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ABSTRACT

PION AND PROTON PRODUCTION IN PROTCN PROTON

COLLISIONS AT 12.4 geV/c

by
John Layton Day

Chairman: Alan D. Krisch

The differential producticn cross section for pions.
and the differential inelastic cross section for protons
were studied in proton proton collisiocns at 12.4 GeV/c.

The cross sections for the pions were measured on lines of
fixed P, and Pf in the center of mass while circles of
fixed energy loss 1n the center of mass were used for the
protons.

There are two main featufes of our pion data. When
the cross section-dgg/dndp for the pion is plotted against
Pf, there is a maximum at Pz@ = 0 GeV/c which contradicts
our earlier evidence of a two center model of particle pro-
duction. We now believe this earlier evidence to be in
error. The second point is that a very sharp forward peak
of the form e 19F, appears in the P_L dependence.

A plot of the proton data shows the cross section
“0 be a Gaussian which is independent of the value of the
circles of fixed energy lecss.

o

Qurs was totally a ccunter experiment consisiing of



a liquid hydrogen target, three magnets, scintillation coun-
ters, and one gas threshold 5erenkov counter. The second
extracted proton beam (EPB II) of the ZGS was our source of

impinging protons.
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CHAPTER I
INTRODUCTION

For the past several years experiments have been
performed by a University of Michigan group in collaboration
with perscnnel from the Argonne National Laboratory studying

1-3

elastic and inelastic proton proton collisions. This pre-
seRt experiment was designed as a logical extension of these
and other“eﬁﬁor@s.n Specifically the purpose was twofold.
First there was the desire to learn more about the breaks

in the proton cross section in ihelastic ﬁrotdn proton

scattering and second to find out more details about the

fireball or two center model for particle production.

1.1 A Diffraction Model

Krisch and others have proposed a diffracticn model
for strong interactions and it is this model which has been
-ﬁhe theory underlying the severakl pést experiments.5 Some -
what simplified this model states that an excited region in
thé_vicinity of the two colliding protons comes into exis-
tence due to the exchange of quanta between the two protons.
The creation of particles from thié region can be described

by a Klein-Gordon eqguation

O+ m)p = p (1)



where ¢ 1is the meson field and p is & source function or

production probability density. o can be written as

D(R:r:Y) = p(R:rl:Y) + Q(R:rng) (2)

where y 1s the incident energy, R is the distance between
the two colliding protons and rq is the distance betweeﬁ
the produced particle and one of the protons while s is
the distance to the other proton. (See Fig. 1.) We can

rewrite Eq. (2) as

p = p(R,r,Y) (3)

since the produced particle is usually closer to one proton
than the other except for particle production near 90p in
the cenﬁer of mass. We will also assume that p is factor-

able.

p(Rsryy) = p.‘(R,Y)p"(I‘,Y)- (&)

It can be shown that elastic scattering depends only

on p'(R,y) and "the produced particle spectrum depends only on
p"(r,y). Further results of this theory show that the breaks
in the elastic cross section when plotted against sePf
lead to the idea of the proton having three regions.
These regions are concentric spheres with radii of .92,
.52, and .34 fermis. It was also suggested that these
three regions may be associated with plon, kaon, and anti-

proton production'respectivelyj Two points need to be

mentioned here: (1) these three regions exist only in the



FIG. 1. Drawing showing parameters
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interaction region and not in the proton and (2) this model

describes the Interaction region only for elastic scattering.

1.2 Experimental Background
An experiment was performed in 1968 by our research
group at Argonne to see if there did exist a simple cohnec—
tion between the mechanisms of elastic and inelastic scat-
tering. (See Ref. 4.) What was done was to study the cross

section , dec/dndp, for
p +p-+ p + anything (5)

on circles of constant momentum in the center of mass. The

anything means that we summed over an ensemble of channels

such as
GT+ + p +n
n++n'+p.+p
D+ b + - | (6)
7 +nwm +1m° +p+p
LFtC°

Care was taken not to know what the anything was.

The cross section was given by

" 4% AQAp- (7)

Events = I N
° dQdp

S0 to measure dgc/ﬁﬂdp, it was necessary to measure Io’ the
number of particles hitting the target; Nt’ the number of
target particles/cm23 and AQap, the phase space bite in the

.center of mass.



We chose P, to equal 1.4 and 2.1 va/c. For P
equal to 1.4 GeV/c, pions and kaons could be produced in
addition to the proton. For Pcm equal to 2.1 GeV/c, only
pions could be produced since kacn production was kinemati-
cally fbrbidden. If the three regions‘in elastic scattering
were caused by shadow diffraction scattering, there would be
a break in the 1.4 GeV/c cross section because of the two
regions involved, but nec break in the 2.1 GeV/c cross sections
gince only one region was involved. The result of the experi-
ment showed that the slopes were about the same and similar
to the second slope in the elastic scattering. This was
taken as evidence that the three regions in elastic scattering
are not caused by shadow diffraction scattering in the produc-
tion of pions, kaons, and antiprotons in inelastic collisionw

‘We have recently reinterpreted this data and pointed

out that if many of the interaction were of the type

pfp->p+ N*
L»_p+n++'... (8)

then there would be two protons, either of which could be

detected.6 This means that the observed cross section,

2

d 2
Fdp =~ B(E)) (9)

could be written as
B(PY) = a(P?)r(p9). (10}

A(Pf) is the cross section for the first proton ang f(Pf)



is a smearihg function caused by the decay of the N*. Un-
fortunately A(Pf) was not seen since small values of Pf were
not taken and it 1s this function and not B(Pf) which could
make clear the connection between elastic and inelastic

scattering,

1.3 Experimental Purpose

We now wanted to extend our previous data. In order
that our study of the relationship between elastic and in-
elastic scattering would be aé easy as possible we chose to
look at the scattered proton in Eg. (5) on circles of fixed
energy loss in the center of mass. On such a circle an
inelastically scattered proton possesses an energy which is
less than that of an elastically scattered proton. For
example in a 12;4 GeV/c proton proton collision, an elas-
tically scattered proton has a center of mass energy of 2.5
' GeV. All thé inelastic protons observed have an energy less
than this.’ Experimentaily, circles of fixed momentum and
cirﬁles of fixed energy loss are the same. Figure 3 shows
the points we took. The circles are from the latest exper-
iment while the squares are from -the 1968 experiment. AS$
can: be seen, we looked at much smaller angles and covered
the guadrant well. |

The second part of the experiment was the study of
pion production in.proton proton collisions. We were par-
ticularly interested in gaining additional clarification and
verification of the two center or firebzall model of particle

production. The fireball model for particlé production
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states that there is a fireball or cloud which follows each
of the two protons after they collide. These clouds spew
out pions. Naturally, the pion production would be a max-
imum at rest in the fireball rest frame. For this study
~we held P, constant énd varied‘sz- The quantity PL is the
momentumAvector of the pion which is perpendicular to the
impact direction of the two protons in the center of mass
and sz is the momentum vector along the impact direction.
The center of mass system was chosen as our refer-
ence system instead o the laboratory system sinee any theory
concerning particle production would most likely appear more

simple in the center of mass system where there is symmetry

between the two protons.



CHAPTER 1T
EXPERIMENTAL EQUIPMENT

Our experiment Was performed on the second extracted
proton beam (EPB II) of the zero gradient synchrotron (ZGS)
at the Argonne National Laboratory. The target was a liquid
hydrogen flask 2.93 in. in diameter.. The spectrometer for
detecting the cutgoing particles consisted of three bending
magnets, one gas threshold Cerenkov counter, é lead colli-
metor, and various scintillation counters. The overall
length was 1350 in. and the total bend“angle for momentum
analysis was 11°, Table I 1ists other dimensions of the

layout.

II1.1 Hydrogen Target

In the last two years there has been a considerable
improvement in the design of hydrogen targets. No longer
is it necessary to have a target that requires constant re-
filling and large quantities of liquid hydrogen in reserve.
The;e two conditions required many man hours and elaborate
safety equipment. The use of liguid helium refregerators
has solved these prohlems.

Our target (Fig. 5.) was a 2.93 in. diameter flask
made of 3 mil H film wrapped with ten layers of 1/4 mil
aluminized mylar. On opposite sides of the flask and also

perpendicular to the heam, two small windows were cut



Apparatus

A. Scintilliation
Counters

Ml, M2, M3

Nl, N2, N3

B. 5erenkov
Counter
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C. Magnets
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TABLE TI.

Equipment information.

Dimensions
wxhxl in inches.

l.5x2x.5_
1.75x2x.5
1.75%2x%.5
6x5x.5
5x4x.é
hyxhx.5
6x6x.5
.5xlﬁl"
BSxlx1

20x42-c
20xk2-C
18 vI 72 (BM 105)

18 VI 72 (BM 105)

Distance from the
target in inches.

510
516.5
523
1347.5
1350
840
1050
108
96

1040

50
230
450
900
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in the insulation so that a wvisual check of the liquid level
could be made. The liquid level was normally known by the
reading of two temperature dependent resistors. One was
located at the top of the flask and the other was located
at the bottom of the flask. When the resistors were covered
with liquid their resistance changed from their Value when
they were uncovered. This change was noted on an ohmn meter.
The target was encased in a high vacuum jacket whose windows
were constructed also from 5> mil H film. (The side windows
allowed the monitors to view the target.)

The refrigerator used to operate the target was an
ADL model 342 Cryodone condenser/recondenser refrigerator
rated at ten watts using helium as the refrigerant. During
the expansion phase, the helium was around 12°K. Hydrogen
gas at 306°K entered the refrigerator and on the first cycle
‘was cooled to TCOK. The second cycle cooled the gas to a
11quid at 20°K. Initial cool down time was of the order of
three hours. Once the system was cooled it could be emptied
In about one half hour and since the liquid went into a
;eservoir, refilling was very fast, about fifteen to twenty
minutes. Control of the target was exercised by the exper-

-imenters, a great convenience.

II.2 BScintillation Counters
Ours was totally a counter experiment consisting or
thirteen scintillation counters and one gas threshold éeren—
B counter. Socme of the scintillation counters were used

PEfonitors to count the number of incident particiss going
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through the target while the other counters were used 1o
count the number of events. The Cerenkov counter served to
tag the particles as pions or protons.

Pilot B plastic scintillators of a half inch thick-
ness was used in the manufacture of all the scintillation
counters. Except for the Sl’ 82, and 83 counters all the
others used lucite light pipes. In the case of L Sé, and
53, since they were located within the tunnel, air light
pipes of aluminized glass had to be used. Otherwise there
would have beén excessively large single rates because of
the Cerenkov light produced by the background particles
traversing through the lucite. The tube bases used in the
counters were manufactured by Nanosecond Systems Inc.,
model number 561, and the tubes were RCA 7746 multiplier
photbtubes except forthe Cerenkov counter. It used an RCA
8575 tube with a modified EG&G type B 56AVP-1 photomulti-
plier tube base. This RCA 8575 had a bialkali cathode which

gave a higher quantum efficiency.

I11.3 Eerenkov Counter

Qur gas threshold éerenkov counter was made of two
aluminum cylinders--one piece 48 in. long, the other 20 in.
long. Each piece was a half inch thick and had a.5 in.
inner diameter. The end windows were each .05 in. thick
aluminum. As shown in Fig. 6, an aluminized elliptical
" mirror of one-eight in. lucite directed the Cerenkov
light through a 4 in. aluminum foil covered ultravioclet

transmitting conical light pipe to the 12 stage photomul-
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tiplier tube. In order to increase the light gathering
efficiency, . the inside of the counter'was 1inedrwith 5 mil
.aluminized mylar. A safety valve set at 556 ps;}was used
on the 8erenkov counter as a safety me;sure.:

' The counter was filléd with nitrogen except for a
few low belécity_points where ethane gas was used. To cut
down costs, since a fairly large quantity of'gas was required
during the run, technical grade was used. On previous ex-
periments this was a source of trouble since the inside of
the Cerenkov counter became coated with oil contaminants
from the gas causing the counter to lose eff;piencj.. Con-
sequently the counter had to be periodically cleaned.r This
:yéme two Matheson gas and liquid purifiers, model 450 with
‘#51 type A cartridge, were used in series and ho oil deposits
were found. However this could also be because these were
oill free tanks of gas. -

- All counters were furnished with lateral adjustments
and were mounﬁed on transit stands ﬁhich greatly -facilitated
fine adjustments in position, Use of plumb bobs and an
§ptica1 level gave an accurate reference as_to position ahd

ﬁlignment.

II.4 Magnets |
There were two types of magnets used in the spectfo-
meter. One type was a B-magnet (t&pe-BM 1058 in the Argonhe
ﬁSers Handbook) and the other was. e C-mdgnet(type 20xh2-c
iﬁ;the Argonne Users Handbook). The B-magnets were used

for momentum analysis while the C-magnet acted as ‘a steering
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magnet for the produced secondary particles. A second C-
magnet was used to restore the extracted beamlto its original
path.

To provide the momentum analysis, two B-magnets were
used each bending the secondary particles by 5.50. Each of
these magnets had an effective length that varied with cur-
rent, from 75.2 in. at 300 amps to 73.5 in. at 3000 amps.
The gap was 6 inch and the width was 15;2 in. The maximum
[B-d1 was 1400 kilogauss-inch. The first B-magnet, By, bent
the particles thru_counters Sl’ SE’ 83, and Cl' Magnet B2
then bent the beam through the center ¢f the remaining coun-
ters.

The purpose of the C-magnet was not primarily to
andlyze momentum but to steer the produced particles down
the center of the spectrometer. For example if a produced
particle had a laboratory production angle of lOo, without
the effect of the C-magnet, it would miss the telescope.

But with the C-magnet bending the particle inward it would
pass thru the spectrometer. In the same'way, a. particle

with a laboratory production angle of 5° must experience a
magnetic field in the C-magnet resulting in the particle
5eiﬁg bent ocut. So we see that the C-magnet can compensate
for changes in the lagboratory production angle resulting from
changes in the center of mass angle. The C-magnet then
eliminates the need for moving counters and magnets--a time
and money consuming venture. Also there is a reduction in
the point-to-point systematic error due to possible mis-

alignment in moving magnets and ccunters.
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The R-magnet was a restoring magnet returning the
extracted beam to its original position. When the C-magnest
either bent the secondaries in or out, it also deviated the
extracted beam because of its proximity and fringe field.
So the purpose of the R-magnet was to counteract the effect
of the C-magnet on the protons which passed thru our target
and to allow their use by other experimenters downsiream.

Physically the C and R-magnets were identical. Both
were 20 inch wide, 42 inch long, and had a gap of 3 in.

The maximum JB.d1 was 950 kilogauss-inch. The R-magnet was
230 in. downstream of the target and the C-magnet was 50
in. downstream of the target. The C-magnet was offset 3.5
in.. to the left looking downstream from the center line.
The reason for the offset was to move thelmagnet out of the
path of the extracted beam as much as possible.

Unlike the bending magnets, the C-magnet does not
 have & very uniform field. For example, a particle that
during its time.within the magnet is on the average 3 in.
off center does not experience the same [B.dl as would a
particle that was 1 in. off center. These magnets were
mapped by the staff at Argonne, so we could calculate the’
necéssafy center-line [B-dl to give the needed IB-dl at any
distance from the center 1ine.6 This average distance was
calculated from the trajectory Qf the particle of interest.

If the off-center fB-dl was 10% lower than needed then the

o

W

center-line jB-dl was 1increased by 10% bringing the off-cent

[B-dl to its proper value.



IT.5 Extracted Beam

We used the second extracted proton beam of the
7ZGS as our scurce of impinging particles. With the magnetic
- field éf the ring magnets held constant and the radio fre-
quency of the resonant cavity reversed, the circulating beam
moved radially in striking a .125 in. thick beryllium
Piccioni target. At each pass the beam lost energy in the
lip of the target and r.f. debunching occured which gave a
smooth, no spike spill. The beam was removed from the ZGS.
by a deflecting magnet during an outward phase of its radial
oscillation. The extraction was simultaneoué with that of
EPB I and the efficiency was about 24%. A typical beam spill
was of the order of 600 to 700 msec with a repetition rate
of around 3.2 sec. About 2x1010-protons of 12.4 GgeV/c were
in each pulse. There was an uncertainity in the absolute
value of the momentum of about 1%. The momentum spread was
less than 10 MeV/c and the angular divergenée of the beam
was about 3 mrad. ‘Spot size at the target site was a circle
with a diameter of about 1 cm. |

A system of guadrupoles and bending mégnets made up
the: beam transport line which brought the beam of protons
to a first focus at our target. The rough tuning of the
beam was accomplished by use of a standard beam tuning pro-
grem supplied by the ZGS. Since we had control of all the
ﬁransport magneté, it was quite easy for us to fine tune the

beaﬁ.
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II.6 SWIC

In order to center the beam on our target, we used
a remarkable device called SWIC, which is short for Scgmen-
ted Wire Ion Chamber.8 The SWIC resembles a wire spark
chamber consisting of three parallel planes of wires. The
inner one 1s at a high voltage (1 kV) and one of the two.
outer planes is_the horizontal profile array while the other
is the vertical profile array. When the proton beam passes
thru normal to the planes, the SWIC acts as a flow chamber
with air being the gas. Since each wire 1s connected to its
own integrator, the amount of voltage on the Capacifor in
the integrator is an indication of the number of particles
hitting each wire. These voltages are then viewed on an
oscilloscope.

The SWIC was placed slightly upstream of our target.
By varying the current in the transport bending magnet, we
could sweep the focus point of the beam across the SWIC and
consequently our target; Changing the eurrent in the quad-
rupoles changed the shape of‘the beam. Figure 9 shows pic-
tures taken off of an oscilloscope of the SWIC. Thus we
always had a clear picture of the size and poSition of the
spot size. The price for the convenlence was very small,

a loss of 3% of the extracted beam.

11.7 BIPS
Another device, again developed by the ZGS staff

helped us to set the current in the restoring mzgnet so thaz

the extracted beam would be restored.9 If the beam were
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FIG. 9. Signals from SWIC. The top signal in
each picture is the horizontal focus; the bottom
signal, the vertical focus. The sharper the curve,

the better is the focus.
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allowed to wander, we gol excessive accldentals in the Sl’

S,s and 83 counters. This device called Beam Ion Position

2
Systems or BIPS was set downstream of the R-magnet. By
viewing its signal on an oscilloscope, we could tell when

the beam was restored.

BIPS (Fig. 10) is essentially a high voltage elec-
trode (10kV) and two collecting plates, A and B. If the bean
goes thru the center of BIPS, each collection plate will give
the same size signal so the signal (A-B)/(A+B) will be nearly
Zero. If the beam 1s off center, one of the plates will have
& larger signal, so (A-B)/(A+B) will not be zero. Whether

the signal is & "+" or a "-" shows to which side of the can-

ter of BIPS the beam is nowrlocated.

I1.8 Electronics

Four Power Designs, model 1547, power supplies fur-
nished the high voltage to our counters via two distribution
panels. Readouts of all counters were done on two Hewiett
Packard, model 34404, digital-voitmeters (DVM)‘connected in
parallel. Two DVM's were uséd to prevent errors dus to a
possible change in calibration of one DVM. These two DVM's,
'in addition, were capable of giving the voltage across
the shunts which were in series with each of the magnets.
RG 59/U transmission lines carried the voltage to the coun-
ters and RG 213/U coaxial cableé transmitted the signals
from the counters back to the logic. Within the elecﬁronics
trailer, all signals were carried by RG 223/U cables. A

Tektronix RM561A oscilloscope was used to view various
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signals--spill, BIPS, and the B field of the ZGS magnets.
Our electronic logic system was made of Chronetics
Nanologic 100 circuits. Used in conjunction, was a 400
channel pulse height analyzer (PHA) made by Technical Mesa-
suremént Corporation, model 404C. With this was the model
522 Résolver/Integrator also manufactured by TMC. The print
out of the PHA was done on a Franklin printer. Scalers wers
the 100 mc type from Transistér Specialties Inc. The-preset

control used in gating was an ECI 5500 time generator.



CHAPTER IIT
PROCEDURE

One of the first things to be done in preparation
of data taking is to be sure the counters are in running
order. All counters had high voltage curves taken of their
tubes with the voltage being set approximately 150 V above
the knee. Afterwards delay curves were run on each coun-
ter. Sample curves are shown in Fig. llland Fig. 12. The
high voltage curves showed that the tubes were completely
efficient at counting high energy particles while the delay
curves showed that the counters had been properly timed in
with respect to one another.

Signals from the counters, after being standardized
and correctly timed, were combined to form various colinci-
dences. The 8123 colncidence was made up of pulses from
counters Sl’ 82, and 83, similarly for the 845 and 0123 co-
incidences. If counting pions, ﬁhe Eerenkov counter 02,
was:in coincidence with Cl apd 035 however, if looking at
protons, 02 was in anticoincidence with Cl and C3. 8123,
845, and 0123 were combined to form a coincldence called

SC By stretching 845 and C and then combining with

fast®

' -F' =
8123, & new signal Scslow was also formed. We needed SCSlow
in order to know the accidental background in SCpygt+ These

two SC coincidences allowed us to calculate ths true number

27
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of events, SC, from the formula

SC = 8C (sC - SC

slow fast)
- R.T /R.T 3t (11)
[ L] .fast

fast

x[(R.T.

slow 'fast)

where the symbcl R.T. stands for resolving time of the cir-

cuit. Since the R.T. of SC and SC are respectively

fast slow
5 nsec and 30 nsec, Eg. {11) reduces to

- (8¢ - 8Cppcy) * 5 (12)

§C = 8C slow

fast

The second term on the right is the number of accidentals.
There was also a second method used fo determine the
numﬁer of accidentals. This method involved feeding the
stretched pulses from 83 and S5 into a time amplitude con-
verter (TAC) which was on only during the lifetime of the
SC.1oy COincidence. The TAC takes the time overlap of the
and S5 signals and converts it into a pulse whose height

83 7
is proportional to this time overlap. From the TAC, the
signal goes to the PHA .which sorts the pulSes according to
their heights and records thé heights. A typical spectrum
of the PHA is shown in Fig. 14. The true events appear as
the tall peak with the background being the low broad region.

The channel number is proportional to the time of flight

difference between the 53 and 8. counters. Each channel

5

corresponds to about & nsec.

The gating circuitry is shown in Fig. 15. The trig-
ger signal arrived at the time generator from the ZGS con-

scle. The time generator in turn started and stopped the
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gate generator for the Chronetics loglc so that ﬁhe counters
were only counting when particles were coming down the beam
line thus avoiding a great deal of background. By viewing
the B field of the ring magnet, we could adjust the preset
controls so that the counting was only done during the flat
top of the B curve of the ring magnets. Adjustments also
allowed the exclusion of spikes and irregularities in fhe
beam spill.

The procedure for tuning the beam was given in the
description of SWIC in section II.6.. '

For each data point, the correct [B.dl for each
magnet was calculated. Magnets Bl’ Be; and C were set to
these values by use of.graphs giving the relationship be-
tween DVM/[B-dl and [B-dl. DVM is the digital voltmeter
reading across a standard shunt through which the magnet
current flowed. The graphs were constructed by setting a
nuclear magnetic resonance (NMR) probe inside the magnet.
This probe was part of a Varian Associafes Fluxmeter (type
BA) and had either a proton or deuteron sample depending
on the field strength of the magnet. -The fregquency of the
rf field on the probe when it was at resonance was read on
a frequency meter. Knowing the necessary parameters, this
frequency could be transfbrmed into the [B-dl. The voltage
was read directly. _Probes were left in the Bl and B2 magnets,
buf out of the path of the beam, throughout the experiment
to provide a check on the shuﬁt vecltage settings. The agres-

ment between the values from the graph and the actual value
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was very close, of the order of less than i%.
v
In tuning the Cerenkov counter, C2, we ran two types
of pressure curves. One was with 02 in coincidence with the

¢, and C_, scintillation counters. The other curve was with

3

in anticoincidence with these two counters. These curves

1

Co

consist of recording the number of coincidences as the pres-
sure is varied. Figure 16 shows that with increased pressure
that the coincidence 010203 counts first pions, then pions
and kaons, and finally pions, kaons, and protons. On the
other hanc Fig. 17 demonstrates that with increased pressure
there is rejection in the anticoincidence 015203 of pions,
then also kaons so that all that is counted is protons,
~From a number of these graphs taken at different settings of
the spectrometer momenta, we were able 1o construct a gen-
eral graph from which we could read pressure settings for
any desired particle at any moméntum; We were also able to
determine from our pressure curve that the counter was great-
er than Q0% efficient for all momenta.

The monitors M and N measured the incident proton
flux. The calibration Qf these monitors was accomplished
by placing thin gold foils slightly upstream of our target.
For each 30 min exposure of the foils to the beam, the num-
ber of monitor counts was recorded. The folls were then
analyzed by the radio chemiétry group of the ZGS using stan-
dard radio chemical techniques}o These techniques involved
the measuring of the production cfoss sections of lqub from
geld and Q&Ja, 22Na, and 18F from aluminum. This in turn

gave the number of protons incident on the target. A
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correlation, (2M+N)/I_, between monitor counts and the
number of protons was then available. The uncertainty

in this calibration was about 5%. Calibration runs were
repeated several times during the experiment to check

the consistency and were found to be consistent to 3% for
target full runs and 7% for target empty. The ratio of
target émpty to target full was around 25%.

The starting, resetting, and stbpping of all
scalers and the PHA was made possible through the preset
control. The run ended when a designated scaler (M was
the cne usually chosen)'reached a predetermined number of
counts as seiected on the preset control. Recording of
the data was done by taking a picture of the scalers with

a Polaroid Land camera. Since Scfast’ SC M, and N

slow?
were s0 important to the calculation of the cross section
these quantities were double scaled. Besides the picture,
a print out of the PHA spectrum was taken. Because of a
very good possibility of_something'going wrong--the
accelerator.malfunctioning,-maggets tripping, water supply
failure, etc.--it was expedient to-aivide each run into two
parts so that if something did go wrong in the second half
thére would still be the information from the first half
and the whole run would not be scratched.

During the run time all magnets, high voltages,
and the pressure setting were checked at least once. There

were also frequent recording of beam spill, structure and

size of the beam spot, and condition of restored beam.



CHAPTER IV
CALCULATIONS

IV.1 Phase Space

By use of the standard beam transport matrices and
counter sizes, the phase space for our spectrometer was de-
termined.ll It was decided to let counters S1 and S5 define
the horizontal phase space bite, A8Ap and counter S5 to
determine the vertical acceptance Ap. All other counters
were overmatched to insure they ﬁere not defining.

Iet Ax be the off axis distance, A6 be the angular
deviation, and Ap/p the momentum spread of'an emitted par-
ticle. Then the relationship between these quantities at

Sl and the target is given by

AX AX
Ap = H1 A8
AP Ap
P Sl P target (13)
. : .12 X
where Hl is the propagating matrix. By setting
AX = 0, ' , (14)

since we assume a point source target (using the actual spot
Lg LT 1 - ] ) l
size of the beam changes the phase space by less than 1% 3)

and taking into account the finite size of the counter Sl’

39
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-3 width, < ax

5, s, < 43 widthg . (15)

1
It can be shown that the S1 courtter definesg parallel strip
in the phase space whose boundaries are given by the two

parallel lines

-3 width

o

= e
s, T Hu(a,2)88 T H (1,38

1 : —_ .
+} widshg = By(q 5900+ Hy () g (16)

ok ©

Any particle which lies within this strip will be counted
by S;-

Similarly the 35 counter defines another strip and
the intersectlon of these two strips defines a parallelogram
whose area is A8ap. (See Fig.1l8) Combining this with the
vértical acceptance

Ap = height85+V5(l>2), | (17)
where VB(l,a)tis an element of the matrix which in context
is similar to Hl but goes from the target to 85 and is in
the vertical plane, we get

AQAD = widthsl X helghtgs x(ap_ + apy)

* Hi1,2) V5(1,2). (29)

Ap_ and ap, are the Ap/p solutions to the matrix equation

Biei,2)  Hiqa,3)) [ 48
+2X (19)

fs(1,2)  5(1,3)) {ap S
‘ P
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IV.2 Cross Section
The cross section was computed from the following

formula

a2 events x & x bx cxd ( 20)

g -
dndp TN et A0AD

The symbols on the right hand side of Eq. (20) are:

events = 8C

I, = number of incident particles hitting the
target as measured by the monitors, M and N

N, = Avogardro’'s number, 6.02x1023

o = density of liquid hydrogen, .07 gm/cm3

t = thickness of target, 7.4l cm

AQap = center of mass phase space volume

a = target empty correction

b = nuclear absorption correction
¢ = multiple Coulomb scattering correction
-d = decay of pion correction.

Since the gold foil irradlations gave the value for the
expression (2M + N)/I0 and ths scalers showed the value for
M and N, we could evaluate events/Io by noting

events _ events (2M_+ N) (21)

= X
I (2M + N) T,




b3

IV. 3 Corrections

With the target full, not all the particles detected
came from the liquid hydrogen; some could come from the sur-
rounding materials such as the target case and nearby air.
Thus target full runs contained both true and spurious. par-
ticles. To know the number of spurious partiéles all that
needed to be done was to run without the hydregen in the |
target. (Of course gold foil irradiatiohs had to be done
for target empty runs since the ratio (2M +--N)/IO would
change.) All particles detecfed would then be spurious.
The difference in target full and target empty ruﬁs gave the
true number of pafticles coming from the hydrogen target.
The target empty subtraction varied from about 20% to 30%.

Another data correction that had to be made was that
for nuclear ebsorption. Shaw glves as a working cross sec-

tion for this process the expression

2p2/3 (22)

where r_ = 1.26x10713 cm, and A = atomic weignt.l* This
approximation can be improved by noting that the energy

in this experiment was sufficiently high so that the nuclear
collisions were essentlally between the individual nucleon

and the incoming particles. With this idea in nind,

_0__ X T
Og = opp Pp a (23)
a

q

for A = 1 and the inconirig particles being protons. Then




i

a better approximation for nuclear absorption c¢ress section

would be to multiply o, by the ratio ¢ /o

pp’ pa” For pions,

the same procedure would be used. So

Og = °ppA2/3 (24)

for protons and

2 :
Ogq = Opph /3 (25)

for pions. This idea is particularly nice since gpp and

o are experimentally known.

mp
Even if a particle were absorbed, there existed the

poséibility of a charged secoﬁdary being counted in its stead.
For instance in the interaction in the S4 counter.we estimated
that 50% +15% of the interactions would still be counted while
in the target none would be seen. 1In this manner the nuclear
aﬁsorption corréction for pions.ﬁas estimated to be'l.19
+,03 and for protons 1.25 = .05,

The decay of the pions during their time of flight
down the spectrometer was calculated ffom a Monte Carlo pro-
gram, which used the standard exponenﬁial decéy method. As
an extra correction the dimensions of the Sl and 85 counters
Weré used to figure'the'contribution from the decay of off-
axis pions. The entire decay correction was normally from
5 to 9% with an uhcertainty of £2% with woccassional correc—
tions up toll.BO:& .CL. fgppenaix I hss mére details.

Another correction had to‘be made for multiple

Coulomb scattering. A Gaussian distribution was used fTo

approximate the scattering. TFor low laboratory momentum,
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the correction went from 15 to 45% with uncertainties of
5 to 10%. Normally corrections were less than (5% 2)%.
(8ee Appendix II.)

Two corrections had to be made for difficulties with
the bending magnets. About midway through the experiment it
was learned that for the same DVM setting the magnetic field
of the B2 magnet was up to 5%'higher when bending positive
particles rather than negative partic;és to the left. After
the experiment was finished, it was found that the BM 105B
type magnhets (our B, eand B, magnets were of this type) had
an effective length which increased with decreasing current.
At 3000 amps, the correction was 4% and at 300 amps it was
about 2%. The correction for these effects was on the order
of .96 to 1.04 +.,02. This is why for example when detect-
ing n* that PZ = .22 instead of .20 (Gev/c)Z.

Since usually the number of events taken was very
large, the statistical error was generally quite small.

Thus the total point-to-point error, obtained by adding
‘statistical and systematic errors in quadrature, was general-
ly less than 10%. There was an additiohal 5% normalization

uncertainty due to the calibration of the incident proton

flux.






CHAPTER V
RESULTS AND CONCLUSIONS

V.1l Pion Data

Our n~ and ' data where sz is varied and Pf is
held fixed is plotted in Figs. 19 and 20. Pf had values
of .21, .41, and 1.03 (Gev/c)2 for m~ and values of .22,
43, and 1.06 (Gev/c)? for n™.

The disagreement betwéen the old and new data is
quite evident. While the older data shows a pronounced dip
near.sz = 0 GeV/c, the newer data is a maximum here. This
maximum would seem to support a one center model of part-
cle production instead of the two center model which the
older data supported. In this model theré is one center at
rest in the center of mass from which the produced particles
come, hence the expected peak at Bﬁm = 0 GeV/c. On the
other hand if the two center'model held, the peak would
appear at that value of Bgm which corresponded to the veloc-
ity: of the fireball in the center of maés.

After reviewing the experimental set up of our
earlier experiment (Fig. 21) ean error in the experimental
procedure was found.' In that experiment the Sl, Sg, and 83
counters wWere located downstream of the C-magnet and not

in back of the bending magnet as in the present experiments.

At low values of Pim which corresponds fto large laboratory

L6
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angles, some of the secondary particles which passed through

S, at a Talrly large angle missed the Sl counter which was

3
suppocsedly overmatched to the defining 83 counter. The

effect was that Sl became the defining countef and the phase
space AQAD was reduced. Corrections for this are in the
process of being calculated.15
Analysis of cosmic ray data by Cocconi et al. does
suggest that there is some possibility that at very high
energles the two center or fireball model may hold.16
Cne lasﬁ observation to make concerning the pion

dats is the similarities of the three curves éway from the

kinematic cut off. There 1s the suggestion of writing

, |
% = F(B,)6(2) (26)

showing that the cross section may be factorable into func-
tions of Pim and P;' lThe data could be plotted also against
Pf With'sz held fixed. Again the curves are similar. All
this may or may not be of theoretical significance, but is
interesting experimentally.

Figure 22 is the plot of 7 data this time with "
held fixed at .6 GeV/c and Pf varied. Included again is
data from Ratner et al., but this time there is good agree-

ment between the two experiments. The old data involved

small laboratory angles so there was no trouble with phase

cm
Py

the 1968 experiment is also shown.

space as there was with the dependence. The data from
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TABLE IX

Inelaétic productlon cross sections in the center of mass

for n* 1in the reaction p + p arf + anything.
Particle Pf sz (80AD) o - (d20/dndp)cm Error in
(GeV/'c)2 (GeV/c) (usr(GeV/c)]l ([ub/sr(Cev/c)] (dec/deP)cm (x%)
nT .21 .21 3.07 1900 11
' ' .31 3.95 1820 10
Ris) L . 8g 1640 9
.51 5.87 1440 3
62 6.88 1230 7
.72 7.91 1050 6
.82 8.95 899 6
.92 10.00 748 5
1.02 - 11.06. 604 5
1.12 . 12.12 499 5
1.23 13.19 396 2
1.33 14,26 294 2
1.33 15, 3! 186 2
1.53 16.42 95.9 5
A1 .11 2.82 815 11
21 - 3.51 796 10
.31 .31 Tl %
,31 5.18 687
.52 6.10 625 g
.62 7.06 564 2
72 8.05 501 o
.82 9.07 Lot 5
.92 10.09 336 5
1:02 11.2 253 5

2G



TABLE IX.--Continued

b 2 cm
Particle R . P, -~ (a0ap) (d?o/_dﬂdp)cm | Error in
(GeV/c)® (Gev/c) [usr(Gev/c)] ub/sr(Gev/c)] (deo/dndp)cm (%)
- .22

m 1.03 k.59 100 7

-RE 5.28 89.3 7

A2 6.0l 80.0 7

-22 6.86 72.8 6

.62 - 7.72 62.2 5

-gg 8.62 50.6 5

Qe - 9.56 42 .4 5

.93 10.52 32.1 5

1.03 11.50 23.0 >

1.13 12.50 15.3 5

1.23 13.51 9.36 2

%-33 14.54 5.39 5

43 15.57 2.67 6

1.53 16.61 1.15 7

| 6.90 980 11

00 -6 6.5k 1370 10

»Le 6.83 3590 2

.04 6.82 3040 8

-07 6.82 2620 7

-09 " 6.82 2190 9

-1 6.88 1250 6

= 6.96 850 >

‘Bs 7.06 571 5

“ep 7.17 378 5

-2 7.28 261 2

.62 7.39 183 5

T2

£q



TABLE IT.--Continued
.

Particle P, Pgm (AQ_A P)em (d2o' /{:lf)dp)cm Error in

(GeV/c)®  (Gev/e) [usr(GeV/e)] (ub/sr(Gev/e)] (a%/dnap) . (+%)

- .82 6 7.50 6

m . 123

.93 7.61 91.4 6

1.03 7.72 64.0 6

1.13 7.83 7.0 6

1.23 - g.gu 32.3 6

1.34 ' .04 25.8 6

104 B 8.15 18.0 7

mt .22 .22 3.07 3400 11

.32 3.95 3340 10

A2 4,89 3210 9

.53 5.87 2940 8

.63 6.88 2610 7

.g3 7.91 2380 6

.83 8.95 2070 6

LN 10.00 1850 5

1.04 11.06 1600 5

1,14 12.12 1380 5

1.25 13.19 1200 5

1.35 1l .26 977 5

1.45 . 15.34 767 5

1.55 16 kb2 555 5

43 .13 2.82 1360 11

.23 3.51 1370 10

+33 .3 1360 9

A3 5.18 1340 8

.53 6.10 1330 7

74



TABLE IT.--Continued

Particle Pf Bfm . (808P}, (dgo/andp)cm Error in .
(Gev/b)2 (Gev/c) [usr(Gev/c)] ub/sr(Gev/c)] (dac/ﬁndp)cm (%)
nt A3 .63 7.06 1250 6
.73 ' 8.05 1160 6
.8 ©9.07 ' 1020 5
Ol 10.09 919 5
1.04 11.13 787 5
1.06 .2h h.59 184 7
.32 5.28 168 6
A 6.04 © 159 6
.54 6.86 k6 6
.64 7.72 132 5
LTH 8.62 121 5
.84 9.56 104 5
.04 10.52 €819 5
1.02 11.50 74.1 5
1.15  12.50 60.0 5
1.25 13.5). 4u ., 5
1.35 1h.54 : 32.4 5
1.45 15.57 21.8 5
1.56 16.61 15.3 5
.00 .6 6.90 19000 T
.82 6.84 12800 7
.0l 6.83 | 9550 7
L07 6.82 7550 4
.09 6.82 6080 [

6§



Particle .

D cm -
p- . Bt (anap)_, (d%c/ﬁﬂdp)cm
(GeV/e)® (Gev/e) (usr(Gev/c)] ub/sr(Gev/c)]
.22 6 6.88 2680
43 7.06 1290
.53 717 871
.Gl 7.28 59k
.74 7.39 396
.95 7.61 196
1.05 7.72 135
1.16 7.83 993
1.26 7.94 72.5
1.37 8.04 2.1
1.57 8.15 2.9

‘TABLE II.--Continued

Error in

(% /daap)  (+)

(01

95
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The most significant feature of this plot is the

sharp forward peak,

5
0% w e 1Pt (27)

dp

for both the ni.. This peak was not found in our previous
| 2

experiments since we could not measure down to PL = 0 GeV/c.
Several tests were done to check the validity of

these measurements. We measured points at Pf = .02.(Gev/c)2
. Do

with the particles produced on the right hand side of the
beam line 1lnstead of the customary left side so that they
had a negative production angle. These agreed with the nor-

mal point at Pf

= .02 (Gev/c)®. Cerenkov pressure curves
were run to make sure that we were not detecting particles
other than pions and were affirmative; in fact, the curves
were flat over several hundred psi. The target empty effect
was still about 25%. Thus we Weré unable to discover any
systematic error responsible for this very shgrp peak. The .

reason for this phenomenon is not yet known, but would de-

finitely seem_mdwarrant further ‘investigation.
The rest of the data falls along the same lines as
previous data as mentioned. The cross sections is propor-

--2-’?P-2 + -2.8P2

tional to e L for the m and to e L for the m .

V.2 Proton Data
Figure 23 is the plot of the proton data with Pf
teing the variable and AEcm being the constant. Recall that

these measurements were taken along lines of fixed Pcm as
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F1G. 23. Proton data.
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shown in Fig. 3.. Fixed Pcm corresponds to fixed AEcm' The
new data of eight different cilrcles of fixed energy loss plus
two circles from Asbury et al.. are plotted. '

- The circlesrwith.inelasticity of'94%,.87%, and T70%
each fall on their separate line. For circles of}inelasti-
city of 61% or less, the result is most interestingly diff-
erent. No longer are there separate lines, but ell_points
of the different circles fall on top of one another irre-
gardless of the inelasticity. This result is quite similar
to that of Anderson et al. who when plotting the cross

section dga/dpldpu)cm against P; found that it was quite

' em 17
H . . .

mechanism for the slope being so independent of the inelas-

independent of the quantity P As to the reason or

ticity, there is yet no explanation.




TABLE TIXI.

Inelastic cross sections in the center of mass for protons
: in the reaction p + p -+ p + anything.

AE... Pcm 8om Pf | (AQAp)cm (dao/Hde)cm Error in

(GeV) (GeV/c) degrees (Gev/b)2 [usr(Gev/c)] [ub/sr(Gev/c)] (deg/dﬂdp)cm (£ %)

1.4 A2 2 .00 18.28 1920 7

T - 13 .0l 17.81 1400 7

30 .05 16.72 1180 7

bl .09 15.10 . - 978 7

58 .13 13.15 799 7

72 .16 11.0% 643 8

87 W17 8.95 605 9

1. 6L 2 . .00 23.72 5070 6

3 12 .02 23.36 5730 6

21 .05 22.53 2920 6

30 .11 21.30 2310 6

39 17 19.73 1780 6

I8 .23 17.90 1290 7

n8 .29 15.90 991 7

67 .34 13.82 g;g 7

T .37 11.75 7

86 .38 9.78 - 582 8

. 11 .o ' 20.21 11400 6

1-10 0 1.0 16 .09 19.85 8940 6

21 J1h 19.38 6500 6

25 .21 18.82 4880 6

30 .28. 18.16" 3%00 6

35 .37 17.42 2650 6
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AR

cm

Pcm

(Gev) . (GeV/e)

1.10

-95

.7?

l.24

1.46

ch

degrees

i
i1

kg
%
| =

63
68
73
78
82
87

16
21
25
30
35
o
L5
50
U
59
6l
69
T4

17
21,
ol

TABLE III.-—Continued

(a08P) o
[usr(cev/c)]

.60
15.
14,
13.
.88
11.
10.
.ok
.99
.08
.20

.28
.01
.68
.29
L] 86“
.38
.88
.34
L 79
22
.65
.08
.be

14
.70
.20

16

12

73
81
86

9C
91

2
(g o/dﬂdp)cm

[ub/sr(GeV/c)]

2110

1520

1110
814
586
LG5
376
325
284
266
ohg

11700
7600
5180
3640
2490
1690
1080

714
186
350
253
210
175

10900
7060
4400

Error in

2
(a o/ﬂﬂdp)cm

VOVOY  GVOYOROYOVONONONONONONONDY OO~ J~ ONONONOYONGNGY O

(£%)
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B
A=om

77

A4

.29

Fom
(GeV) (Gev/c) degrees

1.46

1.87

2.01

ecm

P2
1
(GeV/c

48
61
-7;"'
.88
.02
.16
.30
Jig
1.55
1.67

e

.60

079
1.00
1.21
l - }llL]'
1.67
1.90
2.13
2.35
2.45

.50
.09
.91
1.1
1.40
1.66

-

)2

TARIE III.--Continued

2 ’ k)
(804D} .0 (d%o/andp) Error in
[usr(cev/c)T [ub/sr(Gev/c)] (da%/dndp)_,
19.63 2970 6
19.00 2080 S
18.31 1420 6
17.57 9h2 6
16.80 615 6
15.99 400 6
15.15 272 6
12,30 191 6
13.473 144 6
12.56 114 6
23. 3¢ LL oo 6
-22.7h 2340 6
22.08 1280 6
21.35 725 6
20.%55 no3" 6
19.71 208 6
18.81 113 6
17.88 64 . 6
16.92 39. 6
15.94 25.4 6
15.45 21.4 6
24,20 3390 6
23.59 1610 G
22,91 857 6
22,14 432 6
21.32 215 6
20.43 104 6

(£%)

29






TABLE IIX,--Continued
2

-y .
AE.p, Pom - P (A0AP) . (d%/dndp) " Error in
(ceV) (GeV/c) degrees (G_eV/c)2 " [usr(Gev/c)] [ub/sr(GeV/c)] (dQU/Gde)cm (%)
.29 2.01 Ly 1.93 i 54,2 6
48 2.20 ig;g 278 6
52 2.47 17.53 15.4 7
56 2.72 16.51 10.3 {
.13 2.18 22 .69 o5 7 2550 6
2 24 .81 9%5]5, _1220 0
26 .93 2ll .66 1030 ©
23 1.07 24,28 636 6
30 1.20 23.88 389 5
32 1.34 23,47 232 6
3171. 1 .li:f) 23,03 144 6 :
36 1.64 22.59 93.5 6
38 1.79 99,12 58.2 ©
in %‘]9(5) 21.6L 38.1 &
12 ol 15 27.9 9
il 2,26 2(35:62 1,5.% ©
u6 2.42 00, 14 13.8 ré
48 2.58 19.62 9.02 o
49 2.73 19.09 5.0k &
51 2.89 18.55 5.69 (
53 3.0l 18.01 .53 7

E9_
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APPENDIX I
DECAY CORRECTION

A computer program was written to determine a better

approximation than using the straight forward decay method
N = N_xexp(-t/r) (I.1)

for the decay correction. fhe program considered the possi-
bility of a muon produced by the decay of a pion being coun-
ted as a pion. Also considered was the decay of off axis
particles.

Pions are sent randomly through the Sl counter (hence
they may be off axis) and allowed to decay at a random time
in their flight between 8, and SS' This time is calculated

by using the expression

t w
A = ); expl(—t{7) cl‘b/f:e_”;(—'t /¢ ) d (1.2)

I

where A = random number between 0 and 1

¢ = hglf-1life of ¢ in the laboratory
t = random decay time
tl»S = time of flight between Sl and 85

At this random time, the pion is allowed to decay
into a muon going off in a random direction in the pion cen-

ter of mass frame. In the laboratory frame, the path of ths
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muon is traced to the S_ plane to see whether or not it is

5
detected. In this manner, the percentage of ruons hitting
the S5 counter is calculated. For later reference, we wiil
call this percentage *B".

To find the total percentage of pions and muons hit-

ting S5 we note the following:

exp(—tt+5/%) = percentage of pions reaching S5
.starting from target,

1 - exp(—tl45/&)'= percentage of muons produced bhe-

tween Sl and 85,
[1 - exp(-t1¢5/k)]xB = percentage of muons counted
b . '
y 35

Actually we did not start from 85 but from the target so

[exp(—tt4357fr )Ix[1-exp(-ty /7)]

= percentage of muons counted by 85, normalized to
the target.

The total number of pions and muons counted by 85 is given

by

expf~ttq5/r) + [exP("tt+SS/T)]x[l'EXP('tla5/T)]'

The inverse of this expression is the correction factor.






APPENDIX II

P

1ab AND elab CORRECTIONS

The first step in calculating the Plab and CRPAN that
were actually observed was to change theﬂbending power, IB-dl,
of all the maghets to their true values. For the C-magnet
this meant no change. The fB*dl's of Bl and B2 were increased
to account for the change in the effective length as the cur-
rent changed. In addition the [B.dl of B, was further in-
creased in the case of positive particles being detected.

The reason for the further increase is that the DVM settiings
for B, were calculated from graphs made when only negative
particles were being detected. Since the magnetic field for
the same DVM reading changed with polarity, the jB-dl-was
wrong for observing positive particles.

The next step was to trace a ray with the original
Pgp and 84,4 through the spectrometer. Since the actual
total [B-dl was greater than the calculated [B-dl, the ray
was bent more and no longer went through the centers of the
54 and 85 counters. Hence Eq. (15) would now typically read

-1/3 width, s ax = 2/3 width

5 (II.1)

S

and similarly for the equation associated with the S coun-

5 C

ter. These new conditions have the preperty of moving the
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the center of the phase space parallelogram from AP = 0 CeV/c
and A8 = o° to say, for example, AP = .3 GeV/c and pp = .19,

The new center values were added to the calculated P andg

lab
8180 giving the true Plab and elab'

As a check, another program traced a series of rays
which differed from one another only in small changes in.the
values of Plab and ®1an through the spectrometer. The average
values of Plab and elab of those rays accepted were taken to

be the true values. The disagreement between the two programs

was less than 1.5%.






