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It is proposed to identify particles with 1.5 BeV = pSc = 2.5 BeV, whose nature cannot be
determined by scattering or ionization measurements, by means of the § electrons which
these particles produce. It is shown that in this energy range the particles produced in
9-BeV proton-neutron interactions are mainly 7 mesons. The possibility is investigated
that in the range 1 to 17.5 BeV the particle energies obtained from multiple Coulomb scat-
tering measurements may be overestimated. It is found that for long cells the Coulomb-
scattering second difference and the ratio p of the third difference to the second differ ap-
preciably from the theoretical values. It is recommended that pBc be measured using cells
for which p lies between 1.2 and 1.5, which corresponds to a minimum total error in pgSc.

INTRODUCTION

IN numerous experiments (e.g. D"Gj) on the inter-
action of particles with emulsion nuclei, the sec-
ondary particles were identified by measuring the
multiple scattering (pSc) and the specific ioniza-
tion (or, strictly speaking, the blob density along
the track). In the range pBc < 1.5 BeV, particle
identification does not present serious difficulties.
A correct identification of a particle in that range
depends essentially on the measurement of pSc.
In the range pSc > 2.5 BeV, the identification de-
pends on a correct determination of the ionization.
In the range 1.5 BeV = pSc = 2.5 BeV in which the
same ionization corresponds to a single value of
pBc for various particles, the nature of particles
remains unknown, and can only be inferred in an
indirect way. It is possible that a positive identi-
fication of the nature of all secondary particles in
the pBc range under consideration would help
greatly to disclose the elementary particle inter-
action mechanism. It seems therefore important
to develop another method, which can serve as a
good complement to the existing methods of parti-
cle identification, viz. the identification of parti-
cles with pBc = 1.5—2.5 BeV by counting the &
electrons.

Moreover, special attention should be paid to
the accuracy of the measurement of pSc in the
range = 1 BeV, in order to check on important
conclusions made by various authors.[-¢ Thus,
e.g., a possible overestimate of the energy could
lead to incorrect results, and it is therefore de-
sirable to assess the accuracy of the energy de-
termination by the multiple scattering method.
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1. IDENTIFICATION OF PARTICLES BY MEANS
OF 6 ELECTRONS

The possibility of particle identification by
means of high-energy 6 electrons emitted in a
spatial angle of less than 35° has already been
discussed earlier.[” From the energy and mo-
mentum conservation laws for the colliding parti-
cles we can determine, using these § electrons,
the value of B of the unknown particle, or the
quantity y =1/v1 — B4 If y = 10—18 corresponds
to a particle with pSc = 1.5—2.8 BeV, then we can
claim, with good accuracy, that this particle is
a ™ meson. For protons with the same pBc the
range of vy is only 2—3. In order to determine vy
of an unknown particle from at least one or two
high-energy 6 electrons, a track length of the
order of 10 cm is required on the average.m

In the present article we discuss the identifica-
tion of particles by counting the 6 electrons. The
number of § electrons in an energy range from
Ty to Ty, produced per unit path by a fast singly-
charged particle, can be calculated using a modi-
fied Rutherford formula

1 1
(7 =)

where N is the number of electrons per cm? of
the emulsion, and m is the electron mass. The
value of Ng calculated by Mott’s formula differs
little from that given by Eq. (1). In determining
N5 we count 6 electrons with energy Ty~ 15 keV
and more, which usually produce tracks consisting
of four and more grains (including the grain on the
primary particle track). The value of Ty corre-
sponds to the maximum possible energy Tmax
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Table I

Nature of Energy of
Emulsion Y;;air“aaxatiaﬁﬁge primary primary par- | Ngpericm | N.pericm

particles ticles, BeV
] 1959, Dubna protons 9 8.9+0.3 | 2.50+0.16
IKFI 1961, » » 9 7.5+0.3 | 1.494+0.39
NIKFI-R 1961, » > 4 9.4+0.7 | 3.0040.39
1961, » » 2 10.9+0,3 2.240.16
Ilford G-5 1961, Geneva 7-mesons 17,5 6.2+0.03 | 1.60+0,13

= [26%(1 - B*)] me? transferred to the electrons.
In practice we can assume that T, always equals
Tmax- In deducing Eq. (1) it has been assumed
that the electrons in atoms are free, and the spin
of the interacting particles has been neglected.

In the following we give the results of the
measurements of Ns for § electrons produced by
protons of 2, 4, and 9 BeV in NIKFI-R emulsion
and by ™ mesons of 17.5 BeV in Ilford G-5 emul-
sion. In NIKFI-R emulsion, the § electrons were
counted on a total track length of more than five
meters, and in lford G-5 emulsion on over 1 m.

The average values of Ng, corresponding to
clearly established 6 electrons, and the numbers
Ng, corresponding to doubtful events, are given in
Table I. The given errors of Ng and Ny are

*statistical. Ny includes those § electrons for
which it was doubtful whether the track was due to
a 6 electron or to a background electron, or
represented a random cluster of grains. For in-
experienced observers the values Ny differ
greatly from one person to another, dnd can attain
a large magnitude. For an observer having a cer-
tain experience, however, the values of Ny fluc-
tuate, in the emulsions used, about a mean value
of 2—3 per 1 cm.

The values of Ny for different pellicles from a
single NIKFI-R emulsion stack exposed in 1959
are given in Table II. (This stack contains nucleon-
nucleon interactions which have been analyzed
earlier.[3’4]) It can be seen that Ng does not vary
from plate to plate in the same stack. The meas-
urements show also that Ng is independent of the
depth of the track in the emulsion, which is very
important from the methodological point of view.

Table II
1:;);tgf Ngperti cm
18 7.84+1.0
28 9,0+0.8
99 9.1+£0.5
133 9,5+1.2
176 8.9+0.8
199 8.8+0.7

The 1961 NIKFI-R stacks were irradiated twice,
almost simultaneously: one by 9-BeV protons, and
by 2 BeV protons perpendicular to them in the
emulsion plane and the other in a similar way by
9-BeV and 4-BeV protons. According to Table I,
Ny seems to depend on B. From Eq. (1) the ratio
of Ng,/Ng, for 2 and 9 BeV equals 1.12. The
corresponding experimental value is 1.45 + 0.07.
For 4 and 9 BeV the ratios are 1.04 and 1.26 + 0.11
respectively. The ratios almost do not change
when background 6 electrons are taken into ac-
count. The observed differences between the ex-
periment and the calculation are evidently due to
the assumptions made in deducing Eq. (1).

The Ng distributions of 9-BeV (v = 10.5) and
2-BeV (v = 3.1) proton tracks in the same emul -
sion stack are compared in Fig. 1. The same
distributions are shown in Fig. 2, but Ng§ corre-
sponds to the average number of § electrons per
cm, and has been measured on separate tracks
each 3—5 cm long. From the distributions it fol-
lows that for sufficiently long tracks we can dif-
ferentiate between particles with ¥ = 10.5 and par-
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FIG. 1. Distribution of the number of & electrons (per cm);
solid line —on tracks of 9 BeV proton (50 tracks), dashed line
—2 BeV protons (60 tracks).
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ticles with y = 3.1. On the basis of Fig. 2 we can
hope to establish the nature of particles which can-
not be identified by pBc and ionization.

In the range of interest, pSc = 1.5—2.5 BeV,
we have to differentiate between particles with
vy =10—18 (mesons) and y = 2—3 (protons). We
can calculate 6-electron statistics needed for this
purpose. Experimenters usually consider that the
error should equal two standard deviations. As-
suming that the distribution of the §-electron
number is given by the Poisson law, we can write

Nsy— Nsn = 2ANs, = 2V Ns.. (2)
Using this condition and Eq. (1), we find easily
Now =4 [g2/ (32— B)].

Thus, the number of § electrons necessary for
the identification of a particle is ~40 for pSc

= 1.5 BeV and ~ 260 for 2.5 BeV. For the identi-
fication of particles with pBSc = 1.5 BeV with §
electrons a track length of the order of 4 to 5 cm
is necessary. For pBc = 2.5 BeV, the identifica-
tion of separate particles will be less satisfactory
for such a track length. It is, however, meaningful
to find at least a statistical distribution of Ng for
particles with pSc = 1.5—2.5 BeV in order to have
some idea about their nature.

The distributions of Ng, analogous to Figs. 1
and 2, for particles with tracks longer than 2 cm
and pBc = 1.5—2.5 BeV, produced in proton-neu-
tron interactions at 9 BeV (%, are shown in Fig.
3. For a comparison are shown the distributions
of Ng found along the tracks of the primary pro-
tons. From the comparison it follows that the bulk
of secondary particles with pSc = 1.5—2.5 BeV
have y = 10, i.e., they are ™ mesons.

The N distribution corresponding to secondary
particles with pBc = 0.8—1.5 BeV, identified by
ionization as 7 mesons (y = 6—10) and protons

N
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FIG. 3. Distribution of the number of § electrons (per cm)
found on patticle tracks of: 1,3—9 BeV protons; 2,4 —secon-
dary particles of 1.5 < pBc £.2.5 BeV; 1,2—as in Fig. 1;
3,4-as in Fig. 2.

FIG. 4. Distribution of the mean values of N3 (per cm) on

tracks of particles with 0.8 BeV < pBc <.1.5 BeV; solid line —
7 mesons; dashed line — protons.

(v =1.5—2), is shown in Fig. 4. This is the frac-
tion of the protons which give a substantial contri-
bution to the asymmetry B:4] of the angular distri-
bution of the protons in the c.m.s., an asymmetry
opposite to that obtained inl®], As can be seen
from Fig. 4, the identification of the particles by
ionization is apparently correct for pSc ~ 0.8—
1.5 BeV since the large value of Ng corresponds
to the protons.

From the above it follows that the identification
of particles with energy = 9 BeV made in (3,4,6] ig
correct, and the statement that particles with pSc
=1.5—2.5 BeV are 7 mesons 4 is corroborated.

2. ERRORS IN THE DETERMINATION OF
PARTICLE ENERGY

In determining the energy of fast particles
from measurements of the multiple Coulomb
scattering we meet with a definite difficulty due to
spurious scattering.[8'15]

It is usually attempted to make the measure-
ments on cells where the total error of the energy
measurement, due to spurious scattering and
statistics, is minimal. The selection of such a
cell length is difficult for separate particle tracks,
since neither the Coulomb (—Dc) nor spurious
(Dg) scattering is known beforehand. Experi-
menters try therefore to measure the scattering
with the longest acceptable cells, in order to be
able to neglect spurious scattering. In reality, as
it is shown below, scattering measurements on
very long cells lead to an overestimate of the en-
ergy.

The variation of the directly measured second
difference D with the cell length t, for 25 and 33
particle tracks with pBc equal to 1.04 and 260
BeV/c respectively, is shown in Fig. 5. The
emulsions were irradiated by protons at the Joint
Institute for Nuclear Research. The variation of
D¢ with t, calculated for the same energies ac-
cording to the formula
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FIG. 5. Variation of the second difference with cell length:
1 and 2 —theoretical curves for pBc equal to 1.04 and 2.6
BeV, respectively. The points correspond to experiments at
these energies.

Dc = 100 Kt"/57.3 p@c

is also shown in the figure. The emulsion constant
K has been taken from 10 , taking into account the
fact that the values Dj = 4D are excluded. In Fig.
5 we see that for long cells the experimental
points fall below the theoretical curve. Moreover,
for long cells the values Dj = 4D were not ex-
cluded, since such big deviations did not occur.
This means that the measurement of the scattering
on long cells leads to an overestimate of the en-
ergy. For particles with pSc =1 BeV the error
is of the order of 50% if the scattering is meas-
ured on a cell t ~ 4 mm. For particles with pBc
~ 16—25 BeV, an overestimate will result if the
scattering is measured on cells longer than 1
em.H1:12) Thus, we can see that the maximum ac-
ceptable cell must be chosen very carefully.

The optimum cell, as has been mentioned
earlier, & can be found by using the quantity p,
the ratio of the third and second differences. It is
known that for Coulomb scattering the value of
pc found theoretically 03 j5 1.22. For spurious
scattering pg has been found experimentally to
vary between 1.61 and 1.81 for different cells and
emulsions.12:14:15]

The dependence of the measured value of p on
the cell length t for protons with pSc = 1.04, 2.60,
and 10 BeV and for 7 mesons with pBc = 17.5 BeV
(72 tracks) is shown in Fig. 6. Ilford G-5 emulsion
was irradiated by the mesons at CERN. It follows
from Fig. 6 that for long cells we observe a con-
siderable deviation of p from the theoretical
value pc. For short cells the deviation can be ex-
plained by a large contribution of spurious scat-
tering, and for long cells it must evidently be
considered as a result of the approximate nature
of the theoretical treatment of Coulomb scattering.
The most acceptable range of cell length is that in
which p decreases with increasing cell length
from p =1.50 (Dc 2 Dg) to pc.
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FIG. 6. Variation of p with cell length for different values
of pBc; curve 1—for 1.04 BeV; 2—for 2.6 BeV; 3 —for 10
BeV (43 tracks); 4 —for 17.5 BeV (7 mesons).

Where it is possible to attain p ~ pc the error
due to false scattering is negligible. In the case
where D¢ = Dg, which is very often met in prac-
tice, it is very difficult to find the particle energy.

The directly measured second difference D
is composed of D¢ and Dg as follows

D? = D¢+ D& (3)

Having determined Dg from particle tracks with a
known energy in a given emulsion layer or its part,
we can find _DC from this relation. However, in
the case where DC = Dg, the inaccuracy of such
an approach is considerable, since _DS depends on
the geometrical position of the track in the emul-
sion, and on other factors which are not completely
clear. The quantity Dg depends very strongly on
the cell length and the type of emulsion.

If the contribution of spurious scattering is
large, it is better to determine the Coulomb scat-
tering from the equation [14]

Dc=D [(pt — pI/(pt— p1™, (4)
where the unknown is pg, which is almost con-
stant (it depends very little on the cell length and
the emulsion type (12,14,15] ). pg can be found ex-
perimentally using Eq. (4), by measuring D¢ and
p on the tracks of particles with known energy.

In the cases where _DC is unknown, pg can be
found from the equation
ph= [(t/t,)? DI — DI™ V/[(t,/t,)* D — D3,

where Dy and DI and D,, DI are second and
third differences on cells t; and t,.

The choice between Egs. (3) and (4) can be
made after comparing the results for the same
experimental material. For this purpose we used
the data from earlier scattering measurements
on 43 proton tracks with energy 9 BeV, in one
layer of the emulsion.®¥ From these data Ps
was found to equal 1.75 + 0.03 onacell of t=1
mm and 1.80 £ 0.03 on a cell of 2 mm. We deter-
mined the Coulomb scattering for these cells ac-
cording to Egs. (3) and (4).
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" FIG. 7. Distribution of the values of D¢ found from
Eq. (3) (dashed line) and Eq. (4) (solid line) for a--1.52
<p<1.67 and b--1.35 < p < 1.52.
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The distributions of D¢ found from Egs. (3)
and (4) are shown in Figs. 7a for the case 0.5
<Dc/Dg =1, which corresponds to 1.52 < p =
=1.67. It follows from Fig. 7 that the distribution
of Do (or pBc) obtained from Eq. (4) is much
narrower (solid line) than from Eq. (3). The ana-
logous distributions of D¢ for 1 = Dp/Dg
=2(1.35 =p =1.52) are given in Fig. 7b. In this
figure, as well as in Fig. 7a, the values of D¢
refer to a cell length t = 2 mm. In the second case
the distributions D¢ found by different methods do
not differ much, although the distribution corre-
sponding to Eq. (4) is more symmetrical.”

To find the total error in D¢ (or pBc) from
Eq. (4) it is necessary to know the errors of the
measurement of Dj and pj, and also the coeffi-
cient of correlation between them. The relative
statistical errors AD;/D; and Apj/pj are usually
found according to the formula C/VN. The ex-
perimental values of these errors are (1]

AD/D; = 081 /V'N,  Api/p; = 0.50/V'N,

where N is ihe number of second differences per
track and AD (like Ap) was found from the re-
lation

Aﬁz[iﬂi—ﬁfﬂﬂ—Dr,

where n is the number of tracks, Dj is the arith-
metic mean of the second differences on the i-th
track, and D is the average value for all tracks.

The variation of the correlation coefficient r
with p (and, consequently, Dn/Dg) is shown in
Fig. 8. The correlation coefficient r was found
from the equation

DAnalogous results were obtained by us for 72 17.5-BeV
m-meson tracks in Ilford G-5 emulsion. It was also shown that
the method of multiple cells(*:*7] gives less accurate results
than Eq. (4) which was used for all tracks on cells where
pc < p S 1.50, and the total error of Dc was minimal.
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It can be seen that the correlation is small. In the
case where the spurious scattering predominates
the correlation is positive, becoming negative for
predominant Coulomb scattering. The arithmetic
mean deviation of r was found from the formula
op = (1 - r?)/vn, where n is the number of
tracks.

We can now obtain the formula for the total
error of D¢ in the usual way (for finding the er-
rors of a function of random quantities):

AL_)C_ C
b, VN’
0.50\ p? 0.50\: _ pt "
C = 0.8l [1 —2r<m)pip_ p2+(m) (pip_mz] .

The variation of C with p (or Dc/Dg) is shown

[
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FIG. 9. Variation
of the coefficient C 4}
with p.
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in Fig. 9. For p = 1.50 the = quantity C, and,
correspondingly, the total error of D¢, are large
and depend strongly on p. It is therefore recom-
mended to determine in practice D¢ on a cell
where p, = p=1.50. For a limited track length,
the optimum cell will be that one for which the
error (ADc/Dc) is smallest.
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