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ABSTRACT

The differential cross section for deuteron
production in proton-proton collisions was measured for
incident proton kinetic energies of 1.55, 2.5, and 2.9 GeV.
Measurements were made at laboratory angles of 5.9%5 11.555
15.72% and at the two higher energies, at 20° relative to
the beam direction for deuteron laboratory momenta in the
range 1.0-2.4 geV/c.

The experiment was performed in an external proton
beam of the cosmotron at Brookhaven National Laboratory. A
system of scintillation and Eerenkov counters was used to
identify deuterons by momentum analysis and time-of-flight
techniques.

The differential cross sections are presented in
the laboratory and center of mass (c.m.) systems. Plots are
given of the cross cection versus the invariant mass of the
system of particles formed with the deuteron in the collisions.
Total cross sections were obtained by integrating a smooth
function fitted to the c.m. data at each energy.

The deuteron distributions in the laboratory system
were peaked at small angles relative to the beam direction.
All deuterons were formed with moments >1.0 GeV/c.

The c.m. differential cross section distributions
obtained at the three energies of this experiment showed a

general similarity to one another. The cross section was
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sharply peaked in the forward and backward directions for
large c.m. momenta. The maximum became more broad as the
momentum decreased until the cross section was glmost
isotropic. There was evidence of structure in the broad
maximum at intermediate momenta.

The total deuteron production cross section decreased
monotonically with incident proton kinetic energy from
310 + 25 ub at 1.5 GeV to 137 £ 21 yb at 2.9 GeV. The inter-
polated value at 2.3 GeV was consistent with the statistical
model prediction. The cross section for production of
deuterons associated with two or more pions had a maximum near
2 GeV.

A search for pion resonances of unit isotopic spin
in the mass range 400-1000 MeV through reactions of the form
p + p—d + x+ yielded evidence for p production. At 2.5
GeV, the p production cross section was small (Ototal <9 ub)
and did not appear to be sharply peaked in the forward and
backward directions. Upper limits were set for the production
of the ¢ (560 MeV) and the X" (960 MeV) resonances.

The laboratory distributions in momentum and angle
of deuterons produced in proton-proton collisions at 2.9 GeV
were found to be much different from those arising from
proton-beryllium and proton-platinum collisions at the same
energy. The total deuteron production cross section per
nucleon was approximately six times greater in collisions of
protons with beryllium than in collisions with other protons,
indicating that specifically nuclear processes are at work

in the former case.
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CHAPTER I
INTRODUCTION

A. Deuteron Production in Proton-Proton Collisions

Differential and total cross sections for the produc-
tion of deuterons in proton-proton collisions were obtained
in this experiment for three values of incident proton kinetic
energy in the range 1.5 to 3 GeV. The important partial cross

sections contributing to deuteron production at these energies

are
p+p—rd -+ (1)
d+m + 1 (2)
d+ o+ (3)
d+ T+ o+ (4) .

A detailed study of reaction (1) has been made in this energy
range by Heinz, gﬁ_g&,l’g This paper will be primarily con-
cerned with reactions in which two or more particles are
formed with the deuteron.

There are several reasons why deuteron production in
proton-proton collisions 1s of interest:

3,4,5

1) A number of bubble chamber experiments have
yielded data on inelastic proton-proton scattering leading to
an unbound proton and neutron in the final state. Comparison

of the angular distributions of deuterons with those of the



unbound nucleons may give insight into how the deuteron is
formed at high energies. Theoretical interpretation of the
data could yield information concerning the short range
components of the deuteron wave function.

2) The differential cross section for deuteron
production can be used to study resonance formation in the
system of pions created with the deuteron. For a given
incident proton energy, a reaction of the formp + p—+ 4 + X+,
where X+ is a short lived resonance of unit isotopic spin
which decays into two or more pions, will lead to an enhance-
ment of the deuteron production cross section in a range of
deuteron center of mass (c.m.) momenta determined by the mass
and width of the resonance.

3) Deuteron production in collisions of protons with
complex nuclei has been studied both experimentally and
theoretically at high energies. The nature of deuteron pro-
duction in elementary proton-proton interactions is basic to

the understanding of this process.

B. Survey of Existing Data

Several bubble chamber experiments have measured
total cross sections for some of the reactions listed on page
1 in the energy range 1 to 3 GeV. The most comprehensive
information comes from the experiment of Sechi Zorn6’7 at
2.05 GeV. Total cross sectlons were measured for each of
the four reactions. A sufficient number of events were

found to establish a pion system invariant mass spectrum for



reactions (2) and (3). The mn® invariant mass spectrum
showed evidence of the p meson and a narrow resonance at a
mass of 560 MeV. Other authorsS’g’lo have reported a two
pion resonance with an isotopic spin of one in this mass
region. Although it has been given a name, the (, 1its
existence is not well established, since none of the experi-
ments observed it with a high level of statistical signifi-
cance. No evidence was reported of resonance formation in
the n+n+n— invariant mass spectrum.

Other bubble chamber experiments reporting deuteron

5

formation are those of Hart, et al.,” who report a cross
section for the dﬂ+ﬂ+ﬂ_ and dﬂ+ﬁ+ﬂ_ﬂ° final states at an
incident proton kinetic energy of 2.85 GeV, Eisner, gz_éi,,s
who report a cross section for the dﬂ+ﬂ~ final state at
1.48 GeV, and Bugg, gz'gi,,ll who report a single event of
the type p + p—+d + o+ oat 970 MeV. The paper of
Pickup, gﬁugg.q reports partial cross sections for deuteron
production at 2.05 GeV, but these data were obtained from
the same bubble chamber exposure studied in detail by
Sechi Zorn. The number of events seen in each of these
experiments was small, so neither invariant mass nor angular
distributions were given. The results of these experiments
will be discussed in Chapter V.

Turkot,.gglgi,,lg’lS using scintillation counters,
made a study of deuterons produced in proton-proton colli-

sions at an angle of 0° relative to the incident beam. The

differential cross section for deuteron production was



obtained as a function of deuteron momentum for incident
proton kinetic energies of 1.55, 1.93, 2.11, and 2.50 GeV.
A search for resonances showed clear evidence of p produc-
tion, but no strong indication of the (. Graphs of the
results of the experiment at 1.55 and 2.50 GeV are given
in Chapter IV,

At considerably higher energies, Diddens, et él.lu
have measured differential cross sections for deuteron
production at a fixed laboratory angle of 6.6° using
scintillation counters. Meacurements were made for three
values of deuteron momentum at an incident proton momentum
of 19 GeV/c and for four values at 24 GeV/c.

A wide literature exists on deuteron production by
protons incident on complex nuclei. Of particular interest
is a recent experiment of Pirouée and Smith15 to study
deuteron production in collisions of protons with beryllium

and platinum nuclei at 2.9 GeV. The reader is referred to the

paper of Glassgoldl6 for a review of other work in this field.

C. Theory

Theories have been developed to explain the reaction
p+tp—>d4d+ ﬂ+ and to explain some features of inelastic
proton-proton collisions without deuteron formation in the
energy range 1-3 GeV, but at present, little theoretical
work has been done on deuteron production when two or more

plons occur in the final state.



Hagedorn L7 has studied deuteron production in proton-
proton collisions on the basis of a statistical model. In
this theory, the dynamics of the interaction are not
considered. The probability for producing a final state of
a certain type (for example, one made up of a deuteron and
two pions), is determined by the number of states of that
type relative to the total number of final states allowed
by the various conservation laws. For a given energy of
the incident proton, the theory relates the total deuteron
production cross section and the partial cross sections for
the reactions p + p—4d + n and p +p->4d + T+ to the
total proton-proton inelastic cross section. Also, a
prediction was made for the ratio of deuteron to proton
flux as a function of momentum at a fixed laboratory
production angle. These predictions are compared with
experiment in Chapter V.

The isobar model of Sternheimer and Lindenbauml8

3:4,5

has been used by many authors in interpreting the

results of experiments on proton-proton inelastic collisions

in the energy range 1-3 GeV. The theory assumes that

nucleon isobars, primarily the N§/2(1238), but also the
1

collision, and all pions result from their subsequent

N§/2(15l2) and the N*/2(1688), are formed in the

decay. More than one pion can be produced 1f two isobars
are formed, or if a transition occurs from one isobaric
state to another with the emission of a pion. The

probability for the formation of two plons at a single



vertex 1s assumed small. The production and decay of the
isobars are treated according to statistical and
phenomenological methods. The model predicts momentum
distributions for the particles in the final state and
relationships among the various partial cross sections. The
fact that the theory isin rather good agreement with experimental
results shows the importance of the formation of nucleon
isobars, particularly the N§/2(1238), in inelastic proton-
proton collisions in this energy range. Sternheimer and
Lindenbaum did not predict cross sections for deuteron
production, but the theory could presumably be extended to
calculate the number of deuterons produced in the various
neutron-proton final states.

When only a single pion is formed in the final state,
more detailled calculations can be made which, unlike those
previously mentioned, predict the angular dependence of the
cross section. The one pion exchange model has been useful
for describing single pion formation in inelastic proton-
proton scattering (see, for example, references 3 and 11).
It predicts the observed peaking of the nucleon production
cross section at O and 180°in the c.m. system (The cross
section is symmetric about 90°in the c.m. if the beam is
unpolarized since the protons in the initial state are
identical particles). The angular distribution of deuterons
from the reaction p + p~>d +-n+’is somewhat different in the
energy range 1.3-2.5 GeV, in that the maximum occurs away

from 18O°(O°).1’2



For example, at an energy of 1.5 GeV, it appears at

148° (32°). Yao19 has extended the theory to include

deuteron production through a final state interaction between
the neutron and proton after a positive pion has been formed

through one pion exchange. 1In terms of Feynman diagrams, the

reaction proceeds through either

Deuteron production can also occur through one nucleon

exchange:
d .[rr+
/
/
/
n
p p

This diagram has been calculated by Heinz,2 who found 1t to
produce a larger deuteron production cross section than

one pilon exchange. Qualitative agreement with the

experimental angular distributions could be obtained with a
suitable choice of deuteron wave function, but the guantitative
agreement was not striking for either the one pion exchange

or the one nucleon exchange calculations. This is not

surprising since many approximations were involved in both.



Modification of such models to include multiple pion
production would probably be difficult, but is the only

means at present to explain deuteron angular distributions

such as those observed in this experiment.



CHAPTER II

EXPERIMENTAL TECHNIQUE

A system of quadrupoles and bending magnets directed
protons from the cosmotron at Brookhaven National Laboratory
onto a liquid hydrogen target. Deuterons produced in the
target were identified by momentum analysis and time of
flight techniques 1n a spectrometer consisting of a bending

magnet and a system of scintillation and Cerenkov counters.

A. The Beam

For this experiment, the cosmotron produced an external
beam of protons of variable energy in the range 1.0 to 2.9
GeV. The particles arrived at the target in repetitive bursts
spaced several seconds apart. Each burst lasted approximately
250 msec. and contained up to 5 x 109 protons.

The energy of the beam could be determined by measure-
ment of a) the path length and revolution frequency of the
particle orbit inside the cosmotron, or b) the radius of
curvature in the (known) cosmotron magnetic field.EO The
application of one or both of these procedures allowed a
measurement of the average incident proton kinetic energy
to within +.05 GeV. The spread in energy about this central
value was of the order of 2 MeV full width at half maximum

(FWHM) .
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After extraction from the machine, the beam was
directed onto the target by the series of bending and focus-
sing magnets depicted in Fig. 1. The magnet specifications
are listed in Table I. At the target, the diameter and
angular divergence of the beam must be small in order that
the production angle of the deuterons observed by the spectrom-
eter be well defined. Focusing was accomplished by the quad-
rupole triplet, magnets Q2C1, Q202, and Q203. The bending
magnets, H204 and H205, directed the beam onto the target
along the desired beam line in the horizontal plane. They
also swept secondary particles of low momentum out of the
beam. Protons which did not interact in the target were
gulded by magnet C207 into a large absorber consisting of
lead bricks and steel plates. This beam stopper was placed
at a slight angle with respect to the original beam direction
to allow clearance for the rear counter assembly.

The angle at which the beam emerges from the cosmo-
tron varies with energy. The current in magnet H200 was
adjusted to correct for this effect and bring the beam into
the quadrupoles along the desired axis. H200 also served as
a collimator. The pole faces of this magnet limited the
vertical dimension of the beam to 1.5 in. The beam width
was defined by a pair of thick brass absorbers which filled
the gap of H200 except for a narrow slot in the center. The
width of this slot was varied from .75 tc 2.0 in. according

to the focusing requirements at the various energies.
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1. The beam layout.

Fig.



MAGNET
(See Fig. 1)

O @ @oDoom o o o

200
201
202
203
204
205
2006
207

12

TABLE I
MAGNET DATA

PURPOSE

BENDING

HORIZ. FOCUSING
VERT. FOCUSING
HORIZ. FOCUSING
BENDING

BENDING

MOMENTUM ANALYSIS
BENDING

DIMENSIONS OF GAP
(ExWxD or Dia.xD)
(in.)

5 x 6 x 12

X 16

X 32

x 32

x 18 x 36

x 12 x 60
10.5 x 18 x 36
6 x 12 x 24

o OO 0 O o
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Collimation was necessary because of the double requirement
of small spot size (cross sectional area of the beam) and
small angular divergence of the beam particles at the target.
One could adjust the vertical position of the beam at the
target by moving H200 up or down.

H206 is the momentum analyzing magnet of the spectrom-
eter. The beam traveled in vacuum pipes or polyethylene bags
filled with helium wherever possible to reduce multiple
Coulomb scattering.

A computer program gave initial values for the currents
in the magnet string at each value of beam energy. Then the
location and size of the beam spot were determined at the
exit of Q203, at the target, and at the entrance of C207 by
exposing Polaroid film in the beam. The currents were
adjusted until the beam traveled along the desired path and
showed a diameter at the target of less than 1.5 in. The
divergence was measured by comparing the diameter of the
beam spot at the target with its value at the entrance of

C207. This quantity was generally of the order of .2°.

B. The Liquid Hydrogen Target

The target consisted of a cylinder 3.03 in. long and
4 in. in diameter made of .010 in. mylar which could be
filled with liquid hydrogen. It was suspended in an evacu-
ated aluminum box by its filling lines from the liquid
hydrogen reservoir. 1In addition to the vacuum, thermal

insulation was provided by wrapping the target with one



14

layer of aluminum foil and twenty layers of .00025 in.
aluminized mylar. The box containing the target was provided
with a circular window of .010 in. mylar for the incoming bean,
and a wide, curved, rectangular window of .015 in. mylar for
the emergent particles. A photograph of the target assembly

is shown in Fig. 2.

C. The Spectrometer

Deuterons are recognized in the background of pions
and protons by selecting only particles with momenta in a
specified range, and then measuring the time-of-flight spec-
trum of these particles over a flight path of approximately
forty feet. If the momentum acceptance of the spectrometer
is sufficiently narrow and the velocities of the particles
not too close to the speed of light, the time-of-flight
distributions of particles of different mass will be distinct.
If, for example, deuterons are present, a peak will appear
in the time-of-flight spectrum corresponding to the arrival
of particles of the deuteron mass with various momenta, and
it will be separate from the peak corresponding to protons
or pions. The distribution of counts in this peak can then
be related to the differential cross section for deuteron
production as a function of momentum. A typical time-of-
flight spectrum 1s shown in Fig. 3.

The spectrometer is shown in Fig. 4. The objects
labeled A", Al°, A
through which pass deuterons produced in the target by the

o> Bl’ and B2 are scintillation counters

beam of protons. The counters are made of commercial plastic
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Fig. 2. The liquid hydrogen target.
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scintillating material, and except for A2 are connected to
14-stage photomultiplier tubes by means of Lucite light pipes.
The counter A2 defines the solid angle acceptance of the
spectrometer. Deuterons with momentum greater than 1.7 GeV/c
passing through a thick Lucite light pipe would produce
spurious counts through 5erenkov radiation. To avoid this,
the block of scintillating material was supported by a thin
walled polystyrene tube. Light was conducted to the photo-
multiplier through a hollow cylinder covered on the inside
surface with a thin sheet of highly polished aluminum.

The éerenkov counter is of the threshold type. It
consists of a rectangular box constructed of Lucite, with
thin front and back walls. The outside of the box is painted
with a white reflective coating. The box i1s filled with
FC-75, a liquid fluorocarbon compound manufactured by the
Minnesota Mining and Manufacturing Company. Six photo-
multipliers are affixed to the box to detect Eerenkov radia-
tion. Since the refractive index of FC-75 is 1.276, the
minimum momentum for 5erenkov emission is 2.38 GeV/c for
deuterons, 1.19 GeV/c for protons, and .177 GeV/c for charged
pions. The counter is used in anticoincidence with the pulses
from counters Bl and B2 to cut down the background counting
rate from pions and protons. The range of deuteron momenta
analyzed by the spectrometer is 1.0 to 2.4 GeV/c, so the
deuteron counting rate is not affected.

The counter labeled O is & circular scintillator

placed in the proton beam. Its output is integrated and
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displayed on an oscilloscope to give a visual indication of
the instantaneous beam flux as a function of time during the
burst of particles from the cosmotron (known as the "spill").
The counting rate in the beam is too high to be recorded
accurately by this counter. Rather, the beam flux 1s monitored
indirectly by the two counter telescopes, M and S. Each tele-
scope consists of three small scintillators in line spaced
several inches apart, and placed in electronic coincidence.
M counts particles produced in the liquid hydrogen target.
S counts particles produced by the beam in the scintillator,
O. The flux in each telescope 1s proportional to the beam
flux. Since only about 1% of the beam interacts in the target,
the flux 1n S is nearly independent of whether or not the tar-
get 1s filled with liquid hydrogen. It is used to measure
the beam rate during runs with the target empty for background
measurements. The monitor telescopes are calibrated by the
radiocactive foil technigue (described in Appendix I) to pro-
vide an absolute determination of the number of particles
passing through the target during each cross section measurement.
The dimensions and other pertinent data concerning the
various counters used in the experiment are listed in Table
IT. The intercounter distances are listed in Table IIT.
Magnet H206 is used to momentum analyze the particles.
It is a standard Brookhaven bending magnet (type H 18x36 Mk I),
and is described in Brookhaven literature.gl The polefaces
have dimensions 18x36 in., the gap is 10.5 in., the effec-

tive length of the magnetic field is 43 in., and the maximum
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TABLE III
INTERCOUNTER DISTANCES

FROM TO DISTANCE

(ft.)
Target Al 12.17
Al Al° .87
Al° Magnet center 3.53
Magnet center A? 3.29

34.05 (5.9°9)

A2 Bl 33.86 (11.559)

34,01 (15.72°)

34.49 (20.0°)
Bl B2 5.1

B2 Eerenkov .8
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field is l5.2xlO3 gauss at a current of 1000 A. The
particle trajectories pass through the central field region,
which is quite uniform.

The spectrometer is made sensitive to particles of
different momenta by changing the current in the magnet.

The central ray, originating in the center of the target

and passing through the centers of all counters in the
spectrometer, is bent through an angle of 10° in the magnet.
The momentum setting of the spectrometer 1s specified by
giving the momentum, P> of a particle which follows this
ray. Since the target and counters have finite widths and
the direction of a particle can be altered by multiple
Coulomb scattering, particles of momentum p # Pyo whose
trajectories bend through angles other than 10°, will also

be counted. The probability of counting an off-momentum
particle is a bell-shaped function of p/’pO with FWHM of 13.2%
The exact shape of the function varies slowly with Pye It is
described in detail in Chapter ITI.

A1l elements of the spectrometer are movable soO cross
sections can be measured at various angles relative to the
direction of the incident beam. The magnhet and counters Al',
A1°, and A2 are mounted on a carriage that rolls on a
circular arc of railroad track. It is driven by a fractional
horsepower electric motor to facilitate the change of angles,
since the assembly weighs about 20 tons. Counters Bl and B2

are attached to a table which slides on a palr of aluminum
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I-beams. B2 is connected to the table by a pair of swinging
arms so that it can be aligned with the other counters at
each angle. The Cerenkov counter is mounted separately on

a rolling table.

In order to reduce the number of particles traversing
the rear counter assembly, a collimator six feet thick was
constructed of shielding blocks behind the magnet. Four
slits were provided corresponding to deuteron production
angles of 5.9°, 11.55°, 15.72°, and 20.0°. Additional
collimation and shielding for A2 was provided by lead bricks
stacked in the magnet gap. Ample clearance was allowed for
the desired particle trajectories. When the magnet carriage
was in the 5.9° position, the proton beam passed through the
gap of H206 in an open space of low magnetic field between
the edge of the pole face and the return yoke.

Fig. 5 is a view of the area around the spectrometer
magnet. In addition to H206 and its carriage, it shows the
collimator, the monitor telescopes, the beam stopper, and
the helium bag for the proton beam. Fig. 6 shows counters
Al' and Al°, as well as the collimator in the gap of H206.
The rear counter assembly is shown in Fig. 7. These photo-
graphs were taken with the counters in the 5.9° position.

In setting up the experiment, the counter supports
were positioned and the counters aligned with transits.

The railroad track was leveled by suitably placing shims
under the steel ties. A steel measuring tape was attached
to the outside rail which could be sighted through a special

indicator attached to the magnhet carriage. This scale was
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calibrated by comparing its reading with the angle betweel

the center of Al' and the beam line as measured with a

transit located directly below the ligquid hydrogen target.
Rulers attached to the front I-beam provided a scale for
positioning the rear counter assembly. Another scale attached
to the sliding table allowed B2 to be accurately aligned
relative to Bl. After these counters were set, the éerenkov
counter was rolled to a position behind B2 in line with the
direction of particles and as close to B2 as possible.

The wire orbit technique22 was used to find the rela-
tion between the magnet current and the central momentum of
the spectrometer. Before the scintillation counters were
installed on the magnet, a fine wire was stretched from the
target to a point just in front of the center of Bl. When a

current was passed through it, the wire simulated the tra-

jectory of a singly charged particle of momentum

p(GeV/c) = 3 x lO'6T(dynes)/I(amperes)

where T is the tension and I 1s the current in the wire.
For a given value of magnet current, I was adjusted until
the wire passed along the central ray of the spectrometer,
bending through an angle of 10° in the magnet. The corres-
ponding momentum was calculated and a graph of magnet

current versus momentum was made.

D. The Electronic Logic

Figs. 8 and 9 show the block diagram of the electronic
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circuitry for the experiment. Most of the circuits were
standard units manufactured by General Applied Science
Laboratories and described in detail by Sugarman, EE”§£.23
The 10 Mc scalars were manufactured by Transistor Special-
ties, Inc.

The main channel consists of the time to pulse height
converter driven by a signal from the counters on the magnet
carriage and a signal from the rear counter assembly. When
a deuteron of the central momentum, Pys traverses the system
of counters along the central ray, it produces a pulse from
each in turn. These pulses travel through cables to the
electronics area outside the shielded enclosure. Additional
cable is inserted in the space marked "t" in the Bl circuit
sO the pulse from Bl and from B2 arrive simultaneously at
the coincidence circuit BC, which then sends a pulse to the
time to pulse height converter. Similarly, the other input
to this circuit is driven by a coincidence among Al', A1l°,
and A2. The proper values for the variable delay lines
were calculated as a function of Ps before beginning the
experiment.

The BC coincidence circuit also has an input from
the 5erenkov counter in anticoincidence to reject pulses
from pions and protons. This produced a 20% to 80% reduction
in the BC counting rate, depending on the momentum. Only
about 1% of the counts were lost due to accidental anti-
coincidences. This was determined from a comparison of the
rates recorded by scalers B and B . B counted coincidences

between counters Bl and B2. In B , & pulse was added from
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the 6erenkov in anticoincidence but out of time by 50 nsec.
The two scalers then counted alike except when a random pulse
from the Cerenkov counter vetoed the B output.

The resolving time of the coincidence circuits was
made sufficiently broad so that all deuterons within the
13.2% momentum acceptance of the spectrometer would be counted
despite 1) the variation in flight time of the particles, 2)
the variation in time for light to reach the photomultiplier
from different points in each scintillator, and 3) the time
Jitter of the photomultiplier response. All time of flight
information was then obtained from the time to pulse height
converter and multichannel analyzer (MCA). Each of the
discriminators driving the time to pulse height converter
produced a pulse 40 nsec wide. If the pulses overlapped
in time, the time to pulse height converter produced an out-

put pulse of amplitude

Vpulse Vmax(l_ ‘TA_TBEI /H0 nsec),

i.e., the output was linear in the overlap time of the two
input pulses and maximum when they overlapped completely.

This pulse then drove a Technical Measurements Corporation
256 channel pulse height analyzer adjusted so Vmax corres-
ponded to channel 78. The time to pulse height converter-
MCA combination was tested at the beginning of the experi-
ment, Its response was found to be essentially linear in

the pulse overlap time, with each channel subtending a .5

nsec interval. The variable delay following the A coincidence
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circuit was adjusted for each setting of the spectrometer so
the deuteron time-of-flight distribution would be centered
near channel 52, with faster particles counted in lower
channels. A typilcal time-of-flight spectrum is shown in
Fig. 3. Some protons were counted because the Cerenkov
counter was only about 90% efficient at this momentum and
the production cross section was much greater for protons
than for deuterons.

Various counting rates were observed to provide a
check on the proper operation of the apparatus in the course
of the experiment. Counters Al° and Al' were subjected to
the highest flux of particles in the spectrometer. The beanm
intensity was adjusted to keep the counting rate of Al' less
than 250,000 counts per burst. The scaler ABC counted coin-
cidences between the A and BC coincidence circuits with a
resolving time of 14 nsec. Thus it subtended a time interval
roughly equivalent to channels 39 through 66 of the multi-
channel analyzer. It provided a check on the operation of
that device and also an approximate running total of the
number of deuterons counted during an experimental run.

A counted accidental coincidences between A and BC. By
adjusting the beam intensity, this rate was held to about
10% of the ABC rate.

The scalers and discriminators were gated by a signal

from a Brookhaven predetermined timer synchronized with the

cosmotron cycle. The gating signal was displayed on an
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oscilloscope along with the signal from the beam spill

monitor counter, O. Occasionally, the spill began with a
short period of excessive intensity, which showed up as a
"spike" in the spill monitor display. The gate was timed so
the electronics would not be turned on until after the "spike"
had occurred, and would be turned off at the conclusion of
the spill.

At the beginning of the experiment, curves of count-
ing rate versus photomultiplier voltage were obtained for
all counters to determine the settings for maximum counting
efficiency. The counters were timed initially on the protons
passing through the spectrometer when set for a momentum of
1.7 GeV/c. The changes necessary in the variable delay lines
were then calculated to time the counters for deuterons of
the desired momenta for the experiment.

A small hydrogen lamp was attached to each counter in
the spectrometer. When triggered appropriately, the lamps
produced a signal of several nanoseconds duration simulating
the burst of light produced by a charged particle traversing
the counter. The driving pulses were timed by means of delay
cables to cause the lamps to flash in sequence and simulate a
1.7 GeV/c proton traversing the spectrometer. This light
pulser system was used periodically to check the operation
of the counters and electronics in the course of the experi-

ment.
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E. Running the Experiment

The experiment was performed for three values of
incident proton kinetic energy: 1.55, 2.5, and 2.9 GeV.
The deuteron yield was measured for various values of momentum
in the range 1.0 to 2.4 GeV/c at laboratory angles of 5.9,
11.55°, 15.72°, and 20.0° (except that the 20.0° run was
omitted at 1.55 GeV). At each setting, data was taken both
with the target full of liquid hydrogen and with 1t empty.
The data consisted of the readings of the various scalers
indicated in the electronics block diagram plus the spectrum
from the MCA.

The monitor counters were calibrated at each energy by

the radioactive foil technique (see Appendix I). Also, a

(I

polyethylene foil cut into vertical strips § in. wide was
exposed to the beam. By measuring the radiocactive activation
of each strip, we obtained the horizontal intensity distribu-
tion of the beam spot. These distributions are shown 1in

Fig. 10. Two separate runs were performed at 2.9 GeV. For
the second run, the beam conditions were improved and the

electronic circuitry was modified slightly.
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CHAPTER TIIT
ANATLYSIS OF DATA

In order to obtain cross sections from the time of
flight spectra produced in the experiment, the momentum and
time resolution of the spectrometer must be determined. In
addition, corrections must be made for electronic inefficien-
cies, loss of particles through nuclear interactions and
multiple Coulomb scattering, and for various kinds of back-

ground effects.

A. Background Subtraction

Deuterons were observed passing through the spectrom-
eter with the target empty of liquid hydrogen. Therefore,
spectra were obtained both with the target full and empty
for each cross section measurement. The counting rate
recorded by the beam telescope S was nearly independent of
the target condition, so was used to normalize the two runs
to the same total beam flux. Then the target empty spectrum
was subtracted channel by channel from the one obtained with
the target full. A small amount of background remained,
attributable in part to accidental coincidences due to the
finite resolving time of the electronic logic. Another
possible cause was from particles, not necessarily deuterons,
of incorrect angle or momentum that were scattered into the

spectrometer by the collimators. The background was estimated

36
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by adding the remaining counts in channels 71 through 78 of
the multichannel analyzer (MCA) output.

For example, in a typical run with the target full, a
total of 2373 counts was registered in channels 50 through
57 of the MCA. The target empty background for the same beanm
flux was 384 counts in these channels. Ninty-eight counts
remained in channels 71 through 78 after the subtraction of
this background, of which 41 were attributable to accidental
coincidences. An additional subtraction of 98/8 = 12.3
counts was then made from each channel to give the final data.
A histogram of the resulting deuteron spectrum is shown in

Fig. 14.

B. Time Resolution

There are two important effects which broaden the
time resolution of the spectrometer. First, light produced
in a scintillator at different distances from the photomulti-
plier will arrive at the photomultiplier at different times.
Second, there are random fluctuations in the time required
for the electronic apparatus to respond to the light signal
after 1t reaches the phcetomultiplier.

A ray tracing program for the IBM 7090 computer was
written to simulate these aspects of the spectrometer. Only
vertical dimensions were considered since all counters were
considerably longer than wide. The velocity of light in a
polystyrene scintillator is approximately 8 in./nsec. Most
of the light, however, must undergo a series of internal

reflections at surfaces of the scintillator and light pipe
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before reaching the photomultiplier, so its average rate of
progress toward the photomultiplier is somewhat slower. A
value of 4.6 in./nsec was chosen for use in the calculation.
The response time distribution for each photomultiplier was
taken to be Gaussian with a standard deviation of 0.6 nsec.
This value produced an excellent fit to the shape of an
experimental two-fold coincidence curve.

The predicted response of the system to particles of
identical velocity, but originating at the target with
different positions and angles, is shown in Fig. 1l. Also
shown is the experimental time of flight distribution of

deuterons from the reaction
p + p-—+ﬂ+ + d

for an incident proton kinetic energy of 1.55 GeV and a
deuteron production angle of 11.55° in the laboratory. The
spectrometer setting was 1.10 GeV/c. The predicted response
distribution is normalized to the number of counts in channels
52 through 62 of the experimental spectrum. The full width

at half maximum of the experimental curve predicted by
relativistic kinematics and the spread in production angles

of the deuterons was .6 nsec.

C. Momentum Resolution

A Monte Carlo program was written to find the
collection efficiency of the spectrometer for deuterons of
momentum p when the magnet current was set to bend deuterons

of momentum Ps through 10°. The program traced deuterons of
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a given fixed momentum produced in the target at an
arbitrary angle as they passed or failed to pass through the
series of counters. Counter A2 defined the acceptance angle
of the spectrometer in the vertical plane for particles
produced in the target. All other counters were made at
least 20% longer than the sizes dictated by straight line
geometry in order to catch all but a negligibly small fraction
of the particles deflected by multiple Coulomb scattering.
Hence only horizontal dimensions were considered in the

Monte Carlo calculation. The program took into account the
beam intensity distribution at the target, bending of the
deuteron trajectories in the magnetic field, and multiple
Coulomb scattering in the air between the target and counter
Al', in counters Al', Al°, and A2, and in the air between

A2 and Bl. For a given value of p and Py 10 000 rays were
generated, each leaving the target with an angle chosen at
random from a uniform distribution over the interval eoli 15
mrad, where GO is the angular setting of the spectrometer.
Distributions were made of the horizontal position in the
plane of counter Bl and of the initial angle at the target
for all rays which passed through counters Al', Al°, and A2.
Of the original 10 000 rays, approximately 1400 fell in these
distributions. This number was determined (except for random
fluctuations) by the horizontal angle subtended by counter

A2 about the center of the target. The collection

efficiency for these rays was given by the number which fell

within the limits of counter Bl divided by the total number

in the distribution.
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Multiple Coulomb scattering in the alr was treated
according to the approximate method of Scott.2
Scott gives a bivariate distribution of the scattering
induced displacement and angle of a ray projected in the plane
of observation (the horizontal plane) as a function of the
distance traveled in the scattering medium. The distribution
is Gaussian in each random variable when the other is held
fixed.

The distribution of projected angles induced by
multiple Coulomb scattering in a .5 in. thick polystyrene
scintillator was calculated according to the theory of

2
Moliere 5,26,27

for deuterons of momentum 1.1 GeV/c. The
result was a Gaussian distribution with standard deviation 3.28
mrad plus two correction terms which sharpened the peak and
increased the contribution from the tails; their integral
was zero. The correction terms were small, so they were
neglected in the Monte Carlo calculation. The standard
deviation of the Gaussian term depended in a complicated way
on the momentum, p, and velocity, v, of the deuteron. The
approximation of this dependence by (pv)-l led to a maximum
error of 3.6% at high momenta, where the scattering
correction was least important.

The calculated distribution of particles in the plane

of Bl had a full width at half maximum (FWHM) of 6 in. when

p=pO:l.l GeV/c¥ 95%(of the particles fell within a width of

¥ (Calculated for a spectrometer angle of 11.55° with the
1.55 GeV proton beam distribution.
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8.4 in. At 2.2 GeV/c, the deflection of rays by multiple
scattering was less, so the FWHM of the Bl distribution
decreased to 3.6 in., with 95% of the particles falling
within 6.2 in. The distribution of angles on leaving the
target for the accepted rays had a FWHM of 8 mrad regardless
of momentum. For a fixed value of Py> the effect of changing
p/po was to leave the shape of the distribution in the Bl
plane unchanged, but to shift the mean of the distribution
in a predictable way. Thus it was necessary to run the
Monte Carlo program only once with p/pO = 1 for each momentum,
angle, and proton beam distribution of interest.

The resulting efficiency function for Py = 1.1 GeV/c
is shown compared with experiment in Fig. 12. The peak

corresponding to deuterons from the reaction

p+p— d+ m
was observed for an incident proton kinetic energy of 1.55
GeV and a deuteron production angle in the laboratory of
11.55° in time of flight spectra obtained for four values
of p,: 1.05, 1.10, 1.15, and 1.20 GeV/c. The average
momentum of the deuterons in the peak was taken to be 1.08
GeV/c. The number of counts in each peak divided by the
beam flux and multiplied by an arbitrary normalization
constant is shown plotted as open squares against l.O8/pO for
each of the four runs. The error flags represent the

uncertainty in the points due to counting statistics. Part
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of the disagreement between the experimental points and the
efficiency curve may be due to the following facts: 1) the
deuteron production cross section from the above reaction is
a strong function of angle in this region, although 1t was
assumed to be independent of angle in the calculation; 2)
the deuterons observed have a spread in momentum with FWHM
of about .01 GeV/c; 3) the momentum and production angle of the
deuterons are correlated by relativistic kinematics in such
a way as to spread out the particle distribution in the plane
of Bl.

Fig. 13 shows a comparison of the efficlency

distributions obtained for two different values of Py

D. Interpreting the Time-of-Flight Spectra

If the time resolution function of the spectrometer
had been infinitesimally narrow, the spectrum of deuterons
recorded by the MCA would represent the differential cross
section for deuteron production as a function of momentum
multiplied point by point by the momentum efficiency function
and re-expressed as a function of flight time. Each channel
in the spectrum would then correspond uniquely to a definite
momentum interval, and the average value of the differential
cross section in the interval would be proportional to the
number of counts divided by the average efficiency for the
channel. Different channels would correspond to separate,
nonoverlapping momentum intervals. In this experiment,
however, the time resolution function has a FWHM of 2 nsec.

Particles of the same momentum produce counts 1in several
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different channels; the correspondence between channel and
momentum interval 1s no longer one-to-one. In this case,

the momentum and time resolution functions were folded to give

and average momentum, p

the efficiency, €55 Dy

for each
channel that would obtain i1f the deuteron production cross
section were constant in momentum. The experimental value
for the differential cross section in the laboratory is then
given by
d2o C N.l
o)
oL

d0dp 0

eref P €38

where Ni is the number of counts in the ith channel of a time-
of-flight spectrum obtained for an incident proton kinetic
energy Tp, deuteron production angle 6, and momentum setting

P C is a correction factor applied to account for deuteron

o
absorption and electronic inefficiencies, p is the proton
density in the target, Lopp is its effective length (see
Section I of this chapter), F is the proton flux during the
run, and AQ is the solid angle subtended by counter A2. The
factor P, enters because the €; were obtalned from the
momentum efficiency function in terms of p/po. This method

of analysis gives a good determination of the differential
cross sectlon, provided that quantity is not changing rapidly
in a momentum interval corresponding to the width of the time
resolution function (an interval of 37 MeV/c for P, = 1.1 GeV/c
and 200 MeV/c for p_ = 2.2 GeV/c). Finer structure will be

broadened, since the time spread of the system has not been

unfolded. But the momentum resoclution is better than the



46

13% provided by magnetic analysis alone. The values of ﬁi
were corrected for energy losses of the deuterons in the
target, alr, and counters.

Fig. 14 shows a comparison of the predicted efficiency
distribution with an actual spectrum in a region where the
differential cross section is fairly constant (Tp = 1.55 GeV,
P, = 1.6 GeV/c, & = 11.55°). Typical statistical errors are
indicated in two places on the histogram. The fit is quite
good except in the region of channel 42 where the tail of
the adjacent proton distribution causes background. The
area of the efficiency distribution has been normalized to
agree with that of the experimental spectrum in channels 45
through 65.

The cross section spectrum obtained in this run from
dividing the number of counts in each channel by the channel
efficiency 1s shown in the center graph of Fig. 15. In the
wings of the distribution where the efficiency was less than
half that of the central channel, the data were disregarded.

The other two graphs in Fig. 15 show the effect of
improper positioning of the efficiency distribution relative
to the deuteron spectrum. The center of the efficiency dis-
tribution must be located at the MCA channel corresponding
to the average flight time of deuterons with momentum Dye
This would have been channel 52 in all cases, had the timing
calculations and cabling been done to perfect accuracy. The
cables were adjusted only to the nearest nanosecond, however,

and the calculations were made neglecting energy losses of
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the deuterons in the scintillation counters and air. The
latter effect leads to a shift of the spectrum toward higher
channels for small values of Py For example, the center
would be shifted to channel 54 for Py = 1.1 GeV/c, while at
2.2 GeV/c it would remain at channel H2. The effect of
inaccurate timing is quite difficult to calculate, since it
depends on the (unknown) errors made in the initial timing of
the system on protons, as well as on the detailed operation
of the electronic logic circuits, particularly the coincidence
circuits. A computer program showed that the inaccurate tim-
ing could lead to erratic shifts of the spectrum of up to +2
channels for different momentum settings of the spectrometer
in a series of runs at a given laboratory angle.

An empirical method was used to determine the proper
centering for each spectrometer setting since the calcula-
tional approach did not seem to be sufficiently accurate.

The effect of poor centering was generally to change the
slope of the resulting cross section distribution, but to
leave the cross section in the immediate neighborhood of P,
relatively constant. The centering was chosen to the nearest
half-channel (.25 nsec.) for each value of p_ in a series of
runs at a given angle and beam energy such that the wings of
the distribution obtained for any given P, agreed well with
the centers of distributions taken at neighboring momentum
settings. TFor example, the efficiency distribution was
centered on channel 53 for the run at 1.6 GeV/c illustrated

in Figs. 14 and 15 because this choice gave cross sections



49

*UOTABINOTEBOD UOTID9E S804 22Uyl J0J uoTing
oyq 03 puodseJgJod 07 USSOUD TaUuuBUD VOW 2U3 €T

o

TI38TIp AOUSTIOTIJ® 88Ul JO J83UsD
O *HT °38Td JO 2®'U} ST unaqoeds

VOW 9yl °*uoTangrIlsIp LousTIOoTJJe 9yl JO JUTJI=3USO JodoadwT Jo 239°93Jd *GlL 314

(3/N99) d
2l ol Sl
r ™ T T o)
—1 02
-10b
-1 09
O -
o©O o©° % L
—108
o O i
o -

—00I

ps= %

A

(/A%9)d
9 gl
I T . 0

402

]

-
Hov
~09

o .

o o )
o (o) OO =] om
Hoo1

£6="2

JA

(3/A939) d
9l

Gl

|

I

o

(014

09

o8

0o]

dpyp

(SLINN AHVYLIBYY)

sz



50

most consistant with data obtained in other runs at 1.5 and

1.7 GeV/c.

E. Nuclear Absorption

The cross section was corrected for loss of deuterons
in the target, air, and counters by nuclear interactions.
The nuclear cross section, IR for deuteronsonanucleus of
mass number A was approximated by a modified geometric cross

section:

INg is the average nucleon-deuteron cross section obtained
from experiment.28 A least squares fit was made to the
combined neutron and proton total cross section data for
nucleons of kinetic energy in the range .1 to 1.5 GeV

incildent on deuterons at rest. This corresponded to deuterons
of momentum .9 to 4.5 GeV/c striking nucleons at rest. The
resulting function in the region of interest for this experi-
ment is shown in Fig. 16.

The deuteron was assumed lost 1f it interacted before
entering counter B2, If it interacted in that counter or in
the Eerenkov counter, it was assumed lost in 5% of the cases
due to production of charged particles fast enough to trigger
the Cerenkov counter and reject the event. The combined

correction applied to the cross section was

exp (2.47 x 1073 oxg)

with ¢ in mb) chosen for the appropriate value of deuteron
Nd
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momentum from the function shown in Fig. 16. The correction

was typically 17.5%.

F. Electronic Dead Time

The operation of the limiter circuits is such that a
dead time is introduced following each pulse during which
additional pulses can not be produced. The dead time is
equal to the length of the pulse from the photomultiplier,
approximately 15 nsec. When the counting rate is high, the
cilrcult may be insensitive for an appreciable fraction of the
beam spill. Counters Al° and Al' were subjected to counting
rates high enough to require correction for this effect.

Typically, the counting rate in Al°was 1.9 x 105 per
burst of particles from the cosmotron. The associated dead
time was 2.85 msec, the product of the number of pulses and
the dead time per pulse. If the particles are distributed
uniformly in a time interval of 125 msec, approximately
2.85/125, or 2.3%, will not be counted. The rate in Al"
was essentially the same as in Al°. The counters were close
together and most of their flux came from the target, so it
was assumed that 60% of the particles passing through Al°
passed through Al' as well, and introduced no further dead
time. Thus, the loss predicted is 40% greater than that of
AY° alone, or 3.2%. Other effects which can increase this
loss are 1) bunching of the particles in the spill, and 2)
operation with higher Al° rates in runs with the target full

than in runs with it empty.
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The dead time correction was difficult to make accu-
rately. The length of the spill and the beam intensity
fluctuated during the individual runs. Although the Al°
counting rate was sampled and recorded several times in
most runs, the length of the spill was not always noted.
Also, the effect of nonuniformity of the beam spill was not
known. The total dead time correction was taken to be 4 + 2%.
A comparison of runs with the same spectrometer setting but
vastly different beam intensities showed this estimate was
reasonable.

The MCA was insensitive for an average period of 20
usec during the analysis of each pulse recorded in its
spectrum. But since the number of such pulses was generally
fewer than 40 per burst, the dead time correction was less

than one percent, and was disregarded.

G. Accidental 6erenkov Anticolncidences

The accidental anticoincidence rate of the Eerenkov
counter was monitored during the experiment (see Chapter II,

Sec. D). The average loss due to this effect was 1%.

H. Counter Inefficiency

The efficiencies of the scintillation counters used
in the experiment were not measured, but previous experilence
indicated that the small counters (all except Bl and B2)
should have been essentially 100% efficient. An efficiency
of 99_ivl% was assumed for counters Bl and B2. This was

reasonable because the counters were thick, and the photo-
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multipliers were operated at high gain. In addition, B2, the
largest counter, was provided with a photomultiplier at each

end.

I. Beam Attenuation

As the beam passes through the target, beam particles
undergo nuclear interactions, reducing its intensity. The
intensity as a function of X , the distance (in inches)

traveled by the beam in the target, is given by
T(f) = I exp -(2.5koof)

where IO is the intensity of the beam on entering the target,

3

p is the number of protons per cm~ in the liquid hydrogen,
and o is the total proton-proton cross section at the beam
kinetic energy. Let us define an effective length,Leff,

for the target such that

where Lg is the actual length of the target (3.03 in.). If
we take g = 44 mbg? a good value for the three beam energies
of the experiment, Leff = 3,01 in. This quantity was used
in place of LT in the cross section calculation to correct

for beam attenuation.

J. Results
The value of the differential cross section corres-
ponding to N.lJ the number of counts in the ith channel of

the MCA spectrum after background subtraction, was given by
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dgg = M abcd
dQdp (4Q) p, ey M RypLg
where
AQ = solid angle subtended by counter A2 (1.056xlO—usr);
p, = momentum setting of the spectrometer (in GeV/c);
€; = predicted efficiency of the ith channel for the

momentum, angle, and beam distribution of the run;

M = number of counts registered by beam monitor M
in the run with the target full (typically 105);

R,, = ratio of the beam flux to the number of counts

M
registered by beam monitor M (typically 3 x 106);

p = density of liquid hydrogen (A.23x1022 protons/cmB);
Lore = effective length of the hydrogen target (7.65cm);

a = nuclear interaction correction (typically l.l?ii.OB);
b = electronic dead time correction (1.04 + .02);

¢ = accidental anticoincidence correction for the

Gerenkov counter (1.0l + .01);

and d = counter inefficiency correction (1.02 + .02).

Ni was given by the following formula:

i 78 T
N. = Nf - -§-e— Ni - -8 (N -
. s =4 s
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where

Ne(f) 3 . .

I = number of counts in MCA channel k in the
run with the target empty (full), and

Se(f) = number of counts recorded by beam monitor S

in the run with the target empty (full).
To the value of cross section thus obtained were associated
an average momentum, §i (see Sec. D of this chapter), and an
error obtained by adding orthogonally the fractional error
due to AN.l and the fractional error in €5 (assumed to be 10%).
Large systematic errors may occur in a cross section obtained
from the wings of the deuteron spectrum. The number of
counts in such a channel is small, and unsubtracted back-
ground, particularly in the proximity of the proton distri-
bution, is magnified enormously by dividing by the small
value of €4 . Also, the €5 themselves have large fractional
errors in this region. Therefore, cross sections were not
obtailned from channels for which €5 was less than half that
predicted for the central channel of the deuteron spectrum.
In a series of runs at a gilven laboratory angle and
beam energy, a large number of individual cross section
measurements, each with its own average momentum, §i, is
made from gpectra taken at various spectrometer momentum
(po) settings. These values are averaged over suitable
momentum intervals to give the final cross sections listed
in the tables and shown in the graphs that follow. For
example, in the run at a beam kinetic energy of 1.55 GeV

and a deuteron production angle of 11.55°, all of the
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individual measurements with 1.60 §.§i < 1.65 GeV/c were
averaged to give the final cross section and momentum for
the interval. In the interval were points taken with
Py = 1.50, 1.60, and 1.70 GeV/c.

A comprehensive tabulation of the results of the
experiment and graphs of the differential cross section for

deuteron production in the c.m. system are given in Appendix

IT.



CHAPTER IV

DISCUSSION OF RESULTS

A. Differential Cross Section in the Laboratory System

Figs. 17-19 show the differential cross section for
deuteron production in proton-proton collisions in the
laboratory system as a function of momentum at angles of
5.9, 11.55, and 15.72° with respect to the beam direction.
The proton kinetic energy was 1.55 GeV. Fig. 20 is the
spectrum at 0° and 1.55 GeV obtained by Turkot,‘gg_gl.lg

The sharp peaks at the extremes of the continuous
spectrum (see Fig. 19, for example) arise from the reaction
p +p-—=+d+ n+. The region of these peaks was omitted in
some spectra. The peaks at low momenta are sharper than
those at high momenta because the time-of-flight technique
yields finer momentum resolution for slower particles.

The laboratory spectra obtained at the other energies

of this experiment are tabulated in Appendix IT.

B. Differential Cross Section in the Center of Mass System

The cross section in the c.m. system for deuteron
production in proton-proton collisions at a proton kinetic
energy of 1.55 GeV 1is shown in Figs. 21-30. Fig. 21 is a
plot showing the points where the differential cross section
was measured as a functlion of p*, the deuteron c.m. momentum,

and cos6¥*, the cosine of the angle of the deuteron in the

58
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Fig. 21. Plot of the points where the differential cross

section for deuteron production in proton-proton collisions
has been measured at 1.55 GeV as a function of the cosine of
the deuteron c.m. production angle and c.m. momentum. The
symbols have the following meanings:

e Point where a measurement was made in this experiment.

0 Point indicating a measurement in this experiment at
(p*, +cos8¥*) plotted at (p¥*, -cosb¥) through use of the re-
flection symmetry of the differential cross section in the
line cosB*=0 (see text).

A Point where a measurement was made by Turkot, 23.9;.12

B Point where an estimated cross section value was sup-

plied to the least squares fitting routine.

The numbers next to the symbols are the values of the c.m.

differential cross section,
dgo

dQ*dp* ?
in wb/(sr GeV/c). Estimated values have been placed in par-
entheses. The values quoted for this experiment are slightly
in error. Corrections made to the data subsequent to the
preparation of this plot resulted in a 5% increase in all the
values. The corrected data have been used in the other graphs
in this paper.

The line labeled P;ax represents the maximum deuteron c.m.
momentum possible in a final state containing two or more
pions.

The measurements at a given fixed deuteron production angle
in the laboratory, GL’ fall on a curved trajectory in this

plot.
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c.m., relative to the direction of the incident proton.
Points measured in this experiment for cos® < 0 are plotted
as so0lid circles. Since the initial state of the measured
reaction consists of a pair of identical particles (assuming
the proton beam was unpolarized), the cross section must be
symmetric in the line cosf* = 0. The open circles represent
points where data were obtained with cos6* > 0, but have been
plotted at -cos6* through the use of this symmetry. The
triangles represent measurements of Turkot, gzngé.lg The
dashed line labeled p*maX marks the maximum momentum at
which the deuteron can be produced with two or more pions.
The only contribution to the total deuteron production cross
section above this line is from the reaction p + p—+d + ﬂ+,
which has been studied extensively elsewhere‘,l’2 The points
from this experiment at a given laboratory angle fall along
a curved trajectory in the plot. Each point is labeled with
the corresponding value of the c.m. differential cross
section in ub/(sr GeV/c). Several corrections have been
made to the data of this experiment since this chart was
prepared, so the values quoted are 5% too low. The correct
values, which are tabulated in Appendix II, have been used
in all graphs presented in this paper and in the least
squares fit to the data described below.

In order to obtain the total cross section for
deuteron production at this energy, the data were fitted with

a polynomial of the form
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B ¢ ;
p*) T I A, P*P

R (cosb¥*).

2k

The Ajk were determined by the method of least squares.3o The
total cross section (except for the reaction p + p —d + ﬂ+)
was then given by the integral of this function over p¥*
between O and p*max and over all values of solid angle. The
resulting expression is:

%J
Ajo P

M

- 3
Ttotar(d T 2 2m) = AT (2% ) joo (Jt2)(J+3) 7

The use of only even Legendre polynomials insured that the
fitting function would have the desired symmetry about
cosb* = 0. The cross section is zero when p* = 0 and when
p* = p* . The two leading terms guaranteed this behavior
for the fitting function.

It was necessary to provide the least squares fitting
routine with an estimate of the cross section in the region
0 <p*< .1l GeV/c where no measurements were made. Without
such a constraint, the fitting function could assume large
and unphysical positive or negative values in this region.
This was done by supplying fictitious data at the locations
indicated by the solid squares in Fig. 21. The values,
shown in parentheses next to the squares, were chosen to be
the same for all cosf* at a given value of p¥*, and to agree
with the measured cross section at cosb* = -1. This seemed

reasonable since the cross section data tend to become more
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nearly isotropic as p* decreases, andare already nearly so
when p* = .18 GeV/c. The fictitious values were given large
errors so they would not be weighted heavily in the calcula-
tion of the Ajk'

The expansion coefficients for the best fit to the
data at 1.55 GeV are given in Table IV. The total cross
section was 187 + 24 ub (not including the reaction
p+p—=+d-+ n+). This value was insensitive to the order
of the fit (i.e., the values of B and C chosen for the fitting
polynomial}, and hence to the detailed behavior of the fitting
function.

Figs. 22-27 show the experimental values of the c.m.
differential cross section plotted against p*. Note that
this is a double valued function. The two branches have
been plotted separately for the 5.9 and 11.55° data. The
solid line is the least squares fitting function. The same
data plotted against cosf*are shown in Figs. 28-30.

The least squares function provides a useful repre-
sentation of the general behavior of the c.m. cross section,
although it tends to smooth the detailed structure of the
data. It i1s shown in Fig. 31.

Fig. 32 is a plot of the points where the differ-
ential cross section for deuteron production in proton-
proton collisions was measured for a proton kinetic energy
of 2.5 GeV. The expansion coefficients for the least squares

fitting function at this energy are given in Table V. The
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Fig. 32. Plot of the points where the differential cross
section for deuteron production in proton-proton collisions
has been measured at 2.5 GeV as a function of the cosine of
the deuteron c.m. production angle and c.m. momentum. The
symbols have the following meanings:

® Point where a measurement was made in this
experiment.

o0 Point indicating a measurement in this experiment
at (p*, + cose*) plotted at (p*, - cosf*) through use of the
reflection symmetry of the differential cross section in the
line cosf* = 0 (see text).

A Point where a measurement was made by Turkot,

et al.l2

B Point where an estimated cross section value was
supplied to the least squares fitting routine.

The numbers next to the symbols are the values of the
c.m. differential cross section,

d2o

“@MFdp¥

in pb/(sr GeV/c). Estimated values have been placed in
parentheses. The values quoted for this experiment are
slightly in error. Corrections made to the data subsequent
to the preparation of this plot resulted in a 5% increase in
all the values. The corrected data have been used in the
other graphs in this paper.

The line labeled pgax represents the maximum deuteron
c.m. momentum possible in a final state containing two or more
pions.

The measurements at a given fixed deuteron production
angle in the laboratory, eL, fall on a curved trajectory in
this plot.
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function is shown in Fig. 33. Corresponding representations
of the data at 2.9 GeV are given in Fig. 34, Table VI, and
Fig. 35. Graphs of the c.m. differential cross section vs.
cosB* and p* are gilven in Appendix II for these two energies.
The data shown here for a proton kinetic energy of
2.9 GeV were taken in the initial experimental run under
poor beam conditions which produced a high background rate
with the target empty. The observed cross section was then
the small difference between two nearly equal numbers, and
was subject to large statistical uncertainties. It was even
possible to obtalin negative experimental values for the cross
section when by chance the run with the target empty yielded
a proportionately larger number of counts than the run with
the target full. Such measurements have not been discarded
because to do so would bias the fitting function toward
larger values of cross section. The negative values occurred
when the differential cross section in the laboratory was
very small., The values were magnified considerably by the

Jacoblan in the transformation to the c.m., but since they
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Fig. 34. Plot of the points where the differential cross
section for deuteron production in p-p collisions has been
measured at 2.9 GeV as a function of the cosine of the
deuteron c.m. production angle and c.m. momentum.

The symbols have the following meanings:

® Point where a measurement was made in this
experiment. The numbers next to these symbols, while
representing the general trend of the differential cross
section (in pb/gr GeV/c)) at the points, do not correspond to
the final data from the experiment. The correct data have
been used elsewhere in this paper, and are tabulated in
Appendix II.

B Point where an estimated cross section value
(shown in parentheses) was supplied to the least squares
fitting routine.

The line labeled pﬁax represents the maximum deuteron
c.m. momentum possible in a final state containing two or
more pions.

The measurements at a given, fixed deuteron production
angle in the laboratory, 8 fall on a curved trajectory in

this plot.

LJ
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Since no data were available for values of p* < .£3
GeV/c at 2.9 GeV, fictitious c.m. cross section values for
the fitting routine were chosen in this region so that the
resulting function would decrease smoothly to zero as p¥

went to zero.

C. Energy Dependence of the Total Cross Section

The total cross section for the reaction

p +p—+d+> 21 obtained from the least squares fitting
function is shown for the three proton kinetic energies of
this experiment in Fig. 36. The errors indicated include
the 8% uncertainty in the calibration of the beam intensity
monitors. Also shown is the total deuteron production cross
section in proton-proton collisions at these energies. The
cross section for the reaction p + p—+d + n+ was obtained

1,2

from Heinz, et al. and added to the results of this

experiment to get these data. The data are compared with
total cross section measurements at 2.05 GeV by Sechi Zorn,7
at 970 MeV By Bugg, gz_il.,ll and at 380 MeV by Holt, gg_gl.3l

D. Differential Cross Section vs. Invariant Mass of the
Pion System

A system of two or more pions in a state of unit
isotopic spin and a net charge of +1 was formed along with
the deuteron in this experiment. At a fixed beam energy, a
measurement of the magnitude of the deuteron c.m. momentum
was sufficient to determine the invariant mass, Mx’ of the

pion system. In Figs. 37-45, the differential cross section
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Fig. 36. Total cross section for deuteron production in
p-p collisions vs. the kinetic energy of the incident
proton. The values plotted with open symbols do not
include the cross section for the reaction p +p—=+d +nm
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Fig. 37. Differential cross section for deuteron production
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Turkog, gg_gl,lz The laboratory deuteron production angle
was OY.
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Fig. 44, Differential cross section for deuteron production

in p-p collisions at 2.9 GeV vs. the invariant mass of the
system of particles formed along with the deuteron. The
laboratory production angle of the deuterons was 5.9°. The

raw data were averaged in laboratory momentum steps of .02 GeV/c
(see Chapter III, Section J).

Fig. 45. Differential cross section for deuteron production

in p-p collisions at 2.9 GeV vs. the invariant mass of the
system of particles formed along with the deuteron. The
laboratory production angle of the deuterons was 5.9°. The

raw data were averaged in laboratory momentum steps of .04 GeV/c
(see Chapter III, Section J).
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for deuteron production is plotted against this variable.
The formation of a resonant state in the pion system would
produce an enhancement in the cross section at a value of MX
corresponding to the mass of the resonance.

Statistical errors in the data from the first experi-
mental run at 2.9 GeV are so large that detailed structure
is obscured. Figs. 44 and 45 show the data from the second
run at this energy, which was performed under improved beam
conditions. The cross section was averaged in deuteron
laboratory momentum steps of .02 GeV/c for Fig. 44. Fig. 45

shows the same data averaged in steps of .04 GeV/c.



CHAPTER V

CONCLUSIONS

A. General Features of the Cross Section

The laboratory angular distributions of the deuterons
produced in proton-proton collisions from 1.5 to 3 GeV are
peaked in the forward direction. No deuterons have angles
greater than 23° relative to the beam direction due to the
kinematics of the process. All deuterons are formed with
large momenta (> 1.0 GeV/c).

The c.m. differential cross section distributions
obtained at the three energiles of this experiment show a
general similarity to one another. The cross section is
peaked in the forward and backward directions for large deu-
teron c.m. momenta. The maximum becomes more broad as the
momentum decreases until the cross section is almost isotropic
at small momenta. There is evidence of structure in the broad
maximum at interinediate momenta.

The cross section at 1.55 GeV seems to possess a
valley and second maximum at intermediate values of momentum.
A1l the measurements in the valley come from the experimental
run at a laboratory production angle of 5.9° with deuteron
momenta greater than 1.7 GeV/c. The two neighboring peaks
come from points taken at momenta less than this value. A

systematic error resulting in a loss of counting efficiency

100
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at high momenta could cause this effect. An argument against
such an error is the fact that the cross sections agree with-
in statistics in the neighborhood of the two points where
measurements were made at both high and low momenta: (p*= 48,
cosb*= -.87) and (p*= .47, cosb¥*= -.45). There 1s another
possible source of error. The measurements in the valley
come from data taken with cos8*>0 and reflected in the line
cos6*= 0, The cross section need not be symmetric in this
line if the proton beam were polarized. However, a recent
polarization experiment32 performed in Beam III of the Brook-
haven cosmotron showed no evidence of this, and Beam II,
where this experiment was performed, is very similar in all
respects. Another possible interpretation of these data,
which follows from neglecting the high momentum half of the
5.9° run, is that there is a broad maximum in the cross sec-
tion extending from cos6¥%= -1 to cos6*= -.5 for c.m. mo-
menta near .35 GeV/c.

The sharp peak at cosf*= -1 disappears for c.m. mo-
menta less than .4 GeV/c. The cross section is almost iso-
tropic for momenta less than .2 GeV/c. The peak seen in the
fitting function (Fig. 31) between cosb*= -.9 and cosg*= -1
is of little significance since no data were taken in that
region.

The 2.5 GeV data show evidence of suppression of
deuteron production in the extreme backward direction for
c.m. moments between .4 and .6 GeV/c. Of course, the ob-

served behavior of the cross section at 180° depends on the
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normalization of the data of this experiment relative to
that of Turkot et al. Errors in normalization arise from the
various errors in the analysis technique summarized in Chap-
ter III, Section J and indirectly from the error in the beam
energy determination, which leads to errors in the Jacobians
used to transform the cross section from the laboratory to
c.m. system. The combination of these effects leads

to an error of + 15% in the absolute normalization of this
experiment 1f we assume a 10% systematic error in the deter-
mination of the e; {see Chapter III, Section J). Since an
error of 8% is quoted for the data of Turkot et al., the
normalizations of the two experiments should agree to within
+ 17%. The observed decrease in the cross section at 180°
is typically 24%, and so appears to be significant.

No conclusions can be made concerning the detailed
structure of the cross section at 2.9 GeV because the stat-
istical errors are so large and because no measurements were
made at cosb¥= -1. The general trend of the data is similar
to that observed at the other two energies.

The total deuteron production cross section seems to
decrease monotonically with energy (see Fig. 36). A maximum
appears in the cross section for multiple pion production
near 2 GeV. A listing of the partial cross sections from

152 and

this experiment, the experiment of Heinz et al.,
various bubble chamber experiments is shown in Table VII.
The data appear to be consistent except for the measurement

of the cross section for the reaction p + p->d - ﬂ+ + m° at
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1.48 GeV by Eisner et al.,> which is based on 26 events.
It seems probable that the measurement 1s erroneous since
the results of our experiment seem consistent with those of
Turkot et al. at 1.55 GeV and the bubble chamber measurements
at neighboring energies give relatively small values for this
partial cross section. Perhaps some other final states con-
taining one neutral and two charged particles, for example
prm+ (of which 1048 were observed), or ppm® (of which 242
were observed) were mistaken for dn e .

It is interesting to note that the total multi-pion
cross section deduced from the measurement at 0° of Turkot
et al.l2 assuming an 1sOtropic angular distribution would
be 230 pb at 1.55 GeV, 150 pb at 1.93 GeV, 190 ub at 2.11 GeV,
and 190 pb at 2.50 GeV. The values measured in this experi-
ment are smaller at 1.55 and 2.5 GeV since the c.m. differ-
ential cross section is smaller on the average for nonzero
production angles than for 0°. At 2 GeV, however, Sechi Zorn
reports a total cross section of 224 +18 ub, significantly
larger than that obtained from the results of Turkot et al.
If the measurements are correct, the differential cross sec-
tion for deuteron production must be larger on the average
for nonzero production angles at 2 GeV. Such behavior is

seen, for example, in the reaction p + p~d + ﬂ+ at 1.5 GeV.l’2

B. Comparison with General Proton-Proton Inelastic Scattering

4.5

Bubble chamber experiments studying proton-proton

inelastic scattering in the energy range 2-3 GeV have reported
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angular distributions of nucleons produced in final states
containing two and three pions. It is interesting to compare
them with the results of this experiment.

At 2 GeV,4 the distributions of nucleons produced
with two pions show sharp peaking in the forward and back-
ward directions. For example, in the reaction p + p
p tn +'n+ + 1%, approximately four times as many nucleons
are formed with a c.m. angle whose cosine lies between .8
and 1.0 as between O and .2. In the final states containing
three pions, the nucleons emerge almost isotropically. At
2.85 GeV,5 the distributions of nucleons from both two and
three pion final states are more sharply peaked forward and
backward than they are at 2 GeV.

A similarity exists in the results from this
experiment. Sharp peaking is observed in the c.m. differential
cross section at large deuteron c.m. momenta where phase
space arguments indicate that final states containing two
pions are dominant. At lower momenta, as the final states
containing three pions become increasingly important, the
differential cross section becomes more nearly isotropic.

But even at high momenta, the peaking does not appear to be
as sharp as that observed in the distributions of unbound
nucleons produced with two pilons.

Triple pion final states play a more important role
in deuteron production than in general proton-proton inelastic
scattering. For example, at 2 GeV, the ratio of the number

of pnn+ﬁ° to pnn+ﬁ+ﬁ— final states is --10:1, whereas the



106

ratio of dn'm® to dn'mTm is only ~p:1. 0
The experiments on proton-proton inelastic scattering
gave no indication of structure, such as suppression of nucleon
production in the extreme forward or backward direction, at
either 2 or 2.85 GeV. The number of events in most of the
angular distributions was small, however, and the data were

averaged in intervals too broad to reveal fine details.

C. Comparison with Statistical Model

A prediction can be made on the basis of the statis-
tical model for the ratio of the total deuteron production
cross section to the total proton-proton inelastic cross sec-
tion at a given energy. Hagedoran has calculated this ratio
for an incident proton kinetjic energy of 2.3 GeV. If we take
the total proton-proton inelastic cross section to be 27 mb29
at this energy, the total deuteron production cross section
should lie between 160 and 340 ub depending on the value chosen
for Qd’ the integral of the normalized deuteron wave function
over the interaction volume. The interpolated value at 2.3
GeV from the data of Fig. 36 is 190 % 30 ub, which is within
the predicted range. A prediction was also made for the ratio
of the cross section for the reaction p + p=d4d + ﬂ+ to the
total proton-proton inelastic cross section. At 2.3 GeV, the
cross section for the reaction should fall between 10 and
20 pb. The interpolated experimental value from Heinz gz_gi.l’g

is 40 £ 2 ub, in definite disagreement with the theory. It is

encouraging, however, that the proper order of magnitude was
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predicted for the cross section. ©No calculation was made for

the deuteron momentum distribution at this energy.

D. Pion Resonances

A search for pion resonances of unit isotopic spin
in the mass range 400 - 1000 MeV yielded evidence for p pro-
duction. Upper limits were set for the production of the
¢(560) and X'(960) in this reaction. The results are given
in Table VIII.

The conclusions were drawn from the graphs of the
differential cross section plotted against the invariant
mass, Mx’ of the system of pions formed with the deuteron
(Figs. 37-45). Phase space distributions for dm m® and
antnTn® final states are given in Fig. 46 for a beam energy
of 2.5 GeV and in Fig. 47 for 1.55 GeV. A discussion of
the results concerning each resonance follows.

1) The p

An enhancement centered at 760 MeV appears in the
three spectra where that mass value was covered at 2.5 GeV
(see Figs. 40-42). For example, in Fig. 41, the cross sec-
tion is ~36 pb/sr at M, = 650 MeV and also in the neighbor-
hood of 875 MeV, while between 700 and 800 MeV, the average
is a0 ub/sr. The fact that the enhancement occurs in all
spectra with a position and width consistent with the accepted
values for the p meson led to the conclusion that the effect
was caused by that particle. The spectrum of Fig. 42 is par-

ticularly convincing, since the background seems to be slowly



ma.ﬂm.mm.qpoxhﬁH 3O ®IBD OUY WOLZ DSONPAQ

108

L > 6° - 05 6°6 62 (096) X
G* > 6° - 0.l GG TT G*z (09G)2
e > 8g° - o€ 6°G GG T (09G)3
45T > 00°T- 02 No as° 1 (099)3
+ 9 Gl - oty GG 1T Gz (09.)d
+ ) G6° - ot 6°G G 2 (09.)d
+ o¢" 00°T- ASH 02 o) Gz (09L)d
uoTANTOS9Y (qeT) oTSuy ASDH
*xUP %0800 S SeN UOTAoNpPoIJ K3asuyg S0UBUOSSY
op oq1ewTxOoIddy uoJIainsq weosg

VIVA HONVNOSHY
IIIA HTIIVL



109

Fig. Mé. Lorentz jnvariant momentum space distributionsSd
for dmn'n° and dn' m n final states formed in proton-proton
collisions at 2.5 GeV. The abcissa 1s the invariant mass of
the pion system. The relative ngrmalization of the two dis-
tributions is arbitrary. The,dg n°n° distribution differs
only slightly from that of dm' m m .

Fig. 47. Lorentg ;nvariant momentum space distributions33
for dm' n° and dn nm' w final states formed in proton-proton
collisions at 1.55 GeV. The abcissa is the invariant mass of
the pion system. The relative ngrmalization of the two dis-
tributions is arbitrary. The, dy n°r° distribution differs
only slightly from that of dm mw m .
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varying in the region of the p. The fact that the enhancement
i1s so small is not unusual in proton-proton scattering. For
example, Hartlgg_gl.S report no evidence of the p in 414 events
of the type p + p»p +p + R 2.85 GeV.

The differential cross section for p production is
difficult to determine from these spectra because the size
and shape of the nonresonant background is unknown. Both
two and three pion final states would be expected to con-
tribute significantly to it at this energy. Also, the c.m.
production angle varies with Mx in the spectra taken in this
experiment, so the general angular dependence of the differ-
ential cross section will contribute to the variation. The
resonance contribution was estimated by finding a function
consisting of a Breit-Wigner distribution of 120 MeV width
plus a smoothly varying background which was consistent with
the data. The differential cross section for p production
found in this manner was .7 + .4 ub/sr at cosf*= -.95 and
6 + U4 ub/sr at cos6*= -.75. The result at cosf*= -1.0
from Turkot gﬁugi.lg was .36 £ .16 ub/sr. Although the errors
are large, the data indicate that the differential cross sec-
tion for the reaction p + p+d + p+ is not sharply peaked in
the forward direction at 2.5 GeV.

No data were obtained with sufficiently small statis-
tical errors in the region of the p to allow an estimate for
the production cross section to be made at 2.9 GeV.

2) The ¢
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The experiment of Sechi Zo:mr16’7 at 2.05 GeV showed
evidence for the reaction p + p-—>d + g+, where ( 1s
a narrow two pilon resonance with isotopic spin equal to one
and a mass of 500 MeV. (see Chapter I, Section B). The total
cross section, based on 10 events, was & + 3 ub. Subse-
quently, Turkot g3_§1313 found no convincing evidence for
production in spectra of deuterons produced at 0° in proton-
proton collisions at 1.55, 1.93, 2.11, and 2.50 GeV, although
total cross sections ~ 1 ub could not be excluded.

Some reaction52 involving deuterons seem to be
suppressed at 0° in this energy range, so it was of interest
to search for the { at nonzero production angles, as was done
in this experiment. No evidence for { formation was seen.
Upper bounds on the total cross section at a 90% level of
confidence are U4 ub at 1.55 GeV and 6 ub at 2.5 GeV 1if we
assume the particles are produced isotropically.

3) The X'

A neutral nmnm resonance of narrow width has been
seen at a mass of 960 MeV.34 Tt is called the X°, and is
generally believed to have isotopic spin zero, although its
quantum numbers have not been determined conclusively, and
an assignment with an isotopic spin of one 1s possible. For
this reason, we decided to look for a charged particle
with a mass near 960 MeV. A special run at 2.9 GeV with
improved statistics was made in the mass region 900-1000 MeV.
The results (Figs. 44 and 45) show a small peak at a mass of

940 MeV, but it is not statistically significant. An upper
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limit at a 90% level of confidence for the production of the
hypothetical xt is .7 ub/sr.

A recent experiment of Kienzle et gl.35 reports
evidence of the formation of a narrow multipion resonance
with a mass of 962 + 5 MeV and an isotopic spin of one or
two. The particle, X , was produced in pion-proton
collisions with incident pion momenta in the range 3-5 GeV/c.
The total production cross section was very small: 15 + 5
uwb. Since the p, which is produced with a large cross
section in pion-proton collisions,36 is barely seen in our
experiment, the fact that we do not observe an X+ does not

indicate disagreement with the experiment of Kienzle et al.

E. Comparison with Deuteron Production in Proton-Nucleus
Collisions

Deuteron production by 2.9 GeV protons incident on
beryllium and platinum has been studied in a recent
experiment by Piroué and Smith.15 The deuteron yield was
measured as a function of momentum at angles of 13°, 30°,
60°, and 93° with respect to the beam direction in the
laboratory. The results at 13°for beryllium are compared with
those from this experiment at 11.55° and 2.9 GeV in Table IX.

The elementary interaction may make an important
contribution to high momentum (>2 GeV/c) deuteron emission.
Here, the differential cross section for deuteron production
in proton-proton collisions at 11.55° approaches that
observed per nucleon in the 13° proton-beryllium data. Also,

the high momentum deuteron yield from proton-nucleus
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TABLE IX

COMPARISON OF MOMENTUM DISTRIBUTIONS OF
DEUTERONS PRODUCED IN PROTON - PROTON
AND PROTON - NUCLEUS COLLISIONS

Deuteron d20 [ mb ]

ﬁggZ£iE;ry adQ dp | sr GeV/cJ 5
(Gev/c) poP (peg ;ugieon)b

e 0 .29

1.0 0] AT
1.5 .06 £ .02 .38
1.7 .15 + .05 .32
2.0 .15 £+ .04 27
2.1 .23 + .04 .23
2.2 .18 £ .06 .19°
2 21 + .06
2.4 .22 £ .07

Data from this experiment at 2.9 GeV, 11.5%5°

Approximate values from Piroué and Smitht? at 2.9 GeV, 13°.
The values shown are 1/9 x the Be? cross sections.

Extrapolated value.
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collisions falls off rapidly with increasing angle, as is
observed for proton-proton collisions. The low momentum
deuterons from proton-nucleon collisions do not display this
marked an angular dependence.

The most striking feature of the data of Piroué and
Smith is the large number of deuterons produced at momenta
too low or angles too great to be kinematically allowed in
elementary proton-proton collisions. Moreover, the total
deuteron production cross section per nucleon in proton-
beryllium collisions was found to be ~1 mb, compared with
.14 mb in proton-proton collisions at 2.9 GeV (see Fig. 36).
The dominant role in deuteron emission from proton-nucleus
reactions must therefore be played by specifically nuclear

processes.



APPENDIX I

BEAM MONITOR CALIBRATION

The beam monitor telescopes (see p. 19) recorded a
number of counts proportional to the total number of protons
passing through the target in each experimental run. The
radioactive foll technique was used to determine the constant
of proportionality between the number of monitor counts and
the actual proton flux.

At some point during the series of experimental runs
at each energy, a thin polyethylene foill 10 cm square was
exposed in the beam for one minute at a flux of 2-5x109 pro-
tons per burst. The radiocactive isotope Cll was produced

12( 11 11

in the foil through the reaction C C decays

p,pn)C
through positron emission with a half-1life of 20.5 min. The
number of Cll nuclei produced by the beam was determined by
measuring the activity of the foll at a known time after the
activation. Since the cross section for the reaction

12(p,pn)Cll is known,37 the number of protons which passed

C
through the foil could be determined. The ratio of the pro-
ton flux to the number of counts recorded by the beam monitors
during the foll activation was then calculated and used to

determine the absolute proton flux in the experimental runs

at the same beam energy.

116
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The following formula was used to determine the pro-

ton flux, F, by the radiocactive foll technique:

1039 u to aN

F = —l.
A (1-n) o(B) s e 1o TMPe GTITE

where M = gram molecular weight of the foil (14.03 gm for
polyethylene)
Avogadro's number (6.02x1023)

2(p,pn)Cll at the energy of

S

o(E) = cross section for ¢t
the activation (~ 26 mb in the energy range 1-3 GeV 37)

s = thickness of the foil in mg/cm2 determined by
carefully measuring the area and mass of the individual
foils (typically 9 mg/cm2)

€ = fractional efficiency of the NaI well counter used
in measuring the activation of the foil (.90)

to

time at the end of the activation period (in min-

utes; t = 0 at the beginning of the activation)

%% = cll decay rate in counts per minute

1 (3.39X10~2 min_l)

A decay constant for C

fraction of Cll atoms lost due to formation with

n

sufficient kinetic energy to escape from the foil (.142 for

8).

The decay rate at t = to was given by

a polyethylene foil of thickness .004 in.>

A(tq-to)
N A NC e 1
dt

t=to 1oe ~MEs-ty)
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where tl = time at beginning of counting period to determine
the Cll activity (t = O at the beginning of the foil activa-

tion)

c+
I

time at end of counting period

=
I

number of counts (background subtracted).
t2 - tl was typically 10 min.

The derivation of the formula for F is described in
detail in references 2 and 39. Analysis of the errors in-

volved shows that the flux is determined to an accuracy of

+8% in this manner .



APPENDIX II
TABLES AND GRAPHS OF THE
DIFFERENTIAL CROSS SECTION
In the tables that follow (Tables X-XX), differential

cross section distributions for deuteron production in
proton-proton collisions are given for all incident proton
kinetic energies and deuteron laboratory production angles
covered in this experiment. The symbols used have the

following meanings:

p = deuteron laboratory momentum
p¥* = deuteron c.m. momentum
MX = invariant mass of the system of particles

produced with the deuteron

cosh* = cosine of the deuteron c.m. production angle

2

dgdo = differential cross section for deuteron
b production in the laboratory system

d%s  _

A% = differential cross section for deuteron
production in the c.m. system

= gpectrum of differential cross section vs. Mx'

The power of ten multiplying the values listed for
the differential cross sections are given following the E.
That is, .327E-02 means .327 x 107 2.

Graphs of the differential cross section in the c.m.
are given in Figs. U8-64 for incident proton kinetic energies

of 2.5 and 2.9 GeV. The graphs at 1.55 GeV are given in

Chapter IV, Section B. In the captions of these figures,

119
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Tp is the incident proton kinetic energy and ed is the

deuteron laboratory production angle.
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was sharply peaked in the forward and backward directions for large c.m.
momenta. The maximum became more broad as the momentum decreased until
the cross section was almost isotropic. There was evidence of structure
in the broad maximum at intermediate momenta.

The total deuteron production cross section decreased monotonically with
incident proton kinetic energy from 310 + 25 ;b at 1.5 GeV to 137 * 21 pb at
2.9 GeV. The interpolated value at 2.3 GeV was consistent with the statis-
tical model prediction. The cross section for production of deuterons as-
sociated with two or more plons had a maximum near 2 GeV.

A search for pion resonances of unit isotopic spin in the mass range
400-1000 MeV through reactions of the form p + p > d + xt yielded evidence
for p production. At 2.5 GeV, the p production cross section was small
(Utotal <9 pb) and did not appear to be sharply peaked in the forward and
backward directions. Upper limits were set for the production of the

t (560 MeV) and the xt (960 MeV) resonances.

The laboratory distributions in momentum and angle of deuterons produced
in proton-proton collisions at 2.9 GeV were found to be much different from
those arising from proton-beryllium and proton-platinum collisions at the same
energy. The total deuteron production cross section per nucleon was ap-
proximately six times greater in collisions of protons with beryllium than
in collisions with other protons, indicating that specifically nuclear
processes are at work in the former case.
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