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The aim of the work was to study the reliability of the multde
ple socattering method for estimating values of the momentum p, of
- high energy particles in nuclear emulsions. One stack of Ilford G
& pellicles of size 29 % 14 cm x S00n was exposed to a negative
pion beam of momentum 16.2 % 0.6 GeV/o, while & second stack of
slize 19 % 9.8 om x BOOP was axposed to a proton beam of momentum
24.0 % 0.4 GeV/0. Oreat care wes taken to align the stacks so that
the pellicles were accurately horizontal at the time of exposurs.
In this way the average track length of the primary partiecles in
both stacks was in excess of 15 oms. The microseope used for the
measurements was a Xoristka type R 4 which has an X movement of 10
oms, This feature of the misroscope enabled us to take measurements
over this length on evary partiole track that was studied., The e«
mulsions were precessed by the usual OERN nethedd?,

The speoifie objeets of study were to investigate:

(a) the effeat of aifferent eut=off proeedures and scattering
sonatants on the values of the momentum obtained,

(h) the magnitude of spurious seattering effeats 4n the twe ew
mulalon stacks, and

(e) meattering measuvements in the reglon of very high selle
sizes (frem 12 to 24 mm), where the ratio of signal te
noise varied from 15 to 40.
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2., EXPERIMENTAL PROCEDURE

A singly charged particle of momentum p and velocity By under-
goes multiple Coulomb scattering in a condensed material. It 1is
convenient to express the magnitude of the scattering in terms of
the average second difference 5& of ' ¥ co-ordlnate readings
taken at regular intervals, t, along the direction of motion of the
particle (usually taken as the x axis). The values of pP and ﬁ;

are related by the formula
K t3/2

= - (1)
PP B, x 0.57x 107

where K i1s the scattering constant for the medium in question, the
cell-size t is in units of 100 microns, 50 is in microns and pg

1s in GeV/c.

Now ﬁe is the average second difference due to Coulomb scatter-
ing only. In practice, the measured second difference, ﬁﬁeas contalns
contributions from effects other than those of Coulomb scattering.

We have taken the relation suggested by Dahl-Jensen et 3;2), viz

=2 = T2 4+ B2 L F2 L =2
Dpeas = D¢ * Dg + D5 + DT, (2)
where:
5ﬁeas = arithmetic mean of the absolute values of measured second
differences;
ﬁc = mean second difference due to multiple Coulomb scattering,

obtained from the known momentum'of the incldent particles;

mean second difference due to reading, grain noise and

o
m
H
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irreproducible part of stage noisej .

Dg. = mean second difference due to reproducible part of stage
noise (stage profile)*:
5§S = mean second difference due to spurious scattering.

We also defihe:

5 = ﬁg + D2 = total noise (3)
and

= =2 =2 . /=2 =2 .

P = /Dmeas-s = DS +Dg, . (4)

The majority of the experimental results presented in this paper
will be given in terms of D. The statistical errors are given as
D//n or pp/v/n, respectively, where n is the number of (independent)
measured second differences. To obtain values of momentum, we have
used equation (1), with.ﬁ; replaced by D (see equation 4 above),

and where B = 1 for the range of momenta we have investigated.

The tracks were aligned so that they stayed within the eye-piece
scale (50p) over the entire 10 cm movement of the stage. Out of 64
tracks taken in the stack exposed to pions only 3 had to be rejected
because they did not fulfil this condition; none of the tracks in
the stack exposed in the proton beam had to be rejected. Each track
was measured over a disfance of 10 em 1in a central region of each
plate using a Leitz filar eye~-piece (12.5 x) and a Koristka objective

x55. The filar movement was connected to an automatic device for

¥ We have assumed that the individual values of Dy follow & gaussisn distri=
bution. This assumption, however, cannot influence our results on. account
of the high signal to noise ratio.
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calculating second differences*. The co-ordinate method of FowlerS)
was employed. In order to obtain a high signal to noise ratio (>2),
measurements were taken using basie non-overlapping cell-sizes, t,

of 4 and 6 mm.

3. RESULTS

(a) Noise

We have measured the total noise 3' using IOOP cell=-gize across
the whole stage movement. Iﬁﬂwgs found to be ~ 0.2p and its de-
pendence on cell-size is shown in Fig. 1. We have also measured the
total noise with the Bpggild and Scharff?) diamond line method. We
obtained agaln the value O‘ZF’ which shows that reading noise is
small in relation to stage plus grain noise. The total noise is
negligible in comparison with the signal for the range of cell-sizes
employed.

(b) Cut-off procedures (Pion gtack)

In order to study the effect of different cut-off procedures and
of the choice of scattering constant, we applied to experimental data
for t = 4 mm three different cut-off procedures, with the correspongd
ing three different scattering constants:

1) No cut-off, scattering constant X (for B= 1) given by referenceS)
and Fig. 2 of this paper.
i1) Cut=~off at 45#9&3 with replacement; K values 0.8 units less thzan

_*_ This device was designed by Dr. W. M, Gibson and built by Mr. M, A. Roberts in
this laboratory.
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5))3

those of Fig. 2 (according to the recommendations of reference

1ii) Cut-ofz )at 4Dme as

Pickup™’.

without replacement, as given by Voyvodie and

The distribution of 1454 values of Dmeas for t = 4 mm 1s plotted
in Figs. 3a and 3b, which show that the distribution is effectively
gaussian. The values of D and of p obtained are given in Table I,
It can be seen that the three procedures give the same results,
within statistical errors; as ls expected for a large sample. For
the results presented in the remainder of this paper we have used
the no cut-off procedure. The values of pf in Table I are lower
than the known beam momentum, presumably due to the presence of

spurious scattering.

(e¢) Presence of Spurious Scattering

The expected magnitude of ﬁé can be calculated from equation (1).

Thus any difference between D. and ﬁc at 4 mm cell can be attrié

meas
buted to D_,, using equation (4).

For the pion stack we find D, = 0.54 % 0.05u for t = 4 mm and
b =0t 0.3p for t = 8 mm. The average cotangent of the dip

ss
angle for the tracks measured was 600,

For the proton stack D, = 0.23 % 0.1p for t =4 mm, D =
= 0,185 £ 0.35u for t = 6 mm and ﬁ;s = 0,37 £ 0,6u for t = 8 mm.
For cell-sizes of 6 mm and up to 1 cm the signal obtained is much
greater than ﬁss so that a good estimate of the momentum of the track

measured is obtained.
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(d) VYarlation of D with eell-size

As we have a large sample of values of Dmeas we have investl-
gated the variation of D with cell-size. For the pilon stack the
results are summarized in Fig. 4. In the figure the full line shows
the theoretical variation of D with t, while the dotted line shows
the effect of correcting this curve for the finite size of nucleusG).
The experimental points seem to fall systematically below the theo-
retical curves for t>1 cm. The same effect was found for the
tracks in the proton stack as is shown in Fig. 5. In both cases

the distribution of the values of Dmeas

is gaussian (Fig. 6 and 7).
If further investigation should confirm the result mentioned in

this paragraph, some modification of the statistiecal theory of

multiple Coulomb scattering for high cell-sizes (t»1 om) may be

necessary.

4. CONCLUSIONS

1) Spurious scattering effects in the two emulsion stacks
investigated are small enough so that for cell sizes
of 6 mm and greater (pp>16 GeV/c) the contribution to
ﬁﬁeas from the true multiple Coulomb scattering is much
greater than that from spurious scattering and from

noise.

2) For large samples of Diesg? the three usual alternatives

for cut-off procedure are equivalent.

3} Our experimental data suggest that in the reglon of cell-
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sizes greater than 1 em D is smaller than expeted theoretically,
even with the correction due to the finite size of the nucle-

us.
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TABLE T
Values of pg for pions of 16.2 GeV/c momentum, calculated from
measurements taken at 4 mm cell length using three different cut-

=off procedures, together with the appropriate scattering constants.

No cut=off Cut-off 4D, .. Cut-off 4D oas
with replacement wilthout replacement
D (p) 0.99 *0,03] 0,98 £ 0,03 0.96 % 0,03
K used 3095 29@7 2900
pR (GeV/e)| 13.6% 0.4 13.4 ¥ 0.4 13.3 * 0.4
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CAPTIONS TO FIGURES

Eot

*e

Variation of total noise, §, with cell-gize for CERN
Koristka R4 microscope.

Theoretical curve of K (without cut-off) vs. pell-sizes)a

Distribution in the values of D

meas for cell-size of 4 mm,

7 beam tracks.

D
meas
Integral plot of 1/N, .[-oo ND o os

(4 mm cell) on a Gaussian paper: m beam tracks.

against Dmeas

Varlation of D with cell size: m~ meson tracks.
Theoretical curve 1 for pp = 16.2 GeV/c, using values

5). Curve

of scattering constant K according to reference
2 takes into account the finite size of nucleus as given

byé).

Variation of D with cell-size, proton tracks. Experimental

polntss

{ for 4 mm basic cell-size,

{ for 6 mm basic cell-size.

Theoretical curves 1, 2 show 3c (ealculated for pp =
= 24 GeV/c) similarly as in Fig. 4.

D
meas
NdD
~00 meas

4 mm cell-size; proton beam tracks.

Integral plot of L/No j. agalnst D for

meas

against P for

D
meas
Integral plot of l/Noj[ NaD meas

=00
20 mm cell-size; m beam tracks.

meas
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