (2-1), page 18, and Figure 6, page 16. Sﬁppose

| a very large mumber of observed Y, ’s is recorded, and suppose that by

nthe Method of Least Squares the gquation of the best fit curve is deterf
mined. This equation may be written down as
y = Y(X) .

The function on the right can, in principle, be approximated as closely
as is desired. Then suppose another set of Yi’s is observed and again
the equation of the best-fit curve is determined. It is assumed that
the second éet of observed Yi’s, within small fluctuations, yields
the same equation of best-fit curve as the first set. That is, it is
assumed that this equation, as determined from a single set of ob-
served values, is reproducible.

The "true trajectory of the track®™ is defined as the locus of this
equation. At a point where X = X, then, y = ¥; is, by definition, the

ntrue displacement due to scattering®™, of the trajectory from the axis

of the track. Now Equation (2-1), written in the form
éyl =X -7
defines the contribution to the observed displacement, which is due to

noise. It follows that
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dj T F3-2¥3,0+F 32

| di =3i-231+1 *Jie2
; |
| ;define'the respective ith second differences due to true displacement
and to noise.




