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ABSTRACT

Properties of spurious' scattering in nuclear emulsion 
have been investigated using protons of momenta 19.8 and 24 
BeV/c from the external beam of the CERN Proton Syncrotron. 
The spurious scattering is found to be nearly the same in 
both plates used in the experiment. The variation of the 
spurious scattering signal with cell lengths of from 2 to 12 
millimeters and dip angles of from 0 to 3 degrees is inves
tigated and a functional relationship describing the observed 
variation is presented. A simple method for measuring 
momenta is presented which takes advantage of the observance 
that this functional relationship for the spurious scatter
ing fits the results of other investigators working with a 
similar range of momenta.

In one instance the spurious scattering becomes 
imaginary for cell lengths greater than 8 millimeters, 
indicating a scattering constant less than the theoretical 
value used to calculate the multiple coulomb scattering.
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CHAPTER I

INTRODUCTION
The utility of nuclear emulsions in high energy 

physics depends to a large extent upon the precision with 
which certain techniques can be made to yield, when applied 
to the emulsion, the identity and energy of a charged elemen
tary particle which is associated with an interaction in the 
emulsion. For particles with energies below the Bev region, 
a number of techniques have been developed and successfully 
used to obtain such information.

For particles with energies in the multi-Bev region, 
however, the problem becomes increasingly more difficult.
In particular, the great advantage of observing characteris
tic endings of emulsion tracks is less frequently realized 
due to their greater average range and practical limitations 
on the size of emulsion stacks. In such studies, measurement 
of energy loss due to ionization of atoms in the emulsion and 
multiple coulomb scattering have been found to yield the best 
estimates of energy and identity. However, due to the 
limited number of tests of this technique on particles of 
known identity and known energy above about 10 Bev, a number 
of questions concerning thp applicability of the technique
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2
to particles with energies in this region must be investi
gated . In the.present work, attention is directed to the 
scattering measurement which yields a value for momentum 
times velocity, pP, of a charged particle.

To determine the pP of a very energetic particle it 
is necessary to make measurements using rather long segments 
of the emulsion track since, as it will be shown, the scatter
ing varies inversely with the square of pP. When this is 
done it is found that the contribution to the signal, called 
noise, due to effects other than the multiple coulomb scatter
ing is no longer negligable, but is comparable to the contri
bution due to the multiple coulomb scattering itself.

A part of the noise may be accounted for as due to
random statistical variations in the experimental apparatus
and its manipulation. But a great portion of the noise
observed when measuring long track segments seems to be
inherent in the emulsion itself. This last form of noise,
first studied and measured by Biswas, Peters and Rama, ■

2-12followed by several others, has become known as the
Spurious Scattering.

In order that the multiple coulomb scattering method 
of pP determination be useful for high energy particles, it 
is necessary to be able to make adequate correction for the 
noise. This may be done fairly easily for the random contri
butions mentioned above. Not a great deal is known about the
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spurious scattering, however, and thus it is of considerable 
interest to investigate its reproducibility and its variation 
with various measurement parameters. In this way it should 
be possible to determine whether or not the amount of spuri
ous scattering in a particular set of multiple coulomb 
scattering measurements may be predicted in advance so that 
appropriate corrections may be made.

The present work was undertaken to investigate the 
variation of the spurious scattering with cell length and 
dip angle for protons with momenta in the region of 20 to 24 
BeV/c. In order to investigate the reproducibility of the 
phenomena the results of the experiment are compared with 
those obtained by other experimenters.

/



CHAPTER II

THEORY

Multiple Coulomb Scattering

In traversing a material medium, such as a nuclear 
emulsion, an energetic particle is subjected by the presence 
of atoms to: (l) relatively rare inelastic nuclear collisions
(called "stars") which produce multiple secondaries, (2) occa
sional elastic nuclear collisions which produce large angle 
deflections, and (3) numerous electromagnetic collisions which 
result in successive small-angle deflections. It is this 
latter phenomena with which this experiment is concerned - 
the multiple scattering of particles by the coulomb fields 
of the nuclei in nuclear emulsions.

Due to the large number of deflections, the process 
is a statistical one. Thus the track of a particle will show 
random fluctuations in direction about the imaginary straight 
line path that the particle would follow in the absence of 
any interactions. The average angular deflection of a 
particle upon passing through a given thickness of material 
is equivalent to the deviation between sucessive chords which 
may be obtained if the track is divided into equal segments.

4



This average angular deflection has been calculated by 
Williams,Goudsmit and Saunderson,^ Rossi and Grissen, 
and Moliere,and applied to nuclear emulsions by Fowler,
Snyder and Scott, Goldschmidt - Clermont,Gottstein et

PO pial, and Voyvodic and Pickup.
To take account of the screening of the coulomb field

of the nucleus by the surrounding electrons, Williams has
used the Thomas-Fermi potential to calculate a correction to
the Rutherford differential cross section formula. Using
this theory of Williams, Rossi and Grissen show that the
mean square angle of scattering in an infinitesimal layer,
dx, is given by

,2 q Mq
’(PP)'

where Z is the atomic number of the scattering nucleus, A its

2
P) <e2>av(dX) => to 16 N f rf -2-g logUSlZ-1^)

atomic weight, q-e the electron mass, rQ the classical electron 
radius, and N is Avogadro's number.

A radiation length is defined to be Xc, where

(2) | = 4a |  z2 r^ log (l83Z"1/3),

a being the fine structure constant with numerical value 
1/137• If thickness is measured in radiation lengths, and 
if the negligible difference between 181 and 183 in the 
logarithmic term is ignored, then the mean square angle of



scattering in a thickness of dt radiation lengths becomes

(3) <62>av[dt) = 4ir !37 v - l  dt/(pP)2.
This may be written as

(4) <e2>av(dt) = Es dt
where Es is a slowly varying quantity with a value of
[ie(4ir 137) 2 or 21 x 10^ ev. The mean square value of 9 in a
finite thickness t may then be obtained by integrating equa
tion (4) from 0 to t. If the energy loss is negligible, pP 
may be considered constant so that the integration results in

(5) <62>av(fc) - E2 / o ^ 5  - (E/PP)2t.
Consider now the angle of deflection © as projected

on a plane containing the initial trajectory and call this
the angle 0. Then it is easily shown.using the Pythagorean
theorem that the mean square values of the two are related as 

2 2<9 = i<0 >-„# so that the mean square value of 0 in ad,V . cl V

finite thickness t may be written as

(G) <02>av(t) = * Es V(PP)2.
Consequently

(?) <%v(t) = pT'
where K = E^/ V2 (called the scattering constant) is a factor 
which varies slowly with t and pP, and Q  is measured in degrees.



Spurious Scattering

Unlike the multiple coulomb scattering, the cause of 
spurious scattering is not known; it appears to be a quantity 
which must be evaluated empirically. Several explanations 
have been suggested, however, which deserve mention. One 
suggestion by Biswas, Peters, and Rama,is that the spurious 
scattering is due to small localized dislocations within the 
emulsion. This may perhaps be accounted for in several 
different ways. For example, it is well known that .the great 
variation in the thickness of the emulsion during the develop
ment process can introduce a "c" or 11 s" shaped curvature to 
the tracks due to "differential shear with depth" . Thus it 
is considered possible that the spurious scattering may be 
introduced during the development of the emulsion. This view 
is somewhat substantiated since it has been found that the 
spurious scattering may be reduced by appropriate variations 
in the development procedures.9>12,22,23 ^  been
suggested that stress built into the emulsion during manu
facture may be released during development. All tests of

12this proposal have, however, so far been negative. A 
further possible explanation is that during development the 
silver grains migrate away from their original positions at 
the time of exposure.



CHAPTER III

EXPERIMENTAL PROCEDURE

Emulsions and Apparatus 
Two 600 micron thick 5 x 8  inch Ilford K-5 striped 

nuclear emulsions were used in this experiment. Both are from 
stacks which were exposed in the external proton beam of the 
CERN proton syncrotron in Geneva, Switzerland. Plate p 20 was 
exposed to protons with a nominal momentum of 19.8 BeV/c inci
dent in the plane of the emulsion. Processing was done in 
Geneva by the standard CERN routinePlate ss 40 was exposed 
to protons with a nominal momentum of 24 BeV/c. This plate 
was given five exposures such that protons were incident at 
angles of zero, one, three, and ninty degrees to the plane
of the emulsion. The geometrical arrangement of the expo-

24sures of this plate is indicated in Figure 1. Processing 
was carried out by Dr. Kalbach at the University of Arizona 
by the Copenhagen routine.

The primary differences between the two emulsion 
processing routines are not great. The plates are dried 
between mounting and presoak, and are mopped between presoak 
and hot stage in the CERN routine while neither of these steps 
is included in the Copenhagen routine. The plates are cooled
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to 5° Q . in the Copenhagen routine before the acetic acid 
stop bath is added. Finally, the plates are plasticized in 
glycerin for 12 hours before drying commences in the CERN 
routine, whereas no such plasticizing is present in the 
Copenhagen routine.

All measurements were made with a precision Koristka 
M S' 2 scattering stage microscope. The total magnification 
used was 530X, obtained with a Leitz 53X oil immersion 
objective and a 103C Koristka monocular eyepiece with a filar 
micrometer. The micrometer was calibrated for this lens 
combination employing a Leitz scale with ten micron divisions. 
One micrometer division was found to correspond to 0,0956 
t 0.000? microns.

Experimental Method 

In general the experiment was conducted according to
11 2 tithe recommendations, of the Lausanne Meeting , v regarding 

measurements of the spurious scattering and the determination 
of the appropriate scattering constant.

The usual method of second differences due to Fowler"1"̂ 
was used. According to this method, measurements are made of 
the displacement of the track in a direction perpendicular to 
an imaginary straight line at constant intervals along the 
straight line. In practice the track is oriented approximately
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parallel to the tx-axis of the stage motion which serves as 
the straight line. The length, t , of the interval between 
points at which measurements of the displacement are made, 
is called the basic cell length. If ŷ , ŷ , . . ,, yn are
basic cell coordinates thus obtained (i.e., displacements of 
the track from the x-axis along the y-axis), then the measured 
second differences for the basic cell length are given by

D1 = y3 ' 2y2 + yr
. D2 = y4 - 2y3 + y2.

(8)
Di “ yi-2 - 2yl-l + yJ

V a  “ yn " 2yn-l + yn-2'
Second differences for longer cell lengths t = At 

may be computed by using all pairs of basic cell coordinates 
separated by an interval XtQ, where A is an integer. A is 
called the coefficient of overlap; overlap being said to 
exist for A > 2.

Since (y^ - y^_^)/t is the slope of a chord of the 
track between two measurement points separated by a distance 
t along the x-axis, then D/t is a measure of the change in 
slope between two successive such chords and thus of the angle 
between them. Thus the angle between the i ^  and i + Is*
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chord may be thought of as being obtained from a triangle 
formed by the common intersection of lines having the slopes 
of the i ' and i + 1 chords and their intersections with 
the y-axis at a distance t along the x-axis from the point 
of common intersection. is the angle formed by this common
intersection and D is the length of the segment of the y-axis 
intercepted by 9 ^  at the distance x = t away. The lengths of 
the other sides may be referred to as 1̂  and 1^^ and the 
angles opposite them.as cp± and <Pi+1 • Thus by the law of 
sines

(9) Gin 9 ±  , sin qn sin <P1+1
h  h T T "

The angle 0̂  may be written as 0̂  = sin 0^ in radians, 
since the scattering considered is always so small that this 
approximation is valid. In practice the track is very nearly 
parallel to the x-axis (S-̂ 0) so that q>̂ and cp̂ _̂  are both 
nearly ̂  radians . Therefore the approximation sin cp̂ s sin ̂  
=s 1 is also valid. Applying this approximation to whichever 
cp is nearest to ^ and noting that therefore lj = t/sin cp̂ s t, 
equation (9) yields 0̂ /Du = 1/t, or, with an obvious generali
zation,

(10) D » V‘t.
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One may consider only pure multiple coulomb scattering 

with scattering angle 9. Then substituting for "6 in equation
(10) the value "6 = ygoV^^>av(^) obtained from equation (7), 
the mean second difference, 'f!b |, due to multiple coulomb 
scattering is found to be

m-3/2
(H) Dc G 150 t<e>av(t) ” 573PP '
where and t are in microns, pP in MeV/c, K in MeV/ciû , and

is present since 9 of equation (7) is in degrees. Note
that the usual convention of writing D for the mean absolute
second difference |D'( has been employed.

In addition to the second differences, it is customary
to calculate the third differences which are denoted by T .
The ratio of mean absolute third differences to mean absolute
second differences is denoted by p = T/D. In the case of

/  20pure coulomb scattering pc = ̂ 3/2, while for apparent 
scattering due to noise only pn - ̂ /l0/3

Measurements

Measurements were made on 2.6 centimeters of all 
tracks used except for those with a dip angle of three 
degrees. These latter traversed the thickness of the emul
sion so steeply that it was possible to make measurements on 
only one centimeter of track. The basic cell length used was 
two millimeters, and no measurements were made less than



three centimeters from the edge of either plate. There are 
five separate data groups according to plate and exposure. 
Table I and Figure 1 serve to identify these while Table I 
also indicates the total length of track analyzed.

TABLE I
Data group identification and track analysis statistics

Data Group I II 111: IV V

Plate P 20 88 40 88 40 88 40 ss 40
Dip (in degrees) o±o.45 0+0.32 O+0.35-3-0.1 1+0.13

-0.25 O+O.32

Number of tracks 98 27 62 24 25
Total track 
length measured 
(in meters)

2.548 0.702 0.62 0.624 0.65

There are four types of noise inherent in the 
measurement method: (l) reading errors (due to inaccuracy
of orienting the cross hair through the center of the 
grains), (2) errors due to the grains being randomly distrib
uted about the true path of the particle, (3) errors due to 
differential thermal expansion of the various parts of the 
microscope, and (4) errors caused by departures from 
linearity of the motion of the microscope stage along the 
x-axis. The first two. of these are grouped together as the 
reading and grain noise.



At the high energies used in this experiment the 
proton tracks are, for short distances, effectively straight 
lines since multiple coulomb and spurious scattering approach 
zero for short cell lengths. Thus the reading and grain 
noise has been measured by making measurements on the proton 
beam tracks using a cell length of one hundred microns.
Such noise determinations were made at least once for each 
group of measurements. The mean absolute second difference 
l)n (JlTj) due to reading and grain noise was found to be 
0.104 + 0.006 microns.

Stage noise was measured with a Koristka interferometer
using a basic cell length of two millimeters. The profile of
the stage is presented in Figure 2. The mean absolute second
differences (| | ) due to stage noise for the cell lengths
used in this experiment are presented in Table II along with

27those of several other Koristka MS2 microscopes. Unfortu
nately the statistics for the stage profile are poor since 
it was possible to make only one such noise measurement 
obtaining 26 basic cell coordinates.

Noise due to temperature drift is neglected since it 
was endeavored to make measurements rapidly and regularly 
spaced by a constant time interval.

The distortion vector was measured in the region of 
perpendicular exposure in plate ss 40 (region 5 in. Figure l).
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TABLE II

Variation with cell length of scattering constant, 
theoretical multiple coulomb scattering, and 

stage profile noise

t in microns 2000 4ooo 6000 8000 10000 12000

Kco in MeV/c ^ 28.1 28.9 29.35 29.67 29.92 30.12

i)c in microns 
(plate p 20 
pP - 19.8 BeV/c)

0.2311 0.6721 1 .254 1.952 2.751 3.640

Dc in microns 
(plate ss 40 
pP = 24 BeV/c)

0.1903 0.5545 1.035 1.610 2.269 3.003

By in microns 
(present 
experiment)

0.055 ±0.012 0.185±0.058
0.356

±0.143
0.554

±0.268
0.662 
±0.374

0.742
±0.485

By in microns(Copenhagen)27 0.075 0 .210

By in microns(Brussels)27 0.06 0.146 0.276 0.412

By in microns(Lausanne)27 0.044 0.143 0.293 0.497

35y in microns (Brookhaven)12 0.045

Method of Analysis 
The measured second differences, D̂ , and third 

difference, T^ (Ti = %+i ~ were calculated from the
experimental data for cell lengths of two, four, six, eight, 
ten, and twelve millimeters with the corresponding degrees 
of overlap for the larger cell lengths.
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Curvature-corrected second differences were computed

for each track according to the following procedure: From
the random nature of the scattering process and of the various 
noise contributions, the measured second differences are 
expected to be distributed according to a modified normal 
error, curve, the modification being a tail at large values 
due to the relatively high frequency of occurrence of large 
angle scattering events. For a large number of observations 
there should be no favored direction of deflection and thus 
the algebraic mean of the distribution should be zero.
However, if a track has a constant curvature due to distor
tion of the emulsion, there will be a favored direction of 
deflection caused by a constant term, d, included in all 
measured second differences. Thus the mean value of the dis
tribution of a large number of values will no longer be zero, 
but will be

where n is the number of second differences for the particu
lar track. The measured second differences corrected for 
curvature have thus been calculated from

i me as ’

(13) D,i meas corr i meas i meas.
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Similarly, since the factor contributed by the curva

ture to the second differences is a constant, it will be 
eliminated upon taking third differences.

It is instructive to note that the elimination of 
constant curvature effects by either the third difference 
method or curvature correction method described above requires 
that the mean of the differences be zero in the absence of 
curvature. This situation is more likely to be realized as 
the size of the sample is increased. Thus it should be 
expected that the curvature correction methods are most 
valid for the data obtained for the basic cell size, for 
which there is available the maximum amount of data. In the 
major part of the experiment this corresponds to 12 second 
differences and 11 third differences. This is a rather 
small sample suggesting that it would be advisable to 
investigate the validity of the curvature correction method 
as applied to the present experimental data. For this 
purpose the curvature correction factors were calculated for 
each track and cell length.

It is easily shown that if a track has constant 
curvature then the contribution, d-̂, of this curvature to the 
second differences based on cells of length t = At is 
related to its contribution, d̂ , to the second differences 
for the basic cell length, t , as



18
(14) -

This then provides a method of comparing the computed curva
ture correction factors In such a way as to determine whether 
they correspond to a true correction or an apparent one due 
to the failure of the mean to be zero were there no curvature.

In the distribution of the deflections there may be 
a few for very large angles. These are undesirable since 
only for a very large number of measurements will there be a 
sufficient number to constitute a statistically good sample 
of large angle scattering events, while they are of such a 
large size that they have a disproportionately large influ
ence on the absolute mean of the distribution. Consequently 
a standard 4 x Dc cut-off with replacement has been applied 
to minimize the effects of the possibly poor statistics of 
the large angle scattering events. That is, all values of
D > 4 x D have been replaced by 15 . The values of D„ meas c c c
used in this process, and what is to follow, were calculated 
from equation (10) and are presented in Table II along with 
the values used for the scattering constant. The values of 
the scattering constant, Kco, for 4 x Dc cut-off with 
replacement, were obtained by multiplying by 1.043**"̂ * the 
values of the scattering constant for 4 x Dc cut-off with no 
replacement, obtained from the scattering constant curve of 
Voyvodic and Pickup.
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The contribution due to spurious scattering has been 

calculated for all second differences, some, third differences 
and for some curvature corrected second differences . Assum
ing that the four contributions to the measured second dif
ferences are all statistically independent and normally 

22distributed, their mean absolute values may be represented 
as vectors along mutually orthogonal axes in a four dimen
sional measurement space. The length of the vector represent
ing the resultant of these four (i.e., the measured second 
differences) is then obtained with the aid of the four 
dimensional analog of the Pythagorean theorem. Solving the 
quadradic form thus obtained for the mean absolute value of 
the second difference due to spurious scattering yields

(15) Bss = V ^ m e a s  “ ' 5n '
The same equation applies for the third differences 

when D is replaced throughout by T, the third differences 
due to noise and stage profile are obtained by multiplying 
the corresponding second difference values by VT073 , and 
the third difference due to multiple coulomb scattering is 
obtained by multiplying the corresponding second difference 
value by V3/2 .

All calculations including curve plotting were 
executed by an IBM 650 computer.



Error Analysis
Error In Dmeas

Aside from the effects of curvature, a large number 
of measured second differences are expected to be normally 
distributed about a mean'value of zero (neglecting the tail 
due to large angle single scattering events).

If a variable x is normally distributed, the pro
bability that a measured value will be x in the range x to 
x + dx is given by

(16) P(x)=— —  e~x /2(T dx
V2 ?  cr

where 0 is the standard deviation. Using this distribution 
function the following relations may.be obtained:

? « >(17) J P(x)dx = 1,
(18) x = j xP(x)dx = 0,

_______ ^ +00 x, / o(19) |x| = / |xl P(x)dx =» 2 j xP(x)dx =v~ cr,
-CO 0

and + co
(20) • |X|2 = x2 = f x2P(x)dx = c2.

-CO
Thus the variance of the mean absolute value of the variable 
x is obtained as



Upon making N measurements of the parameter x, the-
til.i measured value being denoted by the mean absolute 
value is obtained from

_ _  , N
(22) ix| = | 2  Ix. | .

w 1=1 1
Applying the rules regarding variances, one finds

N n  N
(23) V( |x| ) = V(| ^  M )  » ~2V( Z  |x. |)

N 1=1 1 N 1=1 •i

= —g Z  [V(ix. |)] =^V(|x, |)N 1=1 r i\ i
and
(24) V( |x| ) = ̂  [ (1 - -̂) o ^ ]  .

But according to equation (19) cr IxT so that

(25) V(lxT) = |(| - 1) W  .

Consequently, the variance being the square of the standard 
deviation, it follows that the result of N measurements of 
the variable x is to be presented in the form

(26) m  ±4|(| - 1) FT.

Upon evaluation of the numerical factor this becomes, in the 
case of second differences for which D = IxT ,
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26According to 0’Ceallaigh, the second differences 

obtained from overlapping cells, with coefficient of overlap 
A, are not independent from the viewpoint of the statistical 
theory of sampling. Only a fraction g(A) = them,
where f(A) is a numerical factor having the values indicated 
in Table III, may be regarded as statistically independent. 
Thus in evaluating the standard error of the second differ
ences the value 

n N.
(28) N = x^(A) »■

has been used in equation (27). In equation (28) n is the 
number of second differences per track and is the number 
of tracks per data group.

TABLE III

' A 1 2 3 4 5 6

f(A) 1.125 1 .100 1.076 1.045 1.024 0.998

Error in Dss
28According to the theory pf errors, the standard 

deviation in Doc,, the mean absolute second difference due to 
spurious scattering, is obtained from equation (15) as
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™  “' . - { f c * 5 } * { f c }  "

* { t H

where , ô , and ^ineas are all standard deviations of 
measured second differences determined according to the 
second term of equation (27)• is taken to be zero since
Dc is calculated assuming the value of KCQ used for each 
cell length to be correct.

oj d



CHAPTER IV

RESULTS

The results are presented In terms of histograms and 
Integrated distributions of measured second differences for 
the five data groups as presented in Figures 3 through 17- 
The shape of the distributions of second differences for 
various cell lengths calculated from the same basic coordi
nates of any one data group were found to be similar. This 
is illustrated for data group 1 by Figures 3 and 6 through
10. Thus only the distributions for the basic 2 mm. cell 
size are presented for the remaining data groups .

These figures indicate that the measured second dif
ferences, curvature corrected second differences, and third 
differences are approximately normally distributed between 
the cut-off limits of t 4e>g . The one exception is the second 
difference distribution of data group 3 the second differences 
of which are almost exclusively of one sign indicating a 
large curvature common to all of the tracks. The second 
differences due to stage profile also appear to be normally 
distributed as is evident from Figure 18.

24
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Using data group 1, the curvature correction factors 

for 2 ,  4, and 6 mm. cells have been compared track by track 
according to equation (14) which predicts that the ratios of 
curvature correction factors of 4 and 6 mm. cells to those 
for 2 mm. cell should be 4 and 9 respectively. The results 
of this comparison are presented in Figures 19 and 20. It 
is apparent from these curves that a reasonable portion of 
the curvature correction factors for the 4 mm. cell length . 
confirm those of the 2 mm. cell length, while the correlation
of the.6 mm. and 2 mm. cell factors is not at all so good.
Since even the 4 mm. and 2 mm. cell comparison is rather
badly spread out it is not certain that the 2 mm. cell
correction factors are particularly reliable'. The reason 
for this is that the size of the statistical sample is not 
large enough to ensure a reliable prediction of the true 
curvature without being influenced by the random fluctuations 
in direction of the track. Similarly, the third differences 
will not be reliable since they are based on a sample one 
less in size than that for the corresponding second differ^ 
ences.

Accordingly, since the actual change effected in the 
calculated spurious scattering by the curvature correction 
was found to be small in the case of the basic cell length, 
the majority of the results have been presented in the 
uncorrected form.
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The mean absolute measured and spurious scattering 

second differences are presented in Tables IV and V. The 
spurious scattering second differences for a 2 mm. cell 
length are compared with those of other workers in Table VI.

A few curvature-corrected quantities relating to data 
group 3 are presented in Table V. These are not particularly 
meaningful since they are based on six basic cell coordinates 
so that the curvature correction technique is not reliable. 
Consequently, data group 3 will be dropped from further 
consideration.

The dependence of spurious scattering on cell length 
for data groups 1, 2, 4, and 5 is presented in Figures 21,
22, 23, and 24 respectively. Data groups 1 and 5 are seen 
to be in good agreement. However, data group 2, taken from
the same plate as data group 5 and having the same dip,
agrees only for the first three cell lengths, and even then, 
not too well. For cell lengths of 8 mm. and longer, the 
spurious scattering signal then decreases so that for a cell 
length of 12 mm., DfL0_ < 1)̂ - D3" - . This result givesIu.(5 cL3 G XI

2Qsome confirmation to the findings of Pal and Ray, of 
Hossain et al>^^ and of Bonetti;^ that "...in the region of 
cell sizes greater than 8 mm., D is smaller [than]111x5 cL S

expected theoretically...."3® The spurious scattering cell 
length dependence obtained by other workers is included in 
Figures 21 and 23 for purposes of comparison.



TABLE IV
Mean absolute measured and spurious scattering second 

differences obtained from data group 1.
All values are in microns

Cell 
Length 
in mm.

Type of 
Differ
ence*

Measured Values Spurious Scattering Values
No Cut Off Cut Off No Cut Off Cut Off

2 D 0.38?tO.009 0.343to,008 0.287t0.012 0.224t0.013
nx 0.371-0.009 0.329+0.008 0.265t0.012 0.206t0.013
T
T/D
D

0.554+0.013 0.458+0.011
1.34
0.858+0.0314 0.895^0.032 0.552±0.054 0.490+0.056

0.783^0.028 0.754±0.027 0.342+0.065 0.267+0.082
6 D 1.54 +0.08 1.50 +0.01 0.808+0.047 0.741+0.154

5x 1.17- 0.11 1.12 +0.11 0.396to.153 0.200+0.150
8 D 2.20 +0.14 2.18 +0.14 0.85lt0.388 0.784+0.405
10 D 3.02 +0.26 .3.01 to.26 1.06 t o .77 1.02 +0.78
12 D 3.92 to.85 3.92 to.85 1.25 to.87 1.24 +0.88
* D : Second difference

D : Curvature corrected second differences
Tx: Third difference
The theoretical value for D used in calculating these values 
was obtained by using the cut off value of the scattering 
constant, K , as this is only slightly different from the no 
cut off value, K.
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TABLE V
Mean absolute measured and spurious scattering second differences 

obtained from data groups 2, 3, 4,_and 5* All values 
were obtained using a 4'x D cut off 

and are in microns

Cell 
Length 
in mm.

Type of 
Differ
ence

Data Group 
2

Data Group 
3*

Data Group 
4

Data Group 
5

Dmeas
D88
Tmeas

0.348+0.016
0 .2271*0.020

1.31
•̂ meas

4 ^meas 0.87810.059
5ss .

0.64610.082
6 ^meas 1.41 +0.13

0.886I0.190
8 ^meas 1.86 +0.23

5ss 0.738+0.. 567
10 4meas 2.46 to.43

Dss 0.67311.508
12 ■̂ meas 2.93 10.78

5ss imaginary

0.360+0.018 
0.29210.023

1.30

0.516+0.052

0.309^0.014 
0 .22710.020

1.45

0.79lt0.058
0 .52310.088
1.45 lo.i4 
0.949I0.215
2.23 to.29
1.44 I0.50 
3.21 10.56 
2.17 I0.83 
4.52 ll.20
3.29 I1.65

0.29210.014 
0.20310.020

1.41

0.74010.052 
0.44210.033
1.24 10.12 
0.57810.266 
1.89 to.23 
0.81 to.573
2.45 +0.41 
0.61611.68
3.29 to.86 
1.11 +0.84

^Curvature corrected values for data group 3 (probably invalid - 
see text)
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TABLE VI
Comparison of results with those of other workers

Year Author p6(BeV/c)
D (2mm. ) 

(microns)
e a(6) n(8) 6 c(m=i)

- per degree

1956 Lohrmann  ̂
and Teucher-3

0 .8 0° ~1

1956 Brlsbout^ 4.49 0.42 0° 2-4,20 1,0.7
1957 Apostolakis 4.3 ~0.7,~0.57 0° 2-4

1957 Biswas^ 6 .2
5.7

0 .513--024
1.05 t.07 0° 0 .2 -2 1 .1-1.57

1959 Fisher and 
Lord'

6 .2 0 .8 0° ^4 ~1

1959 Judek^ 6 .2 ~0'.45,~1.0 0° ~6,0.2 .5 ~1 .1

i960 22Dahl Jensen 28 0.167 0° : ~ ~ — --r —

i960 Delessert^ 27
27
27

0.22
0.27
0.45

0°
1°
3°

0,0 .9
2.56.6

0,0 .9
1.3
1.71

1.6 
1.9

0.4
0.475 .

i960 Hossain^^ 24 CUI85 
(6 mm.)

0° -— ----

i960; -21Lagnaux^ 14.5 0.24 0° 1
1961 Zorn12 6.2 0.49 0° ~5 1.4
1962 Present work 

dsta group .1 19 .8 0.224t.013 0° 1.07 0.97
data group 2 24 0.227*.020 0° — ———• — ———

data group 4 24 O.2 2 7 * -020 1°. 2.05 1.41 O .98 0.44
data group 5 24 0 .2 0 3 *.0 2 0 0° 0 ,9 8 \ 0 .9 8

1962 Pal and Ray2^ 24 . 0,242*.013 0° ————
24 0 .9 1 *.05. 0° --- . —---
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Tables IV and V also contain values of p for the five 

data groups. These are found to range from 1.30 to 1.48 
(which is greater than the value of^ / 3 / 2  « 1 .2 3 predicted 
theoretically for multiple coulomb scattering) and are in

ongeneral agreement with those observed by Pal and Ray. v
Figure 23' presents a series of curves obtained from 

data groups 4 and 5• Each curve indicates the variation of 
spurious scattering with dip angle at constant cell length. 
Also included for comparison is a set. of curves obtained 
from the data of Delessert.

Since the slopes of the curves in Figure 25 increase, 
with increasing cell length, and those of Figure 21 through 
24 increase with increasing dip angle, it is evident that 
the dependence of the spurious scattering on cell length is 
hot independent of its dependence on dip angle. Inspection 
of the various curves suggests that the dependence of 
spurious scattering on cell length and dip angle might be 
represented as

(3°) 5 „ - 4 8 U n(9)

where t is measured in millimeters, ;a( Q ) = ct +(39 and n( 0)
= T| + c9m; a, P, Tj, c, m being constants, and 0 being 
measured in degrees. The experimental values for a, r], and 
(3 are approximately unity, while c is 0.44. These constants



are included in Table VI, and are there compared with values 
deduced from the data of other workers . If m = ■§-, the value 
obtained for c in the present experiment is consistent with 
that obtained by Delessert. u

The results of the measurement of the distortion 
vector in plate ss 40 are given in Table VII. The y 
coordinates of the measurements are given with reference to 
the bottom edge of the plate as viewed in Figure 1, The x 
coordinate was essentially constant for all measurements. 
Nearly all the displacement took place in the 250 p. nearest 
the backing glass, the track in the remaining 125 M- or so of 
emulsion being perpendicular to the plane of the emulsion.



TABLE VII

y in cm. -AY in microns Ax in microns

4.0 6 .1 29
4.5 4.1 28
5-0 3-0 27
5-5 3-5 26
6.0 4.5 27
6.5 10.6 31
7.0 5-5 25
7-5 9-9 26

8.0 10.6 24
8 .5 11.6 22
8.78 28.7 40

average 8 .9 28
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Figure 3 

Histogram and integrated distribution of 1176 measured second 

differences obtained from data group 1 for a cell length of 

2mm. 

Figure 4 

Histogram and integrated distribution of 1176 curvature 
I 

correc,ted measured second differences obtained from data 

group 1 for a cell length of 2mm. 

Figure 5 

His,togr,am and integrated distribution of 1078 measured third 

differences obtained from data group 1 for a cell length of 

2mm. 

Figure 6 

Histogram and integrated distribution of 980 measured second 

differences obtained from data group 1 for a cell length of 

4mm. 
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Figure 7 

Histogram and integrated distribution of 784 measured second 

differences obtained from data group 1 for a cell length of 

6~. 

Figure 8 

Histog~am and integrated distribution of 588 measured second 

differehces obtained from data group 1 for a cell length of 

a~. 

Figure 9 

Histogram and integrated distribution of 392 measured second 

differences obtained from data group 1 for a cell length of 

lOmm. 

Figure 10 

Histogram and integrated distribution of 196 measured second 

differences obtained from data group 1 for a cell length of 

12mm. 
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Figure 11 

Histogram and integrated distribution of 324 measured second 

differences obtained from data group 2 for a cell length of 

2rrun. These curves coincide with those for the curvature 

corrected measured second differences. 

Figure 12 

Histogram and integrated distribution of 74!~ measured second 

differences obtained from data group 3 for a cell length of 

2rrun. 

Figure 13. 

Histogram and integrated distribution of 744 curvature 
. 

corrected measured second differences obtained from data 

group 3 for a cell length of 2mm. 

Figure 14 

Histogram and integrated distribution of 288 measured second 

differences obtained from data group 4 for a cell length of 

2mm. 
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Figure 15 

Histogram and integrated distribution of 288 curvature 

corrected measured second differences obtained from data 

group 1+ for a cell length of 2mm. 

Figure 16 
' Histog~am and integrated distribution of 300 measured second 

differ~nces obtained from data group 5 for a cell length of 

2mm. 

Figure 17 

Histogram and integrated distribution of 300 curvature 

corrected measured second differences obtained from data 
. 

group 5 for a cell length of 2mm. 

Figure 18 

Histogram and integrated distribution of 24 measured second 

differences obtained from the stage profile for a cell length 

of 2mm. 
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Figure 19 

Histogram of the ratio of the curvature correction factor for 

4mm. cells to the curvature correction factor for 2mm. cells 

based on data group 1. Total of 98 values, there being 12 

negative values which do not appear in the fir;ure. The 

theoretically predicted ratio is 4. 

Fi~re 20 

Histogram of the ratio of the curvature correction factor for 

6mm! cells to the curvature correction factor for 2mm. cells 

based on data group 1. Total of 98 values, there being 16 

negative' values and eight positive ones greater than 30 which 

do not appear in the figure. The theoretically predicted 

ratio is 9. 
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Figure 21 

Variation with cell length of the mean absolute scattering second 

differences obtained from data group 1 compared with those 

obtained by other authors. The solid curve is a visual fit to 

the data of the present experiment. Theoretical mul~iple coulomb 

scattering for protons of momentum 2, 4, 6.2, 10, and 19.8 BeV/c 

are shown by the dashed lines. For clarity, some experimental 

points have been slightly displaced parallel to the x-axis. 
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Figure 22 

Variation with cell length of the mean absolute scattering 

secon~ differences obtained from data group 2. Theoretical 

multiple coulomb scattering for protons of momentum 24 BeV/c 

is shown by the dashed line. Measured second differences 

are represented by squares and the spurious scattering ones 

by circles. 
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Figure 23 

Variation with cell length of the mean absolute scattering 

second differences obtained from data group 4 (1° dip). The 

solid curve is a visual fit to the data. Theoretical multi-
J 

ple coulomb scattering,for protons of momentum 24 BeV/c is 

shown by the dashed line. Measured second differences are 

represented by squares whil~ the spurious scattering ones of 

the present work are represented by open circles and those 

of Delassert23 by solid dots. 
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Figure 24
Variation with cell length of the mean absolute scattering 
second differences obtained from data group 5• The solid 
curve is a visual fit to the data. Theoretical multiple 
coulomb scattering for protons of momentum 24 BeV/c is shown 
by the dashed line. Measured second differences are repre
sented by squares and the spurious scattering ones by circles .
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Figure 25 

Variation with dip angle of the mean absolute spurious scat-

tering second differences at constant cell length. The cell 

length corresponding to each curve is as indicated on the 
J 

straight lines fitted ~o the experimental points. The solid 

dots represent the results of the present work as obtained 

from data groups 4 (1°) and 5 (0°) while the open circles 
~ 

represent the results obtained by Delessert. 23 
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CHAPTER V

CONCLUSIONS

Summary of Results 
The magnitude of the spurious scattering for the 

basic cell length of 2mm. was found to be the same in both 
plates to within t 6̂ .

For all but one group of measurements the spurious 
scattering increased with bell length up to the longest cell 
used of 12mm. However, for data group 2, the spurious 
scattering decreased with cell lengths of 8mm. and more, 
being imaginary for the 12mm. cell length. This would indi
cate that in this particular case the scattering constant 
appears to be too large at long cell lengths, an effect 
observed by Pal and Ray,2  ̂by Hossain et a l , a n d  by 
Bonetti.^2

The spurious scattering was found to increase with 
the dip angle up to 1° on the basis of the results of the
present work and up to 3° on the basis of those of Delessert.2^

The dependence of the spurious scattering on cell
length t (in microns) and dip angle 0 (in degrees) is given
by the approximate relation
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The spurious scattering observed for the basic cell 
length is comparable to that found in other laboratories 
using a variety of processing routines and emulsions, the 
spurious scattering decreasing with momentum. Indeed, for 
the range of momenta from 20 BeV/c to 24 BeV/c, the values 
of the spurious scattering second difference obtained in the 
present work and that of other investigators is quite well 
summarized by a value of Dss (t = 2 m m . 3 6 = 0 ) =  0.21 t  0.04n 
(i.e., ass/Dss = t 19$)* The placement in equation (31) of 
a = 1 .0 5 has been chosen to yield this result.

A Simple Method for the Determination of the 
pP of a Particle 

The most direct method of determining the pS of 
unknown particles in a nuclear emulsion plate is to measure 
the scattering of known particles of known momentum (primary 
particles in the case of exposure with an accelerator), 
thereby allowing the determination of the spurious scatter
ing for the plate by the method of the present work. This 
then allows the determination of the true multiple coulomb 
scattering of the unknown particle and thus its momentum.
This method requires that a large number of scattering 
measurements be made in each plate so that a statistically 
good value of spurious scattering may be obtained.



47
It is possible, however, to avoid measuring the

spurious scattering in each plate by employing one of two
alternative methods, the more precise of which is that of 

29Pal and Ray. The other, described below, is especially 
useful when only a short length of track is available for 
measurement, since the accuracy of the mean absolute measured 
second difference is then the factor which limits the accura
cy of the method.

Using a basic cell length of 2mm., about the practi
cal minimum for particles with p£3 of 20 to 24 BeV/c, a 
statistical accuracy of t 20$ is obtained for the measured 
second difference from 14 basic cell coordinates or 2.6 cm. 
of track. It then appears that a highly accurate determina
tion of the spurious scattering is not necessary. Thus, a 
simple method results by using the constant value of
D (t = 2mm., 9  = 0) = 0.21 t 0.04 p. for the spuriousss
scattering second difference of particles with momentum in 
the range of 20 to 24 BeV/c regardless of emulsion type, 
observer, or development routine.*

The following then is a method of determining the pP 
of an unknown particle whose momentum is in the region of 20

*The method may be expected to be valid for a some
what wider range of momenta, cf. entries in Table VI for 
LagnauxSl (14.5 BeV/c) and Delessert23 (27 BeV/c).
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to 24 BeV/c. When the length of track available allows the 
measurement with non-overlapping cells of 14, 25, or 50 

basic cell coordinates the accuracy of the determination is 
approximately t 60, 50, or 28 per cent. For a 2mm. cell 
these figures correspond to 2.6, 4.8, or 9.8 cm. of track, 
respectively.

1. Measure the scattering of the particle by 
measuring as many cell coordinates as are avail
able or are needed to achieve the desired accu
racy using a cell length of 2 or 4 mm.

2. Use the 4 x D   cut-off procedure.meas
3 • Measure the noise using 100 jj. cells.
4. Determine Dgs from equation (31)•
5. Calculate the multiple coulomb scattering second 

difference by using equation (15) to correct the 
measured second difference for noise and spuri
ous scattering,

6. The pP of the unknown particle may then be 
obtained from equation (11).
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