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ABSTRACT

A missing-mass spectrometer, employing optical

spark chambers with automatic vidicon readout, was used to

measure the forward differential cross section (cosQc m =
. .

().995) for the reaction p -tp + d + r+ at closely spaced
settings of the incident proton momentum in the range

Po = 3.4 tO 1.2.3GeV/c. The deuterons from the reaction

were identified by time-of-flight, and their momentum and

angle of emission measured by a reconstruction of the spark

chamber tracks. Since the incoming proton momentum was

accurately

production

identified

known, the missing-mass associated with deuteron

could be deduced. Single pion production was

by the appearance of a clear peak in the plot

of missing-mass at the pion mass.

The data confirm the existence of a prominent peak

in the forward cross section at Ec m
. .

hitherto unreported shoulder at Ec m
. .

structure, along with the well known

E = 2.2 GeV may b; understood oncm.

= 3.0 GeV and show a

= 3.7 GeV. This

sharp maximum at

the basis of a one-

pion-exchange model as reflecting the behavior of the T = 3/2

isobars in the pion-nucleon scattering. Above Ecomc = 3.9

GeV, the cross section decreases monotonically as the

-2.5 power of the square of the total cm. energy, s.

iX



4

L4

This feature reflects the behavior of the ~p scattering cross

section. The structureless upper energy region can be accom-

modated Wit”hin the framework of Regge theory. The cross

section do\du extrapolated to u = O varies as t’he-3.2 power

of s, midway between that expected for Na and N~ trajectories.

.

.
,

x
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CHAPTER I

INTRODUCTION

In the course of a general survey of bosons pro-

duced in high energy p-p collisions, an extensive set of

forward differential cross sections was measured for the

reaction

P+p+d+~+ (1)

over a range of incident momenta from 3.4 to 12.3 GeV/c.

In this report we describe this aspect of the work and

present a detailed description of the apparatus and the

measurements, together with what can be said of the sig-

nificance of the results. A brief report has already been

published.l

The

observation

general motivation of our wor”kwas

of t-heproduction of a deuteron as

to use the

a device

for determining the fate of the two nucleons of the initial

state. Since the initial two proton state has isospin T = 1

and the deuteron has T = O, whatever else is produced must
.

.
.

.

1
H.L. Anderson, M.S. Dixit, H.J. Evans, K.A.

Klare, D.A. Larson, M.V. Sherbrook, R.L. Martin, K.W.
Edwards, D. Kessler, D.E. Nagle, H.A. Thiessen, C.K.
Hargrove, E.P. Hincks, and S. Fulcuij Phys. Rev. Letters
~, 853 (1968).

1
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have total isopin T = 1 and have baryon number

pion is the simplest object with these quantum

B=O. The

numbers and

turned out to be easy to identify by the missing-mass technique.

By knowing the momentum and direction of the incoming proton

and by measuring precisely the momentum and angle of the

emergent deuteron, we could deduce the missing-mass of

whatever else was produced. Single pion production could

be’identified because of the appearance of a clear peak,

generally with low background, at the pion mass position

in a missing-mass plot.

Reaction (1) has particular importance in high

energy physics because it is one of the few two body re-

actions which is experimentally accessible in direct, in-

verse, as well as in the crossed channels. It thus provides

an opportunity to test the theorems that govern the relation-

ships among these channels. Early measurements at low

energies 2 used the comparison of the direct and inverse

channels and the principle of detailed balance to establish

that the spin of the pion is O.

When we began our measurements very few measurements

had been made above 3.6 GeV\c incident proton momentum. On

the other hand, a relatively rich literature dealt with the

2
R. Durbin, H. Lear, and J. Steinberger, Phys. Rev.

~, 646 (1951); D. L. Clark, A. Roberts, and R. Wilson,
Phys . Rev. 83, 649 (1951); W. F. Cartwright, C. Richman, M.
N. whitehea~ and H. A. Wilcox, Phys. Rev. 91, 677 (1953).—

.

*
.

I
I

I

.

.
.

.
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measurements and their interpretation below this. A reason-

ably satisfactory account of the very low energy behavior

had been provided by the phenomonological analysis of Rosen-

feld,
3

and Gell-Mann and Watson.4 However, this was suit-

able only when few angular momentum states were involved.

The resonant behavior that appeared at 660 MeV proton

energy was analyzed by Mandelstam 5 in terms of what we might

today refer to as a direct channel resonance in which the

pion and one of the nucleons are in a (3/2, 3/2) isobar

state, and this in turn is in an S-state interaction with

the second nucleon. Such a state, with angular momentum

J = 2, which is fed from a 1D2 diproton initial state, gives

a plausible if not entirely satisfactory account of the peak

at 2.17 GeV cm. energy.

The Mandelstam approach owes its success to the

small number of angular momentum states which can contribute

in the low energy region. More detailed measurements of

the reaction in this energy region recently obtained by

6Richard-Serre have shown the inadequacies of the Mandelstam

approach and the importance of higher angular momentum states.

.

.
.

.

3A.

4M

Scie ~, 21;

5s

(1958). “

6C
●

H. Rosenfeld,

Gell-Mann and
(1954).

Phys. Rev. ~, 139 (1954).

K. M. Watson, Ann. Rev. Nucl.

Mandelstam, Proc. Roy. Sot. (London) A244, 491

Richard-Serre, CERN Report 68-4o (unpublished).
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When measurements at somewhat higher energy

out7-11 the popular approach was to analyze

were carried

the data in

terms of one-pion-exchange (OPE) and one-nucleon-exchange
.

(ONE) models. 9
.

In the work of Heinz et al. in the energy .
—— .

region between 1 and 2.8 GeV neither model proved quanti-
,

tatively satisfactory, but the qualitative behavior of the

one-nucleon-exchange model led these authors to conclude

that the one-nucleon-exchange process could conceivably be

the dominant mechanism,

model could give better

experiment.

and with suitable refinements, the

quantitative agreement with the

Such a conclusion seems unjustified in view of the

marked resonance behavior which was evident just below

1 GeV, since one-nucleon-exchange provides no mechanism for

such behavior. It is difficult to see how refinements in

the model alone could help resolve this situation. On the

7K. R. Chapman, T. W. Jones, Q. H. Khan, J. S. C.
McKee, H. B. Van Der Raay, and Y. Tanimura, Phys. Letters,
253 (1964).

8D. Dekkers, B. Jordan, R. Mermod, C. C. Ting, G.
Weber, T. R. Willitts, K. Winter, X. De Bouard, and M.
Vivargent, Phys. Letters 11, 161 (1964).

‘R. M. Heinz, O. E. Overseth, D. E. Pellet, and M.
L. Perl, Phys. Rev. 167, 1232 (1968).

.

10F. Turkot G. B. Collins, and T. Fujii, Phys. .

Rev. Letters 11, 47fI (1963).

11
.

G. Cocconi, E. Lillethun, J. P. Scanlon, C. A.
St~hlbrandt, C. C. Ting, J. Walters, and A. M. Wetherell,
Phys . Letters ~, 222 (1963).
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other

basis

Could

5

hand, it was pointed out to us by Silbar,12 on the

of a one-pion-exchange model, that a rich structure

be expected at higher energies because of the influ-

ence of the resonances that show up in the mp scattering.

This helped motivate the present work.

Here, and more generally, with only primitive

theoretical tools available there are a variety of possible

models which provide some amount of plausibility from seem-

ingly quite different points of view. It isn!t even clear

that it is a matter of choice among them. The duality

argument
13

suggests that different models may represent

equivalent ways of describing the same thing. To help

clarify the situation, there is a need for more detailed

data over a wider range of the observable parameters. We

present here

in the range

viously only

a substantial addition to the data available

3.4 - 12.3 GeV/c incident momentum where pre-

a few measurements were available.

The forward differential cross section for reaction

(1) was measured in this experiment at 29 settings of the

incident proton laboratory momentum in the range p. = 3.4

to 12.3 GeV/c. The deuteron spectrometer, employing optical

spark chambers with an automatic vidicon readout, was used

to determine the deuteron momentum and angle of emission.

12R. Silbar,

13C. Schmid,

private communication.

Phys . Rev. Letters ~, 689 (1968).
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The laboratory production angle of the deuterons was held

fixed at 5° with respect to the incident proton beam. We

detected the deuterons emitted backward in the center-of-

mass system, but due to the symmetry of the initial state

of reaction (l), no distinction need be made between posi-

tive and negative values of CosQcoma. The COSQC m was. .

nearly constant varying from 0.9928 at the lowest incident

momentum to 0.9985 at the highest. The laboratory momentum

of the backward deuterons covered the range pd = 1.14 to

1.34 GeV/c. The transverse momentum was small varying

from 0.099 to 0.KL6 GeV/c. The total cm. energy covered

the range Ec m = 2.9 to 5.0 GeV.. .

.

.
●

✎

✎

✎

.

I
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CHAPTER II

EXPERIMENTAL TECHNIQUE

.

.
.

In the missing-mass method used in this experiment,

no attempt was made to observe the pion of reaction (l).

Rather, its presence was inferred from energy-momentum

conservation using the known momentum of the incoming proton

and the measured momentum and angle of the emergent deuteron.

Figure 1 is a diagram of a general collision process with

incoming particles 1 and 2 and outgoing particles 3 and X

where X represents all particles in the final state other

than particle 3. We shall take particles 1 and 2 to be

protons and particle 3 to be a deuteron. Energy and momen-

tum conservation imply that PI -t-P2 = P3 + Px where P
1> P2>

and p
3

are the four-momenta of particles 1, 2, and 3 and

px is the remaining four-momentum in the final state not

accounted for by particle 3. Solving for the Lorentz in-

‘2variant scalar px, which we call the missing-mass squared

MM2, we obtain in terms of the laboratory coordinates

MM2= 2m2 + M2 + 2m (p: + m2)l/2 2 1/2
-2(p:+M)

.

x [(p: + ‘2)1’2 + ‘] + ppopdcos~d

7



Fig. 1. --General collision process with two

incoming particles having four-momenta PI and p and
2

X + 1 outgoing particles having four-momenta p and
3

Px
where X stands for all particles in the final state

other than particle 3.

.

.

.

.

.

.
.
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Fig. 2.--Kinematics diagram for the reaction

+
p+p +d+m expressed in terms of the deuteron

laboratory momentum pd and angle Qd. The solid curve

corresponds to the minimum incident proton momentum

observed p. = 3.4 GeV/c and the dashed curve to the

maximum p. = 12.3 GeV/c. The region studied corres-

ponds to deuterons moving backward in the cm. system.

.

.

.
.
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where Q
d

is the angle between the incoming proton and out-

going deuteron, p. and pd are the magnitude of the incoming

proton and outgoing deuteron three-momenta, and m and M are

the proton and deuteron masses. Hence, by requiring particle

3 to be a deuteron and by measuring its momentum and angle

of emission, the missing-mass squared is completely deter-

mined. Reaction (1) is identified by the presence of a

clear peak corresponding to the pion mass in a plot of MM2.

The deuterons, momentum analyzed within the spec-

trometer, could be made distinct from much more numerous

protons and pions by a time-of-flight technique. Deuterons,

so identified, triggered the spark chambers and vidicon

system.

vidicons

From the

deuteron

The images of the spark chamber tracks in the

were digitized and recorded on magnetic tape.

record of the spark chamber track locations, the

trajectory through the spectrometer was reconstructed

and its momentum and angle of emission calculated. Reaction

(1) was identified by calculating the missing-mass and re-

quiring it to be that of the pion. Figure 2 shows the

kinematical relationship between the deuteron laboratory

momentum and angle for reaction (1) for the minimum and

maximum incident proton momentum observed in this experiment.

The region studied corresponds to deuterons emitted back-

ward in the cm. system. We chose to observe the backward

deuterons because their smaller laboratory momentum simpli-

fied the time-of-flight measurement. In addition, the

.
.

.

.
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deuteron laboratory momentum

angle near 5°, which in turn

is nearly angle independent.

is nearly independent of

implies that the missing-mass

Experimental Layout

The missing-mass spectrometer was set up in the

external proton beam (EPB) of

(ZGS) at the Argonne National

layout is shown in Figure 3.

the zero gradient synchrotrons

Laboratory. A diagram of the

The liquid hydrogen target

was located immediately outside the shielding wall of the

ring building. The hydrogen flask was a 3 in. diameter

cylinder with vertical axis, constructed of 3 mil H-film,

and wrapped in several layers of 1/4 mil aluminized mylar

superinsulation. In order to minimize the flux of non-

hydrogen deuterons in the spectrometer, the flask was

suspended by its filling lines in a continuous Y-shaped

vacuum pipe, which extended approximately 20 ft upstream

into the ring building and 24 ft downstream along both

the EPB and the secondary 5° line of this experiment.

The laboratory solid angle acceptance of the spec-

trometer (2.08 x 10-4sr) was defined by a 2 ft lead col-

limator (3-3/4 in. width x 7-49/64 in. height) located

374 in. from the hydrogen target. After passing through

the collimator, the secondary beam entered the spectrometer,

which was set to accept positively charged particles. The

spectrometer consisted of a quadruple pair, two bending



Fig. 3.--Experimental arrangement.
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magnets in reverse bend configurateion, five spark chambers

with vidicon readout (SC1, SC2, SC3, S04, and SC5 ), three

time-of-flight counters (Cl, C2, and C3), and a glycerol

threshold ~erenkov counter. The distance between adjacent

spark chambers on the same side of the momentum measuring

magnet was 7 ft. The distance between counters Cl and C2

was 29 ft , as was the distance between C2 and C
3“

The

first bending magnet served to bend

direction away from the EPB and out

The second bending magnet served as

the particles 20° in a

of the proton tunnel.

the momentum analyzer.

It was arranged to bend the particles 20° in a direction

counter to the bend of the first magnet and parallel to

their initial direction. All experimental apparatus after

the first bending magnet was located outside of the EPB

shielding wall and accessible to the experimenter at all

times. A secondary emission monitor (SEM2) and four proton

beam monitors (Ml, M2, M3, and M ) were located along the
4

proton line as shown in Figure 3 and accessible only when

the proton beam was off.

In order to minimize multiple Coulomb scattering of

the deuterons, a helium atmosphere was maintained all along

the spectrometer arm, from the end of the vacuum transport

within the proton tunnel to counter C , with air gaps in-
3

troduced only at the time-of-flight counters. The spark

chambers, themselves, were maintained in a helium atmosphere.

The helium transport system consisted of aluminum pipes

.

.-
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through the bending magnets and shielding wall with poly-

ethylene bags connected directly to the spark chamber

housings in the intervening spaces. The helium pressure

was maintained at about 1/4 in. of water above atmospheric

pressure by automatic pressure regulators.

The electronics trailer was centrally located with

the television trailer mounted above it on a stand in order

to conserve floor space in the experimental area. Figures

4 and 5 are photographs of that portion of the spectrometer

arm located outside of the EPB shielding wall. Figure 4

is a view from the end of the spectrometer arm looking

upstream, toward the ZGS. Figure 5 is a view taken from

above time-of-flight counter C~ looking downstream.

Proton Beam and Monitors

The EPB momentum was varied

by using a novel feature of the ZGS

porch” and illustrated in Figure 6.

representative of the EPB spill and

which wil”lbe discussed when gating

taken up. The internal proton beam

protons/pulse was accelerated up to

portion extracted while maintaining

from 3.4 to 12.3 GeV/c

known as the “front

Also shown are signals

the spill-gate, both of

of the electronics is

of about 2 x 1012

the desired energy, a

the ZGS field constant,

and the remainder accelerated to full energy for other use.

Spills were from 300 to 500 msec in length with a repetition

period that varied from 2.6 to 3.5 sec. The extracted beam

intensity was usually limited to about 1011 protons/pulse



.

.
.

.

Fig. 4 .--Spectrometer looking upstream,

toward the ZGS.

.

.
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Fig. 5.--Spectrometer looking downstream,

away from the ZGS.

.
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Fig. 6. --A partial ZGS magnetic field cycle

showing the proton beam extracted during the “front

porch.” Also shown is the gating level which permits

the electronics to count during extraction.
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5so as not to exceed about 1.5 x 10 particles/pulse in the

first spark chamber SC The beam had a momentum spread
1“

of about + 10 MeV/c and an absolute energy calibration cor-—

rect to about ~ 1/2$%.

The determination of the differential cross section

for reaction (1) required a knowledge of the absolute

number of protons that traversed the hydrogen target during

a particular measurement.

sity could not be measured

techniques due to the high

However, the proton beam inten-

directly by conventional counting

EPB rate (1011 to 1012 protons/see).

Therefore, the protons were counted indirectly by monitor

Ml which observed the secondary spray from the EPB when it

struck a 1/4 in. thick Plexiglas target located on a flip-

stand 25 ft downstream of the hydrogen target and immedi-

ately upstream of the SEM2 stand (see Figure 3). Monitor

Ml (as well as M2, M3> and M ) consisted of a linear
4

array of three identical counters in coincidence. The

counters were constructed of easily changed NE102 plastic

scintillators, air light guides, and either RCA 8575 or

Amperex 56 AVP photomultipliers. The size of the scintilla-

tors used depended upon the rates at the monitor and was

typically 1/2 sq. in. in area by 1/4 in. thick. The monitor

Ml counts were in turn related to the absolute number of

protons in the EPB by gold foil activation which consisted

149
of counting the a -branch of Tb produced in gold by

proton bombardment. The techniques used were established

.

.

.

.
.
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for the EPB of the ZGS

Steinberg et al.
14 we

——

and are discussed in detail by

shall

A diagram of the EPB

ring to the hydrogen target,

this experiment, is shown in

return to this subject later.

transport system from the ZGS

as it existed at the time of

Figure 7. The proton line was

tuned using a diagnostic system of television cameras and

monitor telescopes. The beam could be observed, via tele-

vision, striking grided Pilot B plastic scintillators

located along the transport system as indicated in Figure

79 These scintillators could be flipped out of the beam

when not in use. AS shown in Figure 3, monitor M2 viewed

the hydrogen target. It aided in centering the beam on

the target as well as giving a continuous check on the

status of the target. Monitor M3 viewed a section of the

vacuum pipe immediately upstream of the hydrogen target.

Deviations of M3 from its nominal value were a good in-

dication that the beam was wiping off on the transport

system upstream. The secondary emission monitor (SEM2)

was used for checking the instantaneous beam intensity as

well as the transport efficiency from the ZGS ring by com-

paring it with SEM1, located just outside the ring (see

Figure 7). Monitor M4 viewed a Plexiglas target (6 in. x

6 in. x 5/32 in.) mounted on a motorized table top and

14
E. P. Steinberg, A. F. Stehney, Carole Stearns,

and Irene Spaletto, Nucl. Phys. AH3, 265 (1968).



Fig. 7.--External proton beam transport system

from the ZGS ring to the hydrogen target immediately

outside the shielding wall of the ring building.
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located approximately 80 ft downstream of

target. It was used for checking the beam

other users downstream.

the hydrogen

centering for

As can be seen from Figure 7, the EPB transport

system, upstream of this experiment, consisted of three

Piccioni extraction magnets, a quadruple pair, a bending

magnet, and a quadruple triplet. A quadruple pair was

located downstream of the SEM2 stand, as shown in Figure

3, in order to refocus the beam for other users. Prelim-

inary EPB transport solutions were obtained by computer

and the final operating conditions by empirical tuning.

Acceptable conditions were reached by centering the beam

on the TV scintillators, maximizing M
2
while minimizing

M3> centering the beam with MQ, and checking the spectrom-

eter rates with an empty target. A Polaroid film was ex-

posed at the Ml target to check beam position and angular

divergence. The cross section and angular divergence of

the EPB at the hydrogen target often represented a compro-

mise between the desired conditions and the requirements

downstream of other users. The cross section was usually

less than about 3 cm2 and the angular divergence did not

exceed +5 mrad in either the horizontal or vertical plane.—

The beam was close to a focus at the hydrogen target.

.

.
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Spectrometer

The length of the flight

flight measurement, the momentum

path for the time-of-

resolution, and the width

of the momentum acceptance were the factors of prime con-

cern in the choice and placement of the magnetic elements

of the spectrometer. The momentum measuring error and the

uncertainty in momentum due to the energy loss of the

deuterons in the target are the principal contributors to

the uncertainty in the calculation of the missing-mass.

For a given target size, therefore, it was only necessary

to seek a momentum resolution of the order of the energy

loss of the deuterons in the target.

Since the backward deuterons from reaction (1)

are nearly monoenergetic, a large

required for its study. However,

of mass greater than the pion, it

the spectrometer with as large an

momentum bite was not

in order to study bosons

was desirable to design

acceptance as possible.

On the other hand, the particle flux that spark chamber

SC1 could tolerate and the difficulty of separating deuterons

from protons and pions at high spectrometer momenta were

two reasons for limiting the momentum bite.

The spectrometer was designed with the aid of a

computer program which calculated the transport matrix

elements at each piece of restricting apparatus placed in

the beam (collimator, magnets, comters, and spark chambers)O
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The transport equations in the horizontal direction from

the target to the point of interest are given by the matrix

equation

I

1
x

dx/dz

(pd-ps)/ps

where p
d

is the deuteron laboratory momentum, p is the
s

central spectrometer setting, x is the perpendicular dis-

placement from the optical axis in the horizontal plane,

and z is the distance along the optical axis. The elements

of the transport matrix are a function of the distance

along the optical axis and the types of magnetic fields

traversed.
15

The magnetic elements of the spectrometer consisted

of a quadruple pair and two bending magnets in reverse

bend configuration. The quadruples (ZGS designation QM-104)

had a 10-1/8 in. bore, 19.4 in. effective length, and a

minimum focal length of 30 in. at 1 GeV/c. The first bend-

ing magnet (ZGS designation BM-105), located just inside the

EPB shielding, had a 15.2 in. horizontal by 6 in. vertical

gap and a maximum / BOdl of 3400 kG cm. The momentum

measuring magnet (ZGS designation BM-109) had a 24 in.

15S. Penner, Rev. Sci. Instr. 32, 150 (1961).
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horizontal by 8 in. vertical gap and a maximum 1 B=dl of

3500 kG cm. The effective length of the bending magnets

was measured using two search coils on opposite ends of an

adjustable rod. The plane of the coils was aligned perpen-

dicular to the magnetic field. The coils were moved along

the length of the magnet in such a manner that one coil

was entering the magnetic field as the other was departing

it. The motion of the coils was stopped when the centerline

of the connecting rod was aligned with the centerline of

the magnet and the net change in flux between the coils

noted. The effective length was determined by that dis-

tance between the coils for when no net change in flux

was observed. A series of effective length measurements

were made while varying the magnetic field and a third

order relation between the two established. The effective

length, as determined by this technique, was accurate to

better than ~0.1%.

The distance between spark chambers, which influ-

ences the momentum resolution, and the distance between

bending magnets, which influences the momentum acceptance,

were both limited by the over-all space requirements. There-

fore, the momentum resolution and the momentum acceptance

were determined primarily by the angle of bend of the spec-

trometer. Increasing the bending angle increased the

resolution and decreased the acceptance. Increasing the

flight path also decreased the momentum acceptance.
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The 5° emission angle of the deuterons was chosen

in order to be as close as possible to 0° without going

into the EPB with a magnet. The first bending magnet in

the spectrometer was necessary because of the small pro-

duction angle being observed and the need to get the secon-

dary beam away from the EPB and out of the proton tunnel.

The spectrometer bending angle was chosen at 20°. ThiS

provided sufficient working space for the spectrometer, an

adequate momentum measuring resolution of ~ 1/3%, and an

acceptable momentum bite of ~ 4%.

The magnets were arranged in the reverse bend

configuration in order to compensate for the angular dis-

persion introduced by the first bending magnet. This could

be arranged to give a zero value for the matrix element

D!(z) and a constant value for the matrix element D(z)

after the second bending magnet. Such a setting permitted

the use of existing 10 in. x 10 in. spark chambers and a

long flight path after the second bending magnet without

seriously limiting the momentum acceptance. The quadru-

ples helped provide a relatively large solid angle. By

choosing the horizontal focus near counter C3, the displac-

ement from the optical axis after the second bending magnet

did not depend strongly on the initial deuteron angle. At

C3 (S(z) =0) the displacement was independent of the initial

deuteron angle and depended primarily on the deuteron momen-

tum, at least for a point source (x. = O). Therefore, the

.

I

.

.

.

.
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spatial dispersion at C3 was determined by the matrix

element D(z) which was 3 mm per MeV/c at 1 GeV/c. The
●

.
6

.

.

.

.
.

.

vertical focus

bending magnet

Figure

was chosen near the center of the second

in order to maximize the solid angle.

8 shows the spectrometer acceptance,

(Pd-ps)ips ‘ersus laboratory angle ~d> for central spec-

trometer momentum ps = 1.14 GeV/c as calculated with the

aid of the computer program for the experimental arrange-

ment shown in Figure 3. Included in the acceptance

is the kinematic line for reaction (1) for p. = 3.4

Also indicated in Figure 8 are the apertures which

window

GeV/c.

1imit

the acceptance. The target was treated as a point source.

The angular acceptance of ~ 0.3° (~ 5 mrad) at the central

momentum was fixed by’the collimator. Without the col-

limator the angular acceptance at the central momentum

would have been limited by the second quadruple at ~ 8.5

mrad. If counter C3 had been the only aperture limiting

the momentum bite, the acceptance would have been rectangular

in good conformity with the pion-mass line, which is almost

horizontal in the region investigated.

seen in Figure 8 spark chambers SC to
3

acceptance somewhat, thus limiting the

about : 2.7% while still accepting the

of the central momentum of + 5 mrad.—

However, as can be

SC5 did cut into the

momentum bite to

full angular spread

The actual acceptance of the spectrometer does not

have the sharp outline indicated in Figure 8 but has fuzzy



,
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Fig. 8. --Acceptance window for the spectrom-

eter as calculated by the matrix technique for incident

proton momentum p. = 3.4 GeV/c and spectrometer setting

Ps = 1.14 GeV/c. Shown in the window is the kinematic

line for the pion missing-mass, MM = 0.140 GeV. The

momentum bite is limited by time-of-flight counter C
3

and spark chambers SC
3

and SC The angular acceptance
5“

is limited by the collimator.
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Fig. 9 .--Spectrometer efficiency as calculated

by a Monte-Carlo program which randomly chose the events

and traced them through the spectrometer for p = 1.14
s

and 1.34 GeV/c. The fact that the efficiency curves do

not reach 100% at the central spectrometer setting is a

measure of the losses from multiple Coulomb scattering.

The points are an experimental measurement of the

spectrometer efficiency using deuterons from the re-

+
action p + p + d + m with momentum pd = 1.18 GeV/c.

The spectrometer window was swept across the pion mass

line and the deuteron yield measured as a function of

spectrometer setting pso The experimental points are

normalized to the yield at tunecentral value ps = 1.18

GeV/c and adjusted to reflect the loss from multiple

scattering. Tne size of the experimental points indicate

the statistical error.
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