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ABSTRACT

NEUTRAL STRANGE PARTICLE PRODUCTION

FROM NUCLEAR TARGETS BY 388 GEV PROTONS

by
Patrick Louis Skubic

Chairman: Oliver E. Overseth

30@ GeV protons were used to produce A° and Ke
hvyperons and K; mesons from bervllium. copper. and lead
targets in the Fermilab neutral hyperon beam. The Lorentz
invariant inclusive cross sections (Ed'O/dE’) in the
projectile fragmentation region, #.2<x<1.@. G<DT<2 GevV/c,

*

*
are presented as functions of xspL/D and target.

"max ’ P
The neutral strange particles were detected by a

conventional magnetic spectrometer and the data sample
6

consisted of 1.1x18° A*’s, 9.4x18® k. 's, and 1.7x10" T s,
The target dependence of the invariant cross section
was found to be consistent with a power law which was used
to perform an extrapolation to A=1. Sianificant differences
were observed in the x distributions for the three targets.
The data were fit to a function of x and P, to
facilitate comparison with other exveriments. Fits were
2lso performed to a nhenomenoloaical function rredicted by
the triple Reage Model. The model calculation was found to
be consistent with the lambda production data in the reaion

of phase space where the calculation is expected to be

valid.
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CHAPTER 1
— INTRODUCTION
—
The collection of known subnuclear particles includes
- baryons with non<zero strangeness, called hyperons. The
historical trend in high energy physics has been to use
-~ electron, muon, and neutrino beams to probe weak and
electromagnetic interactions while using non-~strange baryon
~ and meson beams to probe strong interactions., The advent of
— higher enerqy particle accelerators has now made possible
the construction of secondary hyperon and antihyperon beams
- which can be used as strangeness carrying particle probes.
- A hyperon beam is practical at current high energy
particle accelerators because the relativistic Lorentz time
- dilation becomes substantial in the laboratory frame. Thus
_ a typical hyperon with a lifetime of the order of 18~ 19
seconds, a mass of the order of 1 GeV, and a laboratory
- momentum of 288 GeV/c will travel an average distance of 6
meters in the laboratorv before decavying. Traversal of some
- of this distance in a magnetic field allows the hyperons to
_ be physically separated from other stable charaed particles
and on decay their identity can be determined. The
—~ requirements for constructing a hyperon beam are:
1) A high energy (>28 GeV), high intensity (>lﬂ6
- particles/pulse) primary hadron beam which is well localized

- 1 O



in cross sectional area.
2) A collimator system and sweepina magnet which
separates produced hyperons from other produced particles.
3) A detector system which determines the identity of

the hypmeron particles.

The construction of a neutral hyperon beam has several
technical advantages over a charged hyperon beam. A
magnetic field can be used to sweep all charaed particles
out of the neutral beam. The neutral hyperons can easily be
distinguished from other neutral particles such as neutrons,
K® mesons, and gamma rays by the observation of their decay
products. The neutral beam contains the entire momentum

spectrum of produced neutral hyperons and neutral K mesons.

The existence of hyperon beams offers the opportunitv
to investigate the roles of stranaeness and baryvon number in
strong, weak, and electromagnetic interactions. The
followina experiments could be done in the realm of strong
interactions:1

1) measurement of the eneray dependence of
hyperon-nucleon cross sections,

2) tests of relations between hyperon-nucleon total
cross sections which are predicted by the additive quark
model,

3) searches for missing strange resonances predicted by
SU(3) symmetry,

4) investigation of the role of strangeness in high

O G
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transverse momentum vrocesses by inclusive experiments,

5) searches for new particles such as charmed baryons.
Many experiments in weak interactions could be nerformed
with hyperon beams such as:

1) the measurement of decay parameters in the weak
decay of hyrerons,

2) tests of empirical selection rules such as 325<2 and
[aI|=1/2 in weak decays, and

3) the measurement of weak interaction courlina
constants in semileptonic decavs.
In addition polarized hyperon beams could be used to measure

hyperon magnetic moments.

A short lived neutral beam designed to study CP
violation ‘in K decay has been constructed at CERN.
Neutral particles were prdduced by an external vproton beam
with a momentum of 24 GeV/c and were observed at a
preduction angle of 75 milliradians(mr). Hyperon
experiments performed were a search for 5S=2 decays of
neutral = hyperons,2 measurement of the A°p3 and X0p4 total
cross sections, a measurement of the g¢ lifetime via the

Primakoff effect,5 and a measurement of the j,* and g

lifetimes.6

Charged neaative hyperon beams have been constructed at
CERN with a 24 GeV/c incident proton beam and at Brookhaven
National Laboratorv with an incident Dfoton heam momentum of

29 GeV/c. These beams have been used to measure negative



hyperon production cross sections,7'lg elastic and total

cross sections of negative hyperons on protons and
deut:erons,ll'-13 and to study leptonic decays of negative
hyperons.“'16 A charged hyperon beam is now running at CERN

with 208 GeV/c incident protons and at Fermi National

Accelerator Laboratory (FNAL) a 4080 GeV/c beam has been

proposed.

The first results from a neutral hyperon facility at
FNAL will be presented here. The first sten in the use of a
new particle beam is to measure the yield of produced
particles. This type of measurement is useful not only to
determine rates and backgrounds for future experiments but
also for theoretical reasons. It is generally difficult to
observe all the particles involved in a high eneray reaction
where the average multiplicity is large (=10 at 208 GeV).
Therefore knowledge about "inclusive" reactions of the type
a+bsc+X, where X stands for unobserved particles, can be
used in conjunction with "exclusive" reactions, where all
particles in the final state are observed. in order to make
more rapid proaress. The study of inclusive reactions has
increased our knowledage of particle interactions

considerably.

From observation of particle production in pp and p
interactions, the followinag results have emerged:l7
1) Most produced particles are pions.

2) The average transverse momentum of secondaries is

O
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limited (<480 MeV/c) and the transverse momentum
distribution is avpproximately independent of longitudinal
momentum and enerqgy.

3) The average multiplicity of secondaries increases
‘slowly with energy.

4) When the produced particle is the same as the
projectile, the longitudinal momentum distribution exhibits

a "leading particle effect" and extends up to the incident

momentum,

The charged particle multiplicity in s-nucleus
collisions at 180 and 175 GeV/c has been observed to
increase only slowly with the atomic mass number (A) of the
target nucleus with the increase occurring almost

18

exclusively at larae production anqgles. This result is in

disagreement with a naive intranuclear cascade model which
would predict a rapid increase in the multiplicity with A.19
The importance of hadron-nucleus collisions in obtainina
information about the space-time structure of high eneraqy
particle collisions was emphasized by K. Gottfried in his
attempt to exvlain the weak dependence of the multiplicity
on A.20 A number of other models have 3lso been sugaested to

21-23

exnlain this result. In hadron production in

proton-nucleus collisions at energies from 204 to 408 GeV
the cross section was observed to become more nearly
proportional to the number of nucleons present in the

24

nucleus as the transverse momentum increases. This

suggests that processes at high transverse momentum might be



associated with rare short-time constituent interactions.24

The longitudinal momentum distribution of the secondary
in inclusive production can be aualitatively separated into
three regions for the purpose of interpretina experimental
results. The forward (backward) region near the maximum
(minimum) longitudinal momentum can be associated with
fragmentation of the projectile (tarcet) into a relatively

17 The “central" region

small number of secondary prarticles.
near zero longitudinal momentum is typically populated bv a
pion cloud of relatively high multiplicity. The process
which produces the low energy pion cloud in the central
region is often called "pionization." If these ideas are
correct one might expect that the projectile (target)
fragmentation region distribution is independent of tarqget
(projectile) particle and that the central reqion
distribution is inderendent of either nrojectile or target

particle.17

Certain theoretical analyses have led to the "scalina®

25 that in the limit of high energy the

hypotheses by Feynman
Lorentz invariant differential cross section becomes
independent of energy and is a function only of the
transverse momentum of the produced particle, P - and of
x=p;/p;ax. Here pz is the center of mass (CM)
longitudinal momentum of the produced particle and D;ax

is the CM momentum of the incident particle. Recent data on

pp interactions indicates that at 24 GeV/c the scaling limit

w !
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has been reached for u+,n -, K+, and p production but not

for K or p production.26

Many theoretical models have been proposed to explain

particle production. The main classes of theoretical models

can be summarized as follows:26

1) Models incorporating bremsstrahlung-like emission of

low energy particles have been discussed.27

28

5) The statistical model of Fermi has led to

thermodynamic models such as that of Hagedorn and Ranft.29
39

The hydrodynamical approach initiated by Landau has been

further investiqated.31

32

3) Multiperipheral models have been nroposed and

33

Reqge pole analyses have been applied to inclusive

reactions. The aoplication of a generalized optical theorem

4

by Mueller3 relates the inclusive cross section to a

discontinuity in the forward three-body scatterinag amplitude

and leads to interesting predictions.

4) Two component models35

36

which apply both
diffractive and multiveriovheral processes to multiparticle
production have been discussed.

5) Field theoretical models have been investigated by

Cheng and Wu.37

6) Parton models have evolved from the interpretation
of hadrons as composite entities made up of constituents
such as quarks.38

Although there are many theoretical models which deal with

inclusive reactions, none give a completelv satisfactoryv




explanation of the data.26

The results which will be presented here include the
first high statistics measurement of the x and Dip devendence
;f the inclusive cross section for A* and K; proauction by
300 GeV/c protons incident on Be, Cu, and Pb targéts in the
kinematic range pT<2 and 0.2<x<1.8. The first high
statistics, high enerqy measurement of X* production and an
investigation of the dependence of the A* and K; inclusive
cross section on nuclear target as a function of x and P
will also be presented. Fits of the data to an empirical
function were performed to aid in its presentation and the
data will be interpreted with the help of fits to

phenomenological functions including one predicted by a

Mueller-Regge analysis.39

‘
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CHAPTER 11

THE APPARATUS

A. Incident Proton Beam

The experiment was done in the diffracted proton beam
in the Meson Laboratory at FNAL. The primary 308 GeV/c
proton beam was transported to the Meson Laboratory
production tarqet and diffracted protons were used to form

one of the secondary beams at a production angle of 1 mr.
\....

The hyperon production target was located at the second
focus which was 1488 feet from the Meson Laboratory
production target. The size of the proton beam spot at the
first focus was monitored bv a segmented wire ion chamber
with 1 mm wire spacing and at the second focus by two
scintillation counters which were 1.27 cm and #.635 cm in
diameter. Adjacent to the proton counters was a halo
counter with a hole in its center which was 9.635 cm in
diameter. The proton and halo counters were held together
in an aluminum frame to maintain their relative alignment
and were located 1.59 meters upstream of the hyperon
production target. They were centered on the 4 mm diameter
defining collimator and served as a monitor of the number of
incident protons which hit the hyperon production target
which was also P£.635 cm in diameter. For most runs 85% to

90% of the beam was contained within the area of the 2.635
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cm proton counter.

The intensity of the incident proton beam was monitored
by an argon filled ion chamber with an active area of 8 cm
thch was located 1.42 meters upstream of the target. The
ion chamber was calibrated with the proton counters at low

beam intensities.

Two dipole bending magnets with a vertex olane 5.47
meters upstream of the target were used to deflect the
incident proton beam to give non-zero production angles.
The incident proton beam direction was monitored by two
multi-wire proportional chambers which were located between
the neutral production target and the two bending maqnets,
During the course of the experiment, the proton beam was
deflected both horizontally and vertically and data were

taken at production angles between -2 mr and +9 mr.

B. The Neutral Beam

The hyreron production targets, #.635 cm in diameter
cylinders, were made of Be, Cu, and Pb, and were 1/2
interaction length lona (15.32, 4.64, and 4.92 cm
respectively). Some data were taken with 1/4 interaction
length Be and Cu targets to determine the :taraet absorption
correction for the production data. The centers of the
targets were aligned with the center of the definina
collimator in a rotatable styrofoam holder and the taraets

were lenathwise centered 14 cm upstream of the entrance of

-
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the collimator system.

The collimator system was housed in a 5.4 meter
sweeping magnet which deflected the incident proton beam,
charged secondaries and muons out of the neutral channel.
The magnetic field in the sweeper was 23 kilogauss during

most data taking and pointed either uv or down.

The collimator system which was made of steel, brass,
and hevimet consisted of three sections, a 254 cm lona
precollimator, a 56 cm long definina collimator, and a 217
cm long shadow collimator. The collimator system is shown
in Figqure 1. The defining collimator was 4 mm in diameter
and its downstream end was 3.23 meters from the production
target so the solid angle acceptance defined by the
collimator was:

% (0.002)%/(3.23)%=1.20 microsteradians.

The result of a Monte Carlo calculation showinag the
variation of the solid angle with lateral displacement from
the beam line axis at a point 20 cm upstream from the
precollimator entrance is shown in Fiqure 2. The solid
angle calculated from ageometry is expected to be inaccurate
due to penetration of produced marticles through the edge of
the defining collimator. The error in the solid anale due

to this effect was estimated to be less then 1@%.

The neutral beam consisted of vy s, neutrons, n’'s,

L
beam intensity of 14

A s, K;‘s, K* s, E%*’s, A*’s, and E'’s. At a proton

~

protons/pulse, the hyperon vyields
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10 /‘/4" Diameter

0O 2 4 6 - 8 10

Distance off-Axis (r) in mm

Fia. 2. Results of a Monte carlo calculation showina the
change in solid anale acceptance versus off-axis
distance at target nosition.
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detected by the spectrometer at a production angle of 0.6 mr
were 409 lambdas/pulse, 45 K 's/pulse, 5 1*‘s/pulse and

6.2 =* ‘s/pulse.

The flux in the neutral beam was monitored by a
scintillator, steel, lead glass arrav which was located at
the far downstream end of fhe experimental area. Fiqure 3
shows the configuration of this neutral monitor. The
following signals from the neutral monitor were scaled and
were read out between pulses:

n=PbG2-PbG3,

Y=V°cl°c2.

ny=PbGl.
Assuming the n monitor counts only neutron interactions with
an efficiency which can be calculated from the lengths of
the detectors and.absorbers, and the ny monitor counts both
neutrdns and y’'s, it is possible to determine the number of
neutrons and y s in the neutral beam. The yield was
estimated to be on the order of 20,000 n’'s/pulse and 30,000

vy s/pulse at 0.6 mr.

C. The Spectrometer

Figure 4 shows the layout of the hyperon spectrometer.
The spectrometer consisted of three multiwire proportional
chambers (MWPC 's) upstream of the superconducting analyzing
magnet and three MWPC s downstream of the analyzing magnet.

Chamber 6 which was smaller than chamber 5 was used to

-
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Fig, 3. The beam monitoring system. (Not to scale.)
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improve the momentum resolution in the tracks of high
momentum protons from A° decay. Each chamber had horizontal
and vertical siqgnal vlanes and chamber 2 was rotated 45°
counter clockwise to aive u-v nlanes to resolve spatial
ambiguity. The suverconducting analyzina magnet had an
aperture of 20.3 cm by 61 cm and was 2.5 meters long
including the cryogenics and magnetic shield. It had a
maximum field of about 17 ‘kilogauss which corresponds to a
transverse momentum transfer of 1 GevV/c. For the production
data the magnet was operated at a field of about 12
‘kilogauss or a transverse momentum transfer of 8.73 GeV/c to
increase the spectrometer acceptance for K;'s. The [fBdl
was measured using a rotatable current loop which extended
through the magnet and the field intergral was found to be
uniform over the region populated by detected vnarticles to‘
¥@.5%. The final value of the field integral was determined
by making the reconstructed Ké mass aqgree with its known

value.4G

A beam veto scintillation counter 10 cm in diameter was
located 1.75 meters downstream from the exit of the sweepina
maanet and was used in the trigger logic to veto charged
particles from sources such as neutron interactions and
decays in the collimator. The decay volume between the beam
veto counter and chamber 1 was enclosed by a 36 cm diameter
vacuum pipe and the vacant spaces between the chambers were
filled with helium bags. A 11 m long, 1.5 m in diameter

helium filled cas threshold cherenkov counter was located
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hbetween chambers 5 and 6 and could be used to distinguish
between p(p) from A°(A°) decay and =t from K! decays in
the kinematic region where the reconstructed invariant
masses are ambiguous. Since the number of ambigquous events
was small, the cherenkov counter was not used in the final

particle identification for the yield measurements.

An array of 72 Pb-glass blocks was placed downstream of
chamber 6 and was stacked in 5 stagaered rows of 14 or 15
blocks each with the first block right of center in the
middle row removed to prevent most protons from A® decay
from creating hadron showers in the array., This array of Pb
alass blocks shadowed the maagnet aperture and was used to
detect y rays from =* decays. Each block was 10 cm x 19 cm
x 38 cm and had a RCA 6655A photomultiplier tube epoxied to
its back. The signal from each photomultiplier was
integrated by an 8 bit analogue to diagital converter (ADC)
which was read for each event. The information from this

array however was not used in the analysis presented here.

D. The Chambers and Readout Electronics

Each MWPC chamber had two signal planes, with 2.5
micron gold plated tungsten wires, sandwiched between three
high voltage(HV) planes, which were made with 6\3‘micron
beryllium-copper (25 alloy) wires. (See Figure 5.,) The wire
separation was 2 mm for the signal planes 2nd 1 mm for the

HV planes and the distance between the planes was .48 cm.
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The wires were wound at constant tension around a rotating
aluminum paddle with the wire separation controlled by a
high precision screw. Then the wires were soldered to
printed circuit boards which had been epoxied to a 0.48 cm
thick fiberqglass epoxy-board frame. The chambers were
filled with a standard gas mixture of about 78% argon, 30%
isobutane, and #.3% freon which was bubbled through liguid
methylal at 40° F. The chambers were mounted in enclosed
aluminum boxes with aluminum foil windows. Also mounted in
the chamber box were signal amplifier priﬁted circuit
boards, each of which serviced four wires. The chamber
boxes were air conditioned to remove heat created by the
amplifier electronics and to reduce external corona by
lowering the humiditv. The chamber operating voltage was

typically 4288 volts.

On the passage of a charged particle through a chamber,
the signal generated on the nearest wire was amplified,
triggered an electronic delay circuit, and acenerated a fast
trigger pulse which was OR’ed with other wires in the same
nlane. The OR signals from the chambers were used to form 2
master trigaer coincidence which in turn generated an enable
pulse which was sent in parallel back to the chambers. Upon
coincidence between the outout pulse from the delay circuit
and the enable pulse, a latch on the amplifier board
corresponding to the hit wire was set. Each wire in the
spectrometer had a unique 16-bit address. The addresses of

hit wires were read sequentially into memory by the on-line
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PDP 11-45 computer through a CAMAC interface system.
Altogether, thirty six 16-bit words of ADC information, one
16-bit latch word, and up to 63 MWPC wire addresses were
read for each event. The data taking rate was limited by
the amount of computer memory and the maximum event rate was

220 events/pulse.

E. The Trigger Logic

Figqure 6 is a schematic of the trigger logic. The fast

OR signals from the amplifier boards of each plane of wires
were OR’ed at the chamber box. The left and right halves of
the planes of vertical wires were OR'ed separately for
chambers 3,4,5, and 6. An AND was then formed at the
chamber box between the OR’s from the horizontal and
vertical planes for all chambers except chamber 1.
Therefore the following signals were available for pattern
recognition:

1x,

2x°+2vy,

3Lx*3y, or 3Rx-3vy,

4Lx+4y, or 4Rx-4vy,

5Lx+*5v, or SRx-*5y,

6Lx*6y, or 6Rx°*6y.

For the production data the trigger was made as loose
as possible to avoid biasing the trigger against any

detectable decay. The trigger used consisted of a
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coincidence between chambers 1, 2, 3, 4, and 5 requiring one
track. Chamber 6 was not required since events could be
reconstructed without any hits in chamber 6. The trigger
was

Ve1x*(2x°2y) * (3Lx*3y+3Rx°3y) * (4Lx *4y+4Rx *4y) * (5Lx *5y+5Rx *5y)

where V is the 10 cm beam veto scintillation counter.

F. Data Taking

It took approximately 45 minutes to fill one tame which
contained 8ﬁ,ﬁﬂﬁ triggers. At 6.6 mr 50% of the triagers
were later reconstructed as neutral vee’'s with 44% A', 0.5%
X°, and 5.5% K;. The remaining trigagers were_mpetrv-L“ha’lY
single tracks, neutron interactions and gamma conversions.
The incident proton beam intensity was varied to saturate
the readout electronics at the maximum event rate of 224
triggers/pulse and ranged from about 2x106 nrotons/pulse at
¢.6 mr to about 107 protons/pulse at 9 mr. Typically four
tapes were taken at each production angle for the 1/2
interaction length Be target while only one tape was taken
at each angle for the 1/2 interaction lenath Cu and Pb
targets. Table 1 summarizes the total yield of neutral
strange particles for each production angle and each taraqet.
The neutral monitors were scaled and were read once between
each spill. The scalers were summed for 8 spills by the
comnuter and then the sums were written on tape. Since the
ion chamber could not be gated during the spill. the neutral

monitors were scaled both gated and ungated. The ratio of a
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]
i
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Production A° A° K;

Angle Be Cu Pb Be Cu Pb Be Cu Pb
(mrad)

.6 122000 25500 28300 | 882 216 273 7230 1620 1890
.7 27000 50700 25900 ! 190 438 288 1620 3290 1730
1.3 87700 31400 30500 651 289 312 5550 2140 2140
1.5 114000 53700 28900 900 555 319 7480 3790 2050
1.9 84200 30900 30000 748 354 371 5770 2260 2340
3.3 78600 —_— 26100 1100 —_ 447 6940 — 2690
3.8 16800 —_ —_ 310 —_— —_— 1620 —_ —_
5.3 86300 —_— 19300 2230 —_ 577 10700 — 2440
7.2 46000 —_ 15700 1920 —_ 698 7010 —_— 2360
8.9 35500 8620 12400 1980 508 736 5750 1360 2050
Total 698100 200820 217100 ' 10911 2360 4021 59670 14460 19690

Table 1. Yield of produced varticles,
L L L L L L L L L L

ve
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gated monitor to the same monitor ungated was used to
correct the total ion chamber readina for experiment

deadtime.

A beam focus and ion chamber calibration check was made
before each run at ap intensity of from 1@6 to 3x106
protons/pulse. The ratio P/(P+H) where P is the #.635 cm
proton counter and H is the halo counter, was calculated as
a monitor of the bheam focus and typically varied between
#.85 and 0.98. This ratio remained stable during each 3 or
4 day running period after the beam was tuned. The rate
dependence of the oroton counters was studied durina the
course of the experiment and a rate correction was made for
rates above 106 counts/pulse. The ratio (P+H)/IC where IC
is the ion chamber reading in volts, was also calculated
before each run and was used to calibrate the ion chamber.
There was no evidence of a systematic variation in this
ratio during the running period however changes in beam
tuning in conjunction with a slight misalignment between the
proton and halo counters caused a scatter in the value of
the ratio at each readinag. The average of 48 readings

resulted in a value of (P+H)/IC = 14.3%9.7.

For non-zero production angles, the reauired current in
the upstream bendina magnets was calculated from the desired
nominal production angle with the use of a field map of the

4]

external beam line bending maagnets. The actual anale which

resulted was checked against the calculated one with the two
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proportional chambers which were located uprstream of the
sweepina magnet. These angles aagreed within the resolution

of the chambers.

During the course of the running veriod several runs
were taken with a low intensity proton beam and with the
upstream bending magnets and the sweeper and anaiyzinq
maanets off. These runs were used to define a coordinate
system in which the relative chamber alianment was defined
and which was used by the reconstruction program to
calculate particle positions. The coordinate system was
thus defined by the direction of the proton beam. One ruﬁ
was taken at +1 mr with the sweeper and analyzina maanets
off to check the calculated production anale and was found

to agree with it to 0.1 mr.

Data were taken in five runs, each consisting of four
to six weeks, during the period from September 1974 to March
1976. The data to be presented here were obtained durina a

six week run which occurred in June and July of 1975.



CHAPTER III

DATA ANALYSIS

A.- The Reconstruction Program

The raw data tapes were processed by a reconstruction
program which searched for neutral vee’'s from the decay
modes A*+Dr , A*+Pu+t, and Ké+:+n_. The momentum
comnonents of each track, the vertex position of the
reconstructed vee, and the error matrix obtained in the
track fitting were written to a compacted tave for those
events with the neutral vee topoloagy. 1In this way most
single tracks, neutron interactions, and gamma conversions

were eliminated from the data sample.

The compacted tape was processed by a rarticle
identification program which performed a fit to the
invariant mass assuming that the vee was due to the decay of
a pA', A, or Ké. Since the momentum resolution was
momentum dependent, the mass window for accepted events 2also
depended on momentum. Events which were ambiguous between
A? and Ké were assumed to be A* while events ambiguous
between j* and Ké were rejected. From unambiauous A* and
Ké yields and from a Monte Carlo calculation of the ratio
of ambigquous to unambiguous Ké's. it was estimated that the
number of Ké's which were assumed to be A*’s resulted in

less than 1/2% contamination of the ;* samole for all

27
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momenta, Ké's for which the higher momentum decay product
was a positive track were rejected to avoid A' contamination
of the K; sample. This resulted in a cut of about 508% of
the Ké's. The FWHM of the reconstructed mass was 6 MeV for
the A° and A* and 14 Mev for the K!. Fiqure 7 shows the
A' and Ké reconstructed mass distributions from a typical

8.6 mr run,

Geometric cuts were made alona the edaes of all
chambers and in the z vertex position at both ends of the
decay volume to eliminate regions of the acceptance where
the detection efficiency or reconstruction efficiency were
poor. From the decay vertex position and the momentum
components of the reconstructed neutral vee, the radial
position (R) of the neutral particle at the production

2>40 (mm)2 were

target could be calculated. Events with R
rejected to reduce background from neutral stranae particles
not directly produced in the taraget. Altogether these

geometric cuts eliminated about 25% of the data.

Acceoted events were binned in 5 GeV/c momentum bins
and the followinag aquantities alona with their measured
errors were calcuvlated for each event and accumulated for
each bin:

1) N = number of particles,

2) Plab = laboratory momentum,

3) D% and pT = transverse momentum in the

proton-nucleon center of mass frame,
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*

*
4) x = the Feynman scaling variable = PL/Pmax wvhere

P; is the center of mass (CM) lonagitudinal momentum of the
produced particle and P;ax is the CM momentum of the
incident particle, .

5) 8 = laboratory angle of the reconstructed particle
relative to the incident proton beam direction.
An output file was created containing these binned
guantities for every run so that their weiahted averaaes
could later be calculated. Runs at the same production
angle were combined by summing the accumulated acuantities

for each bin. Appendix A gives the formula and geometry

used 'to calculate the production angle 6.

B. The Invariant Cross Section

The Lorentz invariant differential inclusive cross
section was calculated for the three nuclear targets for \°,

A', and K; from the following formula:

s b 2 2 =
Ed'c/dp -(Elab/Dlab)(d a/dplabdﬁ)-

(Ey ap/P2ap) [ (N(P,8)AC(P,0)) /(N _pLIA(D)BADAR) ]

where N(p,0) is the number of events in a bin, Elab and ®1ab
are the average laboratory eneray and momentum of the
reconstructed particle, A, p.L are the atomic weight,
density, and lenath of the target resvectively, B is the

branching ratio for the observed decay mode, No is

Avogadro s number, I is the number of protons incident on



31

the target, Ap is the momentum bin size (5 GeV/c), Af is the

6 steradians), A(p) is the

solid angle acceptance (1.20x18
lifetime and geometric acceptance of the spectrometer, and
C(p.9) is a correction factor which devends on production
anale and momentum. The spectrometer acceptance and
reconstruction efficiency were determined from a Monte Carlo
program and the correction factor C(6,p) is the cumulative
result of a number of effects which are described in detail
in Section E. The values used for the A'spx—(A’+px+) and
Kg+1+w- branchinag ratios were 7.642 and #.6877
respectively.4ﬂ

No attempt was made to distinguish directly produced

particles from those resulting from electromagnetic or

*
strange decays such as £®+vyA® or N +A°*K°.

C. Normalization

The number of protons incident on the production target

was calculated from the following formula:

I=ICtotal(nq/an)[P/(P+H)][(P+H)/IC]

where IC is the ion chamber sum for the run, nq is the

total
gated neutron monitor sum, L. is the ungated neutron
monitor sum, P is the 1/4" proton counter and H is the halo
counter. {P+H) /IC is the previously mentioned ion chamber

calibration factor and was eaual to 14.3%9.7 for all runs,
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and P/(P+H) is the fraction of beam hitting the target and
varied from 0.85 to #.90 derendina on the run. From the
scatter in the A* yields the relative run to run
normalization error was estimated to be 4% FWHM. The total
error in the absolute normalization was estimated to bé 20%

FWHM.

D. The Monte Carlo Acceptance

The Monte Carlo program generated events at the target
which passed through the defining collimator and decaved in
the decay volume. For the incident beam a Gaussian
distribution over the area of the taraet was assumed and
gave a target pointing R2 distribution which was the same as
that of the data. The positions of the decay products at
the chambers were calculated and wire hits were generated in
the same manner as actual events. The output tave from the
Monte Carlo program was then processed by the reconstruction
program, The Monte Carlo simulated chamber inefficiencies
and adjacent multinle hits where two wires are hit by one
varticle. Care was taken to make the outout momentum
spectrum from processed Monte Carlo events the same as the
momentum spectrum of the data so that the Monte Carlo
acceptance would correct for the smearing effect caused by
the finite momentum resolution of the spectrometer.
Altogether the Monte Carlo acceptance corrected for the
geometric acceptance (including lifetime) of the

spectrometer, the reconstruction program efficiency
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including ambiguity cuts, and the resolution of the
detector. The Monte Carlo acceptances for A®, X%, and K¢
are shown in Fiqure 8 as a function of laboratory momentum.

The value used for the A® and R* lifetime was 2.61x10" 17

42

seconds and the value used for the K; lifetime was

-10 40

0.886x10 seconds.

E. Corrections

A target pointing cut was made at a radius sovared, R2,

of 49 (mm)2 to eliminate background which was duve primarilv
to scatterina of the neutral beam in the defining
collimator. This background was most prevalent at low
momentum for the low production angle data as would be
expected for a scattering process whose source is between
the tarcet'and the decay volume. Therefore a momentum
dependent correction was made for backaround contained

within the R2 cut.

This correction was made by fitting the sum of two
Gaussian functions of R, one representinn events nroduced at
the target and the other representing events produced by
collimator scatterina, to data with R? between # and 200

(mm)2 in 28 GevV/c momentum bins, The function which

described the background was then inteqgrated inside the R2

cut with the aid of a Monte Carlo simvlation of collimator
scattering. Fiqure 9 shows the R2 distribution of data

compared with the R2 distribution of Monte Carlo events
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produced at the target and Monte Carlo events simulatina
collimator scatterina. There is a geometric cutoff in the
Monte Carlo collimator scattering distribution inside the
anerture of the defining collimator. For A° this correction
varied from -10% at 68 GeV/c and 8.6 mr to -5% for momenta

greater than 150 GeV/c or anales areater than 2 mr.

A sianificant number of events which were reconstructed
as vee 's and had invariant masses on the tails of the \°,
A°, or K{ mass distributions. did not have masses within
the mass window defined by the particle identification
subroutine. The number of such events was found to be
greater in data taves than in Monte Carlo taves. A
correction was made to account for the excess number of
these events and was indevendent of production angle and
particle indentity but derended only on momentum, and varied

from +12% at 68 GeV/c to +2% at 2080 GeV/c.

A sample of events which the reconstruction nroaram
determined were not vee s was scanned bv hand and a +1%
correction was aoplied to correct for qood vee s lost bv the
program for reasons not accounted for by the Monte Carlo.

This loss was caused mainly by accidental hits in the data.

During the experiment a number of target out runs was
taken at selected nroduction anales to measure the vield of
neutral strange rarticles produced by interaction of the
proton beam with material other than the target such as air

and scintillation counters. The ratio, OUT/IN, of the total
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A' yield for target out to the total A® vield for target in
is shown in Figure 18 as a function of production angle for
the 1/2 interaction lenath Be target. Figqure 11 shows the
momentum spectra of the target out data scaled by the OUT/IN
ratio together with the 1/2 interaction length Be taraget

data for 8.6 and 5.3 mr.

A momentum indemendent target empty subtraction was
made to correct for this backaground based on the OUT/IN
ratios. For the 1/2 interaction lenath Be target this
correction varied from -5% for production anales 2 mr or
less to less than -1% ét 9 mr. From Figure 11(b), the 5.3
mr momentum distribution, one sees that a large amount of
background is present at high momentum. This high momentum
background was isolated in the nroduction angle distribution
of the 5.3 mr target out data and was found to be consistent
with production from a concentration of material which was
located aprroximately 16.5 meters upstream of the target.
This material consisted of a lucite test taraget in addition
to two ion chambers, all of which were used by other
experiments. Figure 12 shows the oroduction anale
distribution for one 5.3 mr target out run for all A®’ s and
for A® s with momenta above 288 GeV/c. The 5.3 mr target
out production angle distribution of A®* s with momenta above
200 GeV/c 1is localized about the average value of 4.7 mr
indicating that the position of the source of high momentum
A* ‘s is well localized alonqg the proton beam direction.

From the angle distribution of the hiah momentum background
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and the incident proton beam direction the position of the
source could be determined from the data. The calculated
invariant cross sections for ;°*, K;, and (with all
corrections except this one) were fit to the function
described in the next section which was then used to
calculate the production of neutral strange particles from
the upstream source as a function of laboratory production
anale and momentum. The normalization for p*' production
from the upstream source was obtained from the isolated
target out A* yield at 5.3 mr and the normalization for Ké
and 1* production from the unstream source was obtained
from the Ké/A' and p'/A' ratios (corrected for lifetime
and geometric acceptance) which were measured in production
from the Be target. This calculated yield was used to make
an angle and momentum dependent subtraction to correct for
background due to the upstream source, It was assumed that
the error in the correction was duvue to the statistical error
in the 5.3 mr target out yield of high momentum Ap°s. The
dashed line in Fiqure 11(b) indicates the calculated yield

of lambdas from the upstream source at 5.3 mr.

The largest momentum independent correction was due to
absorption of protons and produced varticles by the
production taraet. Several runs were taken with a 1/4
interaction length Be taraet and the momentum spectrum is
compared with that of the 1/2 interaction length Be target
in Figure 13. The shave of the spectrum does not devend on

the lenath of the target, and thus the correction due to the
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finite length target is just one of normalization.

This normalization correction can be parameterized in
terms of the absorption lenath for orotons lo’ the taraet
length L, and the measured ratio (R) of the vield of
produced pvarticles for the 1/2 interaction lenath Be taracet
to that for the 1/4 interaction length Be target. As shown
in Appendix B the correction factor, c, is given by the

following formula for the 1/2 interaction lenath Be tarocet:

c=21n(R-1)/[R(R=2)].

It is also shown in Appendix B that the correction for the
1/2 interaction lencth Cu and Pb targets can be calculated
from the ratio R for Be as follows:

26/u_1]—1

ci=(28/u)ln(R—l)[(R—l)
where 8 is the ratio of the length of the Cu or Pb target to
the lenqth of the Be target and o is the ratio of the proton
absorption length of Cu or Pb to that of Be. The values of
¢ were calculated from the absorption lenaths tabulated in

Reference 43.

The measured values of R were 1.78t9.85 for A* and
1.77x06.a7 for K;. From these values the corrections
obtained for both A° and Ké were 1.26*x68.07 for Be,

1.208+P.85 for Cu, and 1.17¢+8.94 for Pb. The ratio for R°
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was consistent with that for A* so the same correction

factors were used,.

The fraction of events which were lost duve to
interactions in material such as scintillator, air. and
vacuum windows before reaching the spectrometer was
calculated to be 6.5% for A® and kX* and 4.5% for K;. The
fraction of events lost due to absorption of their decay
products in the chambers and He in the spectrometer was
estimated to be 1.5% for A' and K and 1.2% for K;. This
gives a total correction of +8.0% for A* and X° and +5.7%

for K°*.
s

The chamber inefficiencies were monitored off line by
countina the missing hits on each reconstructed track with
the Monte Carlo (with zero chamber inefficiencv) indicatina
what fraction of this inefficiency was due to mistakes made
by the reconstruction proqram. From this information it was
found that all the chambers in the trigoer had stable
efficiencies between 97.5% and 99.5%. Since two charqged
particles could triager the chambers for each neutral vee,
the overall trigger efficiencvy was estimated to be better

than 99%.

F. The Fit

The invariant cross section can be expressed in the

proton-nucleon center of mass frame in terms of the Feynman

scalina variable x and the transverse momentum sauared, p2
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as follows:
s * * 2
d*o/dp’=(2E /w/s)d*s/dxdny

*
where E 1is the center of mass eneray of the produced

particle and s=(p1+n2)2 where Dl and o, are the 4-momenta of

the incident and target particles resvectivelv. In order to

exnress the data in terms of useful kinematic variables it

2

T to the data.

was convenient to fit » function of x and b
The reaion of ohase smace porulated bv the data is shown in
Fiqure 14 where the broken lines indicate the limits due to
statistics. Separate fits were performed for each particle

for the Be and Pb taraets using the following function:

Ed*o/dB’sf(x.pT)

+c D )'(l—x)

cotc N2
-exp(c +c. xi+c_ x+c xn +C pr 8 79 T.
2 3 4 5* T C6Pr
The values of the pvarameters and the yz per dearee of
freedom for the final fits are aiven in Table 2. A
representative samole of the data is plotted in Fiaures
15-17 as a function of laboratorv momentum for fixed
laboratory rroduction anagle where the solid lines show the
results of the fits. The fits are intended for use as
interpolation aids and anv extranolation should be merformed
with the understandina that the fits are constrained only in

the kinematic reaion were data exist. The data are

tabulated in Appendix C.
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Fig.

14.

Pl in Gev/c

Kinematic region populated by data.
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Etx.pg) = e°1+°2"2+°3“°4"PT+°s"i*cep:-*c?"g (1_x)°9+<=9p.§
A® A° K2
Parameter ! Be Pb Nucleon Be Pb Nucleon Be Ph Nucleon
cy l: 1.43:.02 4.114.03 ~.38+.04 1.89+.06 4.3:.1 W3 +.1 2.52:,03 4.744+.08 .6 2.1
¢, ~.79:.09 1.1:.1 ~1.9:.2 -2.0:.5 =5.0+.9
ey 1.28:.07 -1l.8+.1 3.3:.1 ~12.5%.2 -14.1:.4 -12.2:.5 -3.3x.2 -6.5:.4 -2.3:.5
s -1.09+.05 -.924.08 -1.2+.1 -2.2:.1 -2.3:+.2 -2.3:.3 |
g -2.21=.04 -1.841.06 -2.39:+.08 -2.31:.05 -1.91+.09 ~2.4:.1 -1.89:.05 -1.34:.08 -2.23.1
Cg .45-.04 .56:+.06 .39:.09
<y -.07:.01 -.091.02 -.05+.03
€3 : .74:.02 .73;.03 .824.03 2,2:.1
Sq ; .61x:.02 .911.04 .51+.05
Chi~soguared 1,63 l.62 1.01 1,07 .95 .92 1.16 1.03 .99
Decgree of Freedom

Table 2. Parameters obtained

function of ¥ and n%.

in fite of the data to a
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CHAPTER IV
RESULTS

A. Target Dependence Of The Invariant Cross Section

The behavior of the invariant cross section with the

target nucleus is consistent with a power law of the form:
Ed*o/db?=f (x,py,A) =f (x.py, 1)A X P (1v.1)

where A is the atomic mass number and the exponent a is a
function of x and Pepe This behavior is illustrated in
Fiaure 18 where the invariant cross section is shown versus
A for several values of x and Py The error on each voint

is dominated by the *2% relative run to run normalization

error.

From the fits to the invariant cross section for Be and

Pb the exponent a can be calculated as follows:

a a
fBe/be'ABe/APb

a(x,pp)=log (£, /£,,)/10a(Ag /AL .

Figure 19 shows a as a function of P for fixed x and as a

function of x for fixed n_ for A' and Ké production. a« 1is

T

a strong function of both x and o and at pT=ﬂ for a?*

T'
production it varies from 0.45 at x>0.7 to 0.7 at x=0.2.

51
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The fits were extrarolated to x=# and the values of «
obtained are compared in Fiqure 20 to the values of a found

at x=0 by Cronin et al.24

in proton and charged kaon
production by 206 to 488 GeV/c protons. a at x=0 for A®
agrees well with the trend observed in proton oroduction and
a for K; is in reasonable agreement with « for k* and k~
production. The behavior of a(x.pT) for K; is very similar
to that for A' over the kinematic region where K; data
exists. Little variation of a was seen for A*, however the
x region sampled is limited for A® and the statistical

precision is poor so 2 variation of e« similar to that for a°

cannot be ruled out.

B. Extrapolation of The Invariant Cross Section To A=l

Based on the power law of Equation (IV.1l), it is
rossible to perform an extrapolation to A=]1 to extract the
proton-nucleon invariant cross section. The extranolation
must be done with a different value of the exponent for each

point because a« is a stronqg function of x and » Such an

T
extrapolation does not account for systematic error dve to
the possible non-power law behavior of the invariant cross
section for small A. The proton-nucleus absorntion cross
sections in the momentum range 28 to 60 GeV/c obey a nower
law similar to Eaquation (IV.1l) with a=ﬁ.7ﬂ.44 However, the
absorption cross section obtained bv extranolating the nower
law to A=1 is 35% larger than the measured nroton-proton

absorption cross section. Therefore it is possible that a
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similar normalization error of 35% results from such an

extrapolation in the case of inclusive cross sections.

The extrapolated cross section can be directlv
calculated from the Be and Pb cross sections for each

momentum and angle bin as follows:

_eb a
En=fge’ fpp
a=loq(ABe)/log(APb/ABe)=ﬁ.7ﬂ

b=log(APb)/loq(APb/ABe)=1.7ﬂ.

The coprer data do not enter in the calculation but serve as
a consistency check indicating that the power law is obeved,
The extrapolated cross sections for A', &°, and Ké were

fit to empirical functions of ¥ and n_, in the same manner as

T
the directly measured data and the parameter values are

given in Table 2.

C. Comparison Of The A’ Extravolated Cross Section With The

Thermodynamic Model

The extrapolated cross section can be compared with the
predictions of the thermodynamic model of Haaedorn and

Ranft45

for A® production from hydrogen at 300 GeV/c. This
compérison is shown in Figure 21 where (l/oabs)d’o/dndn in
particles/ (GeV/c) (sr) (interactina proton) calcvlated from

the fit to the extrapolated cross section is plotted versus

laboratorvy momentum for various production anales. The

1. U L.

L
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proton absorption cross section, o , was taken to be 33

abs

mb.43 The absolute normalization of the @ mr peak and the
shape above 100 GeV/c for 7 and 10 mr aqree well with the
prediction while the # and 3.5 mr contours are somewhat
flatter than those vredicted. Overall the model is

consistent with the agross features of the data.

D. The A’ Spectra

Fiaure 22(2) shows the differential invariant cross
section versus x for nuclear taraets Be and Pb divided bv
2/3 for contours in n% of 9, A#.5, 1.6, and 1.5 (GeV/c)z.
The dashed and dotted lines are the fits to the Be and Pb

A

data resmectively and the solid line is the fit to the
differential cross section extravolated to A=1. It should
be emphésized that the lines represent fits to all the data
at once and are not fits only to the data points displaved

in the fiaqure.

26,46-48

In the reaction p+p+p+X peaks have been

observed in the forward and backward directions near x=%]
which have been interpreted as arising from the
fragmentation of the nrojectile and taraet n»rotons

26,46 ,48,49

respectivelv., For p+p*vt4X ., however, the cross

section is qreatest at x=0 and decreases as |x| increases
showina that most 7 °'s are nroduced in the central reaion

48-53

near x=0 , Recent bubble chamber expmeriments indicate

that similar behavior occurs in the case of neutral stranae
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particles,

The extrapolated distribution at p%=ﬂ has a broad
pléteau extending from x=0.3 to x=0.7 indicatinag that
siqnificant A® oroduction occurs in the projectile
fragmentation reqgion. A dip in the distribution is evident
at low x hinting that production is depleted in the central
region. The distributions fall more steeply with x as p%

increases which shows that the x behavior is not comnletely

independent of the Pep behavior.

The x distributions for the nuclear targets are

distorted in a D%
p%-ﬂ increases as x becomes small and there is no sian of a

dip at x=@, This enhancement at low x is qreater as p%

dependent manner. The Pb distribution at

increases and is more pronounced for Pb than for Be. The
ageneral A behavior is indicative of a mechanism inside the
nucleus which dearades the lonaitudinal momentum of nroduced
varticles and results in excess varticles in the low x
region while depleting the x distribution at hioh x.
Therefore, the total number of nroduced varticles per
interaction integrated over all x is roughly inderendent of

A.

Figure 22(b) shows the A' invariant cross section for

constant x contours of 8.2, 0.5, and 9.8 as a function of

p%. The shape is not consistent with a simple exponential
in p% and the slope becomeg more shallow as p% increases.,

2

T contour also becomes more shallow as x

The slove of the p
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decreases. The p% distributions depend less on the atomic

mass number of the target as x increases and for x=8.8 there
is almost no difference in shape between Be, Pb and the

extrapolated contours.

Fiqure 23(a) shows the A* differential multiplicity,
d*n/dydpg=(1/0 ) (d*a/dydpg)=(1/0 ) (Ed*o/dD’)

at pgaa for Be, Cu, and Pb as a function of laboratory
rapidity,

y=(1/2)1n[(E+p ) /(E=-P )],
where E is the A' laboratory enerqgy, Py, is the component of
the A' momentum parallel to the incident proton direction in
the laboratory reference frame and o, . i§'the,proton

$

absorption length for the taraet.‘,ThQ values of o were

abs
taken from the measurements of Denisov et an44 in the
momentum range 20-6# GeV/c and were 210:*2 mb, 7968 mb, and
1812+35 mb for Be, Cu, and Pb respectively. The
differential multiplicity is depleted for y>5 for the Pb and
Cu targets relative to the Be target. The dist:iQutions are
approximately equal at the lowest accessible value of

y(=4.75) suggesting that an enhancement occurs at lower v

values for the high A targets.

20

The Enerqy Flux Cascade Model of Gottfried, predicts

a discontinuity in the y distribution of the multiplicitv

integrated over 02 at y=(1/2)v or

T projectile
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y=(l/3)yprojectile while predicting no A dependence for
larger y.21 On the other hand, the Two Phase Model of
Reference 22 and the Independent Reaction Model of Reference
23, both predict a continuous A dependence in the y

distribution. The data shown in Figure 23 seem to be in

disagreement with the Energy Flux Cascade Model.

The fit to the extrapolated differential cross section

was numerically integrated over oé to obtain the structure

function:

Fl(*)s(Z/t/S)I(Ed’o/d*dP;)dpé

which has been directly measured by several bubble chamber

experiments.was3

The extrapolated fit was used as the best
approximation to the proton-proton interaction studied in
these experiments. The bubble chéﬁber experiments obs;rved
neutral strange particle productiOn.in the backward
hemisphere in the laboratory whereas in this.experiment the
observed particles were in the forward hemiéphere. The
integration was performed from p%=ﬂ to p%=1ﬂ after which
the contribution to the inteqgral was nealigible. Fiaqure

24 (a) shows Fl(x) for the extrapolated ,* fit compared to
hydrogen bubble chamber experiments with incident proton
energies of 12,48 24,48 1@2,53 2ﬂ5,Sg and 3ﬂﬂ52 GeV. The
shaded area of Fiqure 24 indicates the error in the

calculation of Fl(x) due to the uvncertainty in absolute

normalization not including possible systematic error
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arising from the nucleon extrapolation.

F, as calculated from the extrapolated fit is in good
agreement with the 102-3¢9 GeV bubble chamber data for
x>8.3. Below x=9.3 there may be disqreement however we have
no data below an x of @.2 and the range in p% is limited at
low x. The shape agrees well with the 12 and 24 GeV data
but the absolute normalization is about a factor of two
larger. The bubble chamber data indicate that the invariant

cross section is independent of incident proton energy above

188 GeV.

"y

E. The

[ ]
E. The K Spectra

Figure 25(a) shows the invariant cross section divided
by A2/3 for K; as a function of x for ogzﬂ, 8.5, and 1.0
(GeV/c)z. The shape of the K; x distributions can be
roughly approximated by an exponential in x for x<@.5. The
extrapolated x distributions monotonically rise as x
decreases indicating that K; production is dominated by the
production mechanism in the central region. The shapes og
the x distributions are weakly dependent on p%
slope of the x contguts is steeper for larger p%. A

and the

non-exponential behavior is evident for x>@8.5. particularly
for Be at p%=0 for which the greatest amount of high-x K;
data exists. The x distributions are similar to those of

26,46-49

the s+ mesons from p-p interactions which are also

produced mainly in the central reagion. The A dependence for



66

PZin (Gev/c)?

3 00
i 05
‘:J 01 E—
> F
> -
G
S | 1.0
£
£ 0F
o 3
I PN KIHX
o | e N=Be
* & N = nucleon
1. 1 1 | I 1 ] i I ]
oomo 5 y . 5

(b)

01

T T 7 TTTT]

AN

T

£(X,P;)/A¥3 in mb/(Gev/c)?

P+N-—>KJ+X
.001? —-0--~ N=Be
- —— N=nucleon )
0001 | l 1l [ L ] L |
0 .5 10 1.5 20

pZin (Gev/c)®

Fig. 25. 1Invariant cross section divided by A2/3 for K!
production versus (a) x and (b) 2. The lines §re
the results of fits to all the da?a for each taraqet.



67

the K¢ is very similar to that for the j* with a high A

enhancement at low x and high p%.

Figure 25(b) shows the Ké invariant cross section
versus p% for x contours of #.2, 8.4, and 8.6. The general

behavior of the invariant cross section with p2 is

T
remarkably similar to that for the j°®* and a simple

exponential in p% does not adequately represent the data.

Figure 23(b) shows the K$ differential multimlicity
versus laboratory rapidity for p%=ﬂ and for Be, Cu, and Pb.
The behavior with y, although considerably less pronounced,
is similar to that of the ,;¢. The distribution is

increasingly derleted for y>5.5 as A increases.

Fl(x) was calculated for the Kg in the same way as for
the ,¢ and is compared with the'ﬁydroqen bubble chamber data
of References 48-53 in Figure 24(b). The normalization is
in good agreement with the bubble chamber data of 162-340
GeV and the shape agrees well with the low enerqgy data of 12
and 24 GeV. There is a factor of 3 difference in

normalization between the data of 24 and 3908 GeV.

F. The ¢ Spectra

Figure 26 (a) shows the invariant cross section for a°
versus x for p%=ﬂ and 0.5 GeV/cz. The data are consistent
with a simple exponential dependence on x. There is no

evidence of a target dependence althouah the region of x
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sampled by the data is small and the statistical errors are
large so a target dependence similar to that of the A' and
Ké cannot be ruled out. Clearly A' production mainly
occurs in the central region and the x distributions for \°
and A' are consistent with nearly equal production of both

particles in the region near x=§.

Figure 26 (b) shows the invariant cross section for &°'

versus p% for x=0.2, 0.4, and 8.6. The p% dependence is

2
T

is similar to that of the A* and K;. It would seem that

consistent with a exponential in p and the p% dependence
the production mechanism for A', k', and Ké distinguishes

between the three particles primarily as a function of x.

F,(x) for A* 1is shown in Figure 24(c) along with the

hydrogen bubble chamber data at 12 and 24 GeV.48

The slope
of Fl(x) calculated from the extrapolated fit is much

steeper than that of the low ener?y data so production of
A* is considerably greater near #=ﬂ at 388 GeV than at 24

GeV.

G. Particle Ratios

Figure 27 shows the K;/A' ratio versus x for Be and Pb
targets and for production angles of 6.6, 3.3, and 8.9 mr.

The line represents a fit of all the data to the function:

] (.
KS/A Alexp(Azx)
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where the fit qgave A1=2.99tﬂ.ﬁ4 and A2=—6.45;ﬂ.ﬂ3 with a

x2‘727 for 375 data points. Within the statistical accuracy

2
T

or on the target. The K;/A' ratio extrapoclates to 3 at x=4#

of this experiment, the K;/A' ratio does not denmend on p

indicating the abundance of mesons produced in the central

region,

Figure 28 shows the A°/A®' ratio versus x for Be and Pb
for production angles of 8.6, 3.3, and 8.9 mr. Again the

line represents a fit of all the data to the function:
T "=
AY/A Alexp(Azx)

where the fit gave A;=1.16£0.05, A,=-11.4:8.15 with x2=158

2
T

observed in the ratio. The A*/A° ratio extrapolated to x=8

2

for 165 data points. No v or target dependence is
is consistent with 1, hinting that perhaps production of

baryon-antibaryon pairs dominates in the central reaion.

H. Inclusive A° Polarization

It has been reported by our qroun,s4

that a significant
polarization was observed in the inclusive production of
A* ‘s at non-zero production angles. The three components of
the polarization vector were measured in the chamber

reference system usina the maximum-likelihood method and

only the components consistent with parity conservation were
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found to be non-zero. In the chamber reference system the 'z
axis points in the proton beam direction for nominal zero
production angle, the y axis points upwards, and the x axis
points to the left. It is assumed here that the incident
beam is deflected vertically for non<zero production angles.
Parity conservation implies that the spin of produced
particles must be normal to the scatterinag vlane., 1In this
experiment the initial spin direction must therefore be
along the x axis, however as the produced particle traverses
the magnetic field in the sweeper, the spin precesses and

therefore the x and rz components are allowed.

The three components of the polarization times the
decay asymmetry parameter a(=0.647tﬂ.01355) are shown in
Figure 29 versus transverse momentum. Since no variation of
aP with x was observed, all x bins were combined. Fiqure
29 (d) shows |uP|=[(u§°i)2+(a§~2)2]1/2 versus transverse
momentum. |eaP| increases monotonically with P from pT=ﬂ.2
GeV/c to the maximum observable P of 1.5 GeV/c for which

P=9,2820.08.

A polarization consistent in magnitude and sign with

that reported here has been measured in A* production from

Be in the 24 GevV CERN neutral ‘kaon beam.56
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CHAPTER V

PHENOMENOLOGICAL FITS TO THE CROSS SECTIONS

The empirical fits described in Chapter 111 gave a
convenient representation of the data in terms of the useful
kinematic variables x and p%. The fits to the extrapolated
cross sections were investigated more carefully in the hope
of finding a more simple functional form. 1In some cases
more than one function or set of kinematic variables could
be used to successfully represent the data. 1In the high x
region the A' data are consistent with a functional form

predicted by the triple Regge Model.39

A. Fits To The A' Extrapolated Cross Section

The most important term in the empirical fits to the a°

cross sections is the term

c,tc,p2
(1-x) 8§ "9 T'

It is a strikina feature of the data that the invariant
cross section has the approximate dependence:
a(e)

Ed*a/dD? =8 (1-X)

where B is a constant and the power a is a function onlv of

75
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production anale & and a(®) becomes a larger negative number

as ® increases.

The A* extrapolated cross sections gave a agood fit to
the simplified function:
a_+a 02
2 1/2 6 77T

. 2 .
Ed*o/dp’*=a exp[az(x-aB) +a4(pT+a5) ]°(1-x)

1

where a,=21.4%3.2, a,=-1.65+0.18. a,=0.86610.062,

1 2 3
a,=-3.79t8.10, a.=0.304%0.026, a,=0.804:0.835, a,
=0.999+8.033 with a x2/deqree of freedom(DF) =1.23 with 383

data points. The term exp[a4(p§+a5)1/2] is similar to the

term exp(aET), where ETz(p£+m2)l/2 and m is the mass of the

produced narticle, which was successfully used to reoresent

the P dependence of neutral strange particle production at
19 GeV.49

2
T

invariant transverse momentum t = (pa-pc)2 where o, and Pe

If p in the exponent of (1-x) is remlaced by the

are the 4-momenta of particles a and ¢ in reaction a+b+c+X,
the xz/DF decreases to 1.14 and a5(=0.0191ﬂ.ﬁ07) becomes
small. Therefore the function can be further simplified by

fixing a. and setting it equal to 'zero and one obhtains

5
a,=5.20:0.091, a,=-1.50%0.18, a,=0.327:0.018, a,=-1.80%0.032
8,=8.771£0.034, a,=-1.46%0.022 with x2/DF = 1.28. If either

a, Or a, is set eaual to ‘zero the xz/DF increases only
slightly to 1.35. Therefore one obtains the followina

suprisingly simple function which aives a adood fit to the
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extrapolated A*' data:

b3+b4t

Ed'o/dﬁ':blexp[bsz](l—x) (V.1)

where b1=5.7110.ﬂ81, b2=—1.0110.031. b,=1.02+0.008,

3

b,=-1.45t8.826. If t is replaced by p% (py) the fit

becomes very poor with x2/DF = 7.7 (17.7y. 1If P in
Equation (V.1l) is replaced by t one obtains a xz/DF = 3.7.

However x can be replaced by the radial scalina variable

* * *
szE /Emax where E 1is the energy of the produced particle
in the proton-nucleon center of mass and
E* =(p*2 +m2)1/2 is the maximum possible center of mass
max max =

energy, without changing xz.

[Rev)
le

Fits To The KX Extrapolated Cross Section

The function in Ecuation (V.1l) gave 2 good fit to the

K; extrapolated data with b,=2.89%9.190, b2=—0.983ﬂ.11.

1

b3=4.39tﬂ.655, b4=—1.6Siﬂ.ﬂ88 and xz/DF = 1.09 with 251 data

points. The K; extrapolated data can also be fit by a

function of the form:

Ed?o/dp’=d exp(d, x*+d, x+d,0

1 3%¥+d 4 Onp)

with dl=2.ﬂ2iﬁ.22. 2=-5.27tﬂ.64. d3=—2.751ﬂ.54p

,=-3.07:0.04 with y2/DF = 1.28.

C. Fits To The x* Extrapolated Cross Section
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The function of Equation (V.1l) with b2 fixed and set
equal to 'zero can be used to fit the 2% data with parameter

values b1=6.8211.2, b,=9.82+0.36, b4=-2.1910.11, and XZ/DF =

3
#.83 with 93 data points. The simple exponential function:

2

o>
Ed?¢g/dp?*=d exp(d2x+d3pT)

1

also agives a good fit to the x* data with d,=1.38:0.19,

1

d.=-12.24¢0.51, d,=-2.45:0.13 with y/DF = 9.92.

2 3

Fiqures 38(a), 31(a), and 32(a) show the extrapolated
cross sections for ,°, Ké, and p* with the results of the

fits to the function of Equation (V.1l).

D. Fits To The Triple Regge Model

The comparison of this data to the triple Reage Model

was initiated by T. Devlin.57

Mueller34 that the cross section for the inclusive process

It has been shown by A, H,

a+bsc+anything can be related to the connected part of the
forward amplitude for the process a+b+csa+b+cC. This
relationship is a generalization of the well 'known ovntical
theorem which relates the imacinary part of the forward
elastic scattering amplitude to the total cross section. 1If
one assumes that the amplitude for the inclusive orocess is
dominated by the same Regge singularities as the vhysical
three-body amplitude, it can be shown in the limit t fixed,
2

2 2 _ 2
s/Mx large, and Mx large, where Mx = (pa+pb-nc) and P,

L
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The Triple Regge Diagram

Fig. 33. The triple Regge Diagram,
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Pp and P. are the 4- momenta of particles a, b, and ¢
respectively, that the inclusive process is described by the

39

triple Regge diagram shown in Fiqure 33, The cross section

for this diagram can be written:39

2 20(t)-ﬂp(0)

Ed'o/d5'=s(t)(s/nx)

(V.2)

where o (t) is the leading Regge trajectory which couples to
the system (bc) and ap(ﬂ) is the leading Regge singularity
which couples to (aa). If we assume the pomeron intercept
is one, up(ﬂ)=1. and since Mi/s=(1—x)for large s and small

o) Eauation (V.2) becomes:

T’

. 1-2e (t)
Ed’o/dp® =8 (t) (1-x) . (V.3)

58-53 ;ldicate that the cross

Bubble chamber experiments
sections for A*' and K; production are independent of eneray
above 16# GeV so the trivle Regge limit is exvected to apply
at FNAL energies. The region of x regarded as appropriate
for the triple Reage limit for production by 308 GeV

57 If this restriction is

incident particles is 0.8<x<@.98.
applied literally to the data of this experiment, much of
the A* data and all of the K! and X' data are outside the
triple Reqae 1limit, Fiqure 34 shows the relationship
between t and x for constant contours in laboratory

production anale for the A' Be data. t is approximatelv

constant for x>8.5 for €<7.2 mr however t varies rapidly for
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Table 3. Reqge parameters obtained in fits to the A® cross

sections,
8 T 2 o B; x & Data
(mrad) (CeV) 2 Points
*Nucleon®
0,6 -0,07 0,1540.03 2,4+0,3 1,8 10
1.9 -0.24 -0,10+0, 04 2.4+0.4 3.6 10
3.3 -0,74 ~0.46+0.04 2.140.2 16, 16
5.3 -1,89 -1,2040,06 1.6+0,2 13, 17
Be
0.6 -0,07 0,13+0.01 7.340.4 3.1 10
1.9 -0.25 -0,04+0,02 5.740.4 5.6 10
3.3 -0,74 -0.42+0,02 5.440,3 36. 16
5.3 -1.89 -1,24+40,03 6.2+0,4 14, 20
Pb
|
0.6 -0,07 0,09+40,02 36. +3. 5.7 10
1.9 -0.23 0.03+0,03 20, +2. 6.6 10
3.3 -0.74 -0.3940,03 21, 2, 30, 16
5.3 -1.59 -1,4540,06" 57. +8, 14, 17
-61
=57 8.9mrad
-4 -

t in (Gev)?
- 8w
K
0o
. (4]
w W

Fig. 34. t versus x at constant production angle for A*
production from Be.
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x<@.5. The empirical fits which were described in Chapter
III can be used to exhibit the behavior of the invariant

. cross section as a function of t and Mi/s. The invariant
cross sections for the Be data are plotted versus Mi/s in
Fiqures 38(b)., 31(b), and 32(b) for A', K:, and X* where
the solid lines show the behavior of the empircal fits for
constant t contours. The constant t values were chosen to
be the average values of t for each angle except for angles
less than 7.2 mr for A® for which the averages were taken
over the following limited x regions: x>@.8 for 0.6 and 1.9
mr, x>8.7 for 3.3 mr, and x>8.6 for 5.3 mr. It can be seen
from Figures 36-32 that the power of Mi/s predicted by
Equation (V.2) is constant over a wider region of Mi/s for
constant production angle than for constant t. The data are
consistent with the behavior of Egquation (V.2) only near the
‘kinematic limit x=1, Similar behavior occurs for the Pb and
extrapolated cross sections. Information about the Reage
trajectory a(t) can be obtained by performing fits to data
in the high x region near x=1 where Equation (V.2) is obeved

and where t is approximately constant.

The Be, Pb, and extrapolated A' cross sections were

separately fit to the function:

- 1‘20 i
Ed’o/dp'=Bi(l-x) (V.5)

where a; and g, were determined separately for each of the

angles 8.6, 1.9, 3.3, and 5.3. The fits were performed to
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the data in 5 GeV/c momentum bins and in the following x
regions: 0.97>x>0.8 for 9.6 and 1.9 mr, 0.97>x>8.7 for 3.3
mr, and £.97>x>0.6 for 5.3 mr. The 3.3 mr points with
laboratory momentum greater than 299 GeV/c are not
consistent with a constant power of (l-x) for constant t.
These points are sensitive to the high momentum background
and deviate from the (l-x)a(e) behavior which is observed
for all other angles. Therefore all points with x>.97 were
eliminated from the fits so that x2 would reflect the
guality of the fits over the region of x where Equation
(V.2) is obeyed. The parameter values obtained in the fits
are given in Table 3. The @ parameters are only very
weakly dependent on production target. The values of @, for
the fits to the extrapolated cross sections are plotted

versus t in Figure 35.

Since the (pik) system has stranaeness +1 and baryon
number 0, Regge trajectories which couple in Figure 33 must
have these properties. Well established resonances with
these properties are the K*(892). K**(1420), and K(498).

The K* and K** define the nearly-deadenerate leading Reaaqe
trajectories which are expected to dominate A® production in
the triple Reage limit. These resonances are plotted in
Fiqure 35 where u(m2)=j and i is the spin and m is the mass
of the resonance. The \? a; values for t>-2 lie close to

*

* *
the straight line defined by the K and K resonances in

good agreement with the theory.
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Similar fits to the triple Regge Model were performed
for the reaction pp+A®+X at 19 GeV/c58 and the data were
found to be consistent with Egquation (Vv.2). However the
a(t) found at the lower energy, while linear, had a steepef
slope and lower intercept than that found here, and favored
the K(498) trajectory. This difference could be due to
possible energy dependence in the x distribution, or the
avplication in Reference 58 of the triple Regge formula to

values of Mi/s outside the triple Reqge limit.

It is interesting that the exponent of (l1-x) at fixed o
is constant over a wider region of x than the exponent of
(1-x) at fixed t. It was demonstrated from the empirical
fits that the exponent of (l-x) at fixed t is only constant
for large x where the triple Reage Model is expected to be
valid. 1In this region the data are consistent with the
model. The behavior predicted by Equation (V.3) is
remarkably similar to that found emvirically and the
trajectory determined by the fits is consistent with the
existence of known resonances which couple in the triole

Regge diagram.



CHAPTER VI

CONCLUSIONS

A host of theoretical models dealing with inclusive
production have been discussed in the literature and some
models have been useful in categorizinag exverimental
results. For example the Mueller-Reqgge Model can be used to
derive formulas which express the eneray devendence of
particle distributions in the fragmentation and oionization
reaions as well as the eneray dependence of particle
multiplicities. Many models predict asymptotic behavior as
the enerqgy becomes larqe and this appears to be
experimentally verified, particularly in the fragmentation
region. However many questions remain to be answered and
much more theoretical and experimental work must be done.
The conclusions derived from this experiment can be
summar ized as follows:

1) The dependence of the j;* and Ké invariant cross

sections with the target can be expressed as a power law of
the form:

[+ ] (x'pT)
o(x,DT.A)=o(x.pT,l)A

where A is the atomic mass number of the taraet nucleus and

the power o is a function of both x and » The variation

T
of o with Py is consistent with the idea that the particle

89
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interactions become more point-like as Do, increases. Target
dependence appears in the cross sections at low P at a
rapidity 5 units from the target, well into the projectile
fragmentation region. The differential multiplicity is
increasingly depleted at large y as A increases. |

2) A' production is dominated by projectile
fragmentation while K; and &' production occurs mainly in
the central region. The A' rapidity distribution exhibits a
plateau at the lowest accessible values of rapidity while
the K; and ®* distributions are continuously increasing as
v decreases.

3) Production cross sections for stranaqe particles are
suppressed bv about a factor of ten relativé to non-strange
particle production cross sections.

4) The p, distributions for At K;, and k' are
similar and the particle ratios do not depend stronaly on P
and taraget. They appear to depend only on x. 1If the
particle ratios are extrapolated to low x the data are
consistent with more copious production of K; than A’ and
nearly egual nroduction of A° and X' near x=9.

5) The extravolated cross sections can be described bv
a simple emvirical function which is similar in form to that
predicted by the trivle Reaade Model. 1In the reaion of phase
space where the model is expected to be valid, it is
consistent with the data.

6) A° polarization is observed in the inclusive

reaction p+Be=A’+X at an incident proton energy of 3008 GeV.
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This polarization can be interpreted by the triole Readge
Model as arisinc from absorptive corrections to the tripole
Regge diagram. However, specific calculations usina this

assumption do not completely reproduce the data.59

The results éf this-exoeriment were found to be in
general agreement with previous inclusive production
experiments whenever a clear comparison could be made. A
continuation of this experiment is justified by the results
and the obvious next step is to repeat the experiment with a
hvdrogen target. Such an exveriment would measure the ;*
polarization from a proton target and test the nucleon
extravolation verformed here. Neutral strange particle
production data from nuclear targets with incident p, b,
and ¢+ at energies varing from 108 to 468 GeV has already
been obtained with this avparatus at FNAL and will be
presented soon. Preliminary results indicate that the ¢
distributions for production from 280, 308, and 400 GeV/c
protons on Be at 0.6 mr are the same, thus supporting the
bubble chamber results that scaling has occurred at FNAL

energies.

The usefulness and experimental feasibility of the
neutral hyperon beam has been reinforced bv this exreriment
and a rich experimental proaram has been initiated.
Experiments which will be performed or are nresently in the
process of analysis include the measurement of the A'p‘total

cross section at 308 and 400 GeV: measurement of the jpr*'n
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elastic differential cross section; measurement of the =z¢
production cross section and inclusive &* polarization; and

measurement of the asymmetry parameter «_, in the decay

5°+A%+5*. The inclusive A* polarization will be used to
measure the A° magnetic moment and could be used for future
polarized beam experiments. The neutral hyperon beam will

continue to be a vowerful experimental tool.

P



APPENDIX A

CALCULATION OF PRODUCTION ANGLE

Figure 36 shows the geometry involved where M@ and M1
are dipole bending maanets which deflect the incident proton
beam onto the hyperon production target T. From the known
current in M1 and the field integral measurements made in
Reference 41 the bend angle a could be calculated for each
nominal production angle setting. Then.from the measured
distances e and 4 (111*3 m and 5.47%8.813 m respectively) it
is easy to calculate the angle (y) the incident proton beam
makes with respect to the coordinate system defined by the

proton beam with M1 and M@ off from the formula:
y=a/(1+d/e) .

vy was calculated for each nominal setting of M1l. The error
in the calculation of y was estimated to be less than $6.1

mr.

The momentum components of each reconstructed neutral
strange particle in the chamber coordinate system (defined
by the proton beam with M1 and M@ off) were used with the
calculated values of y for each nominal Ml setting to obtain
the angle (8) the reconstructed varticle made with resvect

to the incident proton beam. In the chamber coordinate

93
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system the 2z axis points downstream alona the direction of
the nominal # mr proton beam, the y axis points upwards, and
the x axis points to the left. For the sake of clarity let
us define a new (primed) coordinate system obtained by
performing a rotation about the x axis by angle y so the 'z~
axis points in the direction of the incident proton beam for
a non<zero setting of M1l. Then the momentum components of a
reconstructed particle in the primed coordinate system will
be related to the components in the chamber coordinate

system as follows:

P

_z,zpzcosy-pyslny (A.1)

.=p _COSY+D _Sin
pv DY Y40, Y

Py -=P, -
The angle 6 is then given by:

é=arccos (v, -/p) (A.2)
where p2=p£,+p;,+g§,. Equations (A.l)and(A.2) were used

to calculate the production angle 6 for each event.
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Fig., 36. The geometry used in calculation of the
laboratory production angle.

- L —
' dX |
Ng—> n0—+§r>dn —>dn’
N
N
<——— g ——)‘(—— b —>

Fig. 37. Particle pnroduction from a differential taraet
element.




APPENDIX B

THE TARGET ABSORPTION CORRECTION

b 3

The number of particles (dn) produced in the collision
of n, incident particles with a differential element of

target of length dx is given by:
dn/n°=(Noo/A)dx (B.1l)

where N°=Avoqadro's number, A is the atomic mass number of
the target nucleus, and ¢ is the production cross section
for the process. (See Figure 37.) The cuantities which are
measured are the number of produced particles leavinag the
target (dn’) and the number (né) of incident particles
which enter the target. The measured numbers are given in

terms of the numbers in Ecuation (B.l) by:

né=noexp(a/lo) (B.2a)

dn "=dnexp(-b/1) (B.2b)

where lo and 1 are the absorption lengths of the incident
and produced prarticles respectively, and a and b are the

distances defined in Fiqure 37. Substituting Eaquations

(B.2) into Eaquation (B.l) and intearating over the lenath of

the target (L) one obtains:

96
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o= (n"A/n N ) [kexp(-L/1 ) (1-exp(-L/k)) 11 (B.3)

where'k=lol/(lo—l). The cross section (¢°) which is

calculated directly from the measured numbers is given by
0 =n A/noNo.

Therefore the corrected cross section (o) is given by:

»

o=Co
where

c=kaexp(—L/1o)(1-exp(-L/k))]'1. (B.4)

It follows from Ecuation (B.3) that the measured ratio (R)
of the produced particle vyield with the 1/2 interaction
length target‘to the yield with the 1/4 interaction length

target is aqgiven by:
R=exp(*L/21°)(1+exp(nL/2k)). (B.5)

Using Equations (B.4) and (B.5) we can eliminate k and solve

for ¢ in terms of R:

c=[R(R—2exp(-L/216))][21n(Rexp(L/210)-1)1‘1. (B.6)

If a2all interactions result in the loss of the incident
narticle as far as particle production is concerned.

L/la'ﬂ.s. However, if some interaction nroducts produce the
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observed particle, L/l°<0.5. 1f numbers are put into
Equation (B.6), one finds that c varies less than 1% as L/lo
varies between 8 and 6.5. Therefore we wereeforbh set
D/1°=ﬂ or lo=» and obtain the .following correction for Be:

c=[21n(R-1) ] [R(R=2)]"1. (B.T)

To use the ratio from Be to correct the cross section

for another target we use Eguation (B.4) to obtain:

1 (B.8)

ci=(Li/li) [1'EXD(‘Li/li)]
where Li and 1i are the length and absorption length for
target i. Assuming li =al where a is the ratio of the
proton absorption length for target i to the proton
absorption length for Be we obtain:

ci=(L/al)[l—exp(-Li/ul)]-l. (B.9)

Using Equations (B.S5) and (B.9) to eliminate 1 we obtain:

2Li/aL -1
Ci=(2Li/aL)ln(R—l)[(R—l) =11 . (B.1@)

Equation (Bl1@) was used to obtain the correction for the Cu

and Pb targets.



APPENDIX C

DATA TABLES

The average production angle (8) in milliradians.
average laboratory momentum (p) in GeV/c, and invariant
cross section (ozEd'o/dS'tAo) in mb/(GeV/c)2 for A°, K;.
and X* and forIthe Be, Cu, and Pb targets are agiven in
Tables 4-12. Each 18 GeV/c momentum bin has at least 20
events. The overall correction factor, C(n,8), which was
defined in Section III.B is also given for each bin. The
errors (Ag) in o include statistical errors as well as the
estimated error in C(p,8). The overall normalization error

was estimated to be 20% FWHM.

99



NNSNSNN

NP ool Gl Gl Gl O B O O AN

e ek s Bt Pt Dt et Bt Pt bs e e b pes e

180

Table 4. Data for A* production from beryllium.

P o Ao cip. o) (] P ° A C(p.o)
1.2 244.6 1.599 .941 1.26
63.3 4.49 .21 1.23 1.2 2546 1,295 .93% 1.26
74.9  4.49 .18 1.26 1.2 264.9 1.844 831 1.26
84.8 4.22 .18 1.27 1.2 274.7 772 .02s 1.26
94.8  4.39 .16 1.29 1.1  284.4 .519 .020 1.26
184.9 4,315 .0899 1.28 1.1 294.3 .288  .015 1.26
114.8 q. 158 -392 I.ZB 1-5 65.1 4-63 _l? 1.35
124.8  4.162 .09 1.27 1.6 749  a.a .14 1.2
134.8  4.99] .888 1.27 1.6 84.8  4.96 1 1.29
144,9  3.893  .pA3 1.27 1.6 54.8  4.10 .11 1.28
154.8  3.785 .879 1.2z 1.5 104.8  3.96 .10 1.28
164.8  3.684  .073 1.27 1.5 114.8 3,985 .896 1.28
174.9  3.518  .869 1.27 1.5  124.8 3,757  .@891 1.28
184.7  3.317 .a67 1.27 1.5 134.9  3.581 .77 1.28
194.8  3.176 .065 1.27 1.5 144.8  3.411 .73 1.27
204.9  2.881 .051 1.27 1.5 154.8  3.253 .869 1.27
214.8  2.724  .@S6 1.27 1.5 164.9  3.085  .863 1.2?
224.8  2.549  .8S? 1.27 1.5 174.8 2.859  .857 1.27
234,98 2.321 .853 :.zg 1.5 184.8  2.712 .B55 1.27
244.7  2.020 -048 1-29 1.5 194.9  2.486 .852 1.26
254.7 1.758 -343 1-39 1.4 204.8 2.172 .B47 1.26
264.7 1.471 -33 {29 1.4 214.7 1.997 .042 1.26
274.6 I;ﬁ -ég % 1.4  224.8 1.798 .04} 1.27
284.3 e "ai9 1 29 1.4 234.8 1.552 .83?7 1.27
294.3 -25 s |25 1.4  244.7 1.345 .B34 1.2?
63.5 4-72. e 12 1.4 254.8 -1.186 .0829 1.27
74.8 4-44 o 1 27 1.4  264.7 ,878 .025 1.27
83.0 3- p -22 1-29 1.4 274.5 .607 .019 1.27
94.6 -3 o |58 1.3 284.5 .417  .816 1.27
184.8  4.48 . . 1.3 294.4 .223 .11 1.27

114.8  4.39 .15 1.28
2.9 63.1  4.55 7 1.37

124.8  4.22 .14 1.27
2.0 74.9  4.13 .13 1.34

134.7  4.94 .13 1.27
-7 o > s 2.9 84.8  4.81 .10 1.32
l " g'ss .11 1-27 2.8 94.9 3.962 .0%8 1.31
124-9 3-?1 -!1 1-27 2.9 194,9 3.768 .089 1.30
164. S ‘1o 127 2.9 114.7 3.694 .984 1.29
174-3 el 19 1-2? 2.9 124.8 3.417 .07s 1.28
184. 3. . . 2.9 134.9 3.327 074 1.28
194.8  3.875 ,892 1.27 > 8 144.7  3.126 069 1.27
204.8 g-;gg -ggg }-g; 2.8 154.8  2.825  .963 1.27
214-; 2 oo 'are 1-2? 2.0 164.7 2.555 .B55 1.27
224. e b 1'29 2.9 174.8 2.472 .852 1.26
234.7 z'a g o |28 1.9 184,8  2.211 .047 1.26
244.6 2'sé9 ' o3 |28 1.9 194.7 1.987 .044 1.26
25:-9 :-462 958 1 29 1.9 204.8 1.783 .841 1.26
2?4-2 ‘ove ' ods 1-29 1.9 214.7 1.557 .833 1.26
; 4-7 -6?5 'asa 1'29 1.9 224.7 1.324 .033 1.26
234-1 pafs 'azs 1-29 1.9 234.7 1.115 .029 1.26
65'3 4'66 .19 1'37 1.8 244.8 .937 826 1.26
b 1 i 1.8 254.7 713 .021 1.26
5 . 1 13 1.8 264.6 .552 .018 1.26
94-3 4-33 '11 1-31 1.8 274.3 .379 .814 1.26
184.5  4.37 19 1.38 1.8  284.4 .239 .a11 1.26
. . . . 1.7 294.1 .1166 .p@?73 1.26

114.8  4.137 .B9s 1.29
3.4 65.8  3.85 .12 1.32

124.8  4.959 .92 1.28
3.3 74.9  3.665 .891 1.3%

134.7  3.728 .e85 1.29
3.3 84.9  3.345 .e71 1.32

144.7  3.617 .981 1.27
3.3 94.9  3.169 .B65 1.31

154.8  3.459 .e7? 1.27
e i oy P 3.3 184.8  2.946 .958 1.30
an 3o oea |56 3.3 114.7  2.792 .852 1.29
. . . . 3.3 124.8  2.383 .045 1.29

184.8  2.891 .B52 1.26
s 2o o 126 3.3 134.8  2.248 .843 1.28
204.9 2.474 .855 1'zs 3.3 144.8 1.936 .837 1.28
2a4.5  2.973 o |26 3.3 154.7 1.718 .938 1.28
214-2 2-259 e 12 3.3 164.8 1.443 .028 1.27
234.7  1.789  .045 1.26 3.2 174.7  1.264  .824 1.27
. . . 26 . 3.2 184.7 1.927 .821 1.27
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.898
.710
.547
.4208
.3133
.2298
.1618
.8966
.8575
.0363
.0152
3.57
3.58
3.82
2.888
2.742
2.469
2.176
1.812
1.56S
1.335
1.120
.887
721
.532
.465
.381
.258
.162
. 1200
.0639
.8534
.0188
3.222
2.907
2.485
2.886
1.728
1.451
1.160
.941
.748
571
.4153
.3159
.2170
. 1571
1104
.0687
.8503
.8282
.0164

.89865
.08362
.88154

2.670
2.178
1.674
1.284

.953

697

.503

.3473
.2429
. 1606
. 1060
.0625

.Y

.019
.816
.013
.812
.0095
.0878
.0063
.0847
.8835
.0828
.8017
.20
.15
11
.09?7
.084
.073
.064
.055
.043
.845
.837
.031
.027
.B22
.021
016
.815
.811
.0896
.0068

'.9862

.8033
.874
.856
842
.938
.039
.826
.921
.017
.014
.813
.0885
.B96?
.08352
.0042
.0834
.8825
.0021
.0915
.0011

.88879
.00052
.00BB38.

.863
.044
.831
.023
.819
.014
.11
.0080
.8861
.8048
.0833
.0023
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(continued)

p

184.5
194.5
204.5
214.4
224.3
234.5
64.8
74.7
84.6
94.6
184.5
114.5
124.4
134.4
144.9
154.4
164.3
174.3
184.3
194.5
204,9

.84p0
.0220
.01199
.00547
.008327
.00164

2.998
1.613
1.051

.725

.499

.3163
.21808
+ 1242
.8792
.0457
.8245
.81455
.08507
-BB235
.00064

do

.e918

.0013
.00092
.00065
00854
.00B4s
847
.032
.020
.815
.010
.8072
.00853
.6836
.8026
.8819
.0812
.80891
.00057
.008046

.08842

C(p.o)

1.21
1.13
1.82

.83

.70

.51
1.49
1.41
1.36
1.34
1.33
1.32
1.32
1.32
1.33
1.33
1.18
1.89

.83

.68

.26
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Table 5. Data for Ké production from beryllium.

p L Ao C(p.8) ' p ° Ao,, . "”(_:_(P“,O)
1.5 174.4 .258 .81 1.22
: 1.4 184.9 .47 .81 1.22
64.6  3.83 .30 1.25 1.4 194.2 .1998  .9B89 1.21
?5.1  3.11 .28 1.25 1.4  2084.5 0779  .BO73 1.21
84.8 2.36 .14 1.25 1.4 214.4 .8549  .e8s59 1.21
95.1 1,933 .088 1.26 1.4 225.4 .8423 0051 1.21
185.8  1.552  .969 1.25 1.3 234.0 .6208  .BO3S 1.21
114.6 1.279 .B56 1.24 1.3 243.7 .8131 .0027 1.21
124.8 .984 044 1.24 2.0 65.3  3.21 .26 1.25
134.6 .748  .B35 1.23 2.9 75.6  2.73 .18 1.25
144.6 - .613 .038 1.23 2.0 8s.1 2.84 .13 1.25
154.9 -435 .23 1.22 2.9 95.8 1,650  .897 1.26
164.S -358  .@28 1.22 2.8 184,9 1.388 .86l 1.25
174.8 263 .BIE 1.22 2.8 114.7 547  .P46 1.24
184.9 212,814 1.22 2.0 124.6 .821  .e39 1.24
154.5 -139 .ol l.21 2.0 134.6 .566  .829 1.23
204.6 .1899 .BBp95 1.21 2.9 144.7 ,433 .24 1.23
214.6 -0758  .0@73 l.21 1.9 154.5 .341  .028 1.22
224.6 .0437 .00S6 1.21 1.9 164.9 .238 016 1.22
235.5 -8237  .@ada :-21 1.9 174.2 72 813 1.22
244.3 -e17s 0034 1.21 1.8 184.9 .13 - .919 1.22
254.3 -0124  .0028 1.21 1.9 194.8 .0808  .8089 1.21
5.8 4.87 -61 1.25 1.8 203.8 .8567  .B@ES 1.21
75.4 3.5 .34 1.23 1.9 214.4 .2373  .8051 1.21
85.8  2.57 .25 1.25 1.9 224.1 .0196  .2036 1.21
s4.8 .31 -18 1.26 3.3 65.1 3.38 A3 133
leda.7  1.58 .13 1.25 3.3 74.5  2.32 A1 1.31
114.5  1.863  .835 1.24 3.3 847 1.841  .978 1.28
124.9 -3l .99 1.24 3.4 94,9 1.365  .BSS 1.27
134.6 -842  .0r2 1.23 3.3 1847 .989 .84l 1.26
144.3 -432  .esl 1.23 3.3 1147 .678  ..829 1.25
154.0 +447 846 1.22 3.3 124.6 .538  .824 1.25
164.9 345 .239 1.22 3.3 134.5 .365  .918 1.24
174.5 . .273  .833 1.22 3.3 144.8 271 .914 1.24 -
184.4 213 .028 1.22 3.2 134.6 193 .el 1.24
193.8 -165  .@24 1.21 3.2 164.2 .1215  .@084 1.23
203.6 113 020 1.21 3.3 17s.0 .0886  .0068 1.22
213.8 -683  .017 1.21 3.2 184.3 .8684  .0B54 1.22
§5.5  3.57 .30 1.25 3.2 194.3 .0328  .2038 1.21
74.9  2.92 28 1.25 3.2 204.3 .0194 @928 1.20
84.8  2.26 14 1.25 3.2 215.8 .8166 .9926 1.21
94.9  1.68 .18 1.26 3.4 224.2 .8882  .eRl8 1.20
lea.g  1.453 .72 1.25. 3.8 64.6  3.01 .33 1.34
4.6 1.219  .858 1.24 3.9 74.5  2.23 .20 1.31
124.5 973647 1.24 3.8 84.6  1.77 .13 1.29
134, 1 -721 ,B37 1.23 3.8 94.8  1.335  .894 1.20
144.9 -683  .032 1.23 3.8  104.9 .885 862 1.27
154.8 -437 - .025 1.22 3.8 114.7 .611  .848 1.26
164.8 -2398 .20 1.22 3.8 124.3 474  .839 1.25
174.8 -243 .a17 1.22 3.8 135.1 307 .929 1.25
184.9 -132 .813 1.22 3.7 144,4 .187  .@21 1.24
194.9 . .115  .eil 1.21 3.8  154.8 176 .13 1.24
284.4 -8644  .0078 1.21 3.7 163.4 .893  .014 1.23
214.3 -0447  .00E3 1.21 3.8 173.4 .8495  .8994 1.22
224.5 .0263 .0047 1.21 5.4 65.9 2.7? 12 1.37
233.8 .6289  .BP49 1.21 53 74.7  2.895 .87l 1,35
245.6 8179 .0037 1.21 s 3 84.8 1.248 043 1,33
g::: gg: :fg :gg 5.3 94.8 .868  .829 1.32
me 28 e s s.3  184.8 .586  .820 1.31
945  1.734 299 P S.3  114.6 .364  .014 1.30
1248 1403 ool P 5.3 124.6 .253  .818 1.29
4 1aes  oes Lo s.3  134.8 1613 8872 1.28
. . . . S.2  144.6 .1805  .@@52 1.28
124.7 -828  .837 1.24 5.2 154, 8672 .PB48 1.20
134.9 789 .832 1.23 5.3  164.4 .2398 8028 1.25
144.4 479 .024 1.23 5.1 174.5 .8204  .9913 1.24
134.3 395 .8zl 1.22 5.3 184.6 .8133  .8815 1.23

164.3 .304 .017 1.22
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Table 5. (continued)

P o bo Cp,0)
193.6 . 8863 .9010 1.20
285.5 .8B8481 .PB0?7S 1.19
65.9 2.233 .098 1.38
74.8 1.345 .B852 1.36
84.7 .842 .031 1.33
94.¢ .534 .028 1.32
184.5 .319 .813 1.31
114.5 . 1983 .8889 1.38
124.8 . 1059 . 8057 1.38
134.4 .0624 .0039 1.29
144.3 8329 .8826 1.29
154.2 .0189 .001% 1.28
164,2 .8111 9813 1.22
173.1 .00871 .0019 1.20
64.8 1.546 867 1.38
74.7 ,989 .035 1.36
84.6 .522 .020 1.33
94.6 .288 .212 1.32
184.5 . 1541 .0872 1.31
114.5 .9B62 .0846 1.38
124.4 .94708 .0831 1.30
133.8 .0287  .BO1B 1.29
144.9 .0118 .8813 1.29
154.9 .9p474 .00077 1.29

164.9 .88313 .DBBS57 1.12
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Table 6. Data for A* production from beryllium.

NANNSNANUAUANARBUOUDUAGND WO NGOG NN = N NN R N = s 0 0 s o be ome 5t 0t 0= s ot s s 0 o

L} P [ o C(p,0) L P a so C(p,?)
7 64.5 .488 .55 1.35 7.2 114.2 .8143  .@@16 1.34
‘2 74.3 “293 ‘038 1.33 7.1 123.7 .88552 .0P091 1.33
‘s 94.3 234 ‘923 1.31 7.0 133.5 .80329 .00067 1.33
.6 94.3 .173 .817 1.39 9.8 64.6 »¢40 -@15 l.42
I 194.9 118 212 1.29 8.9 74.3 .1386  .@087 1.40
.6 114.7 .0793  .0089 1.28 8.9 84.7 -8618  .8043 1.37
s 134.9 0384 .0049 1.26 8.8 104.2 .B135  .9B14 1.35
.7 143.7 .8241 .0042 1.26 8.8 114.2 .80696 .0BP92 1.34
.g 64.3 .56 L12 1.35 8.9 123.5 .80239 ,POB5H 1.33
.8 74.7 . 426 .079 1.33
.8 85.0 177 .040 1.31
.8 104.4 .138 .82?7 1.29
.3 64.9 .517 .062 1.33
.3 74.8 .343 .038 1.33
.3 84.7 .285 .023 1.31
.3 94.8 .127 .016 1.38
.4 104.8 .106 .013 1.29
.4 114.6 .0648  .90P88 1.28
.3 125.1 .0366 .0062 1.27
.3 134.5 .8253 9849 1.26
.6 64.4 .518 .B53 1.35
.5 74.2 .304 .B31 1.33
.5 84.5 .203 .020 1.31
.6 94.1 .145 .014 1.38
.5 194.0 ;8726  .0088 1.29
.5 114.0 .0666  .0877 1.28
.6 123.7 .0402  .PBSS 1.27
.5 134.3 .0298  .8045 1.26
.5 144.7 .0151  .P93B 1.26
.1 65.0 .421 .949 1.35
.0 74.7 .304 .B32 1.33
.0 83.0 .195 .028 1.31
.D 94.2 .130 .p14 1.38
.D 104.5 .8812  .PP9B 1.29
.9 114.7 .8568  .pO74 1.28
.0 124.2 .8347  .0954 1.27
.2 134.6 .8249  .PD43 1.26
.4 64.9 .414 .B39 1.37
.4 74.7 .250 .023 1.34
.3 84.7 .185 .B16 1.32
.3 94.2 .124 .B11 1.31
.3 184.5 .B667  .BPEY 1.30
.3 114.4 .8452  .9851 i.29
.4 125.9 .9222  .P033 1.28
.3 134.8 .B153  .8026 1.28
.9 64.7 .307 .068 1.37
.8 74.3 .355 .58 1.35
.9 84.3 .257 .934 1.33
.8 94.9 . 1085 .018 1.32
e 184.2 .B66 .913 1.30
.9 114.90 .B465  .0096 1.29
.4 64.9 373 .24 1.41
.3 74.% 212 .B14 1.39
.3 84.6 .1392  .poss 1.36
.3 94.7 .8769  .9054 1.3%

.3 194.1 .0426  ,0034 1.34
.3 114.9 .8255 9024 1.33
.3 123.7 .8141  .@P16 1.33
.3 135.9 .0068  .PP1B 1.32
.4 143,9 .p0371 .pOB73 1.31
.2 64.7 .335 .021 1.42
.2 74.8 .173 .a11 1.39
2 84.4 .B964  .POE? 1.37
.2 94.3 .9581  .pP4B 1.36
.2 1093.9 .0262  .0825 1.35 -
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Table 7. Data for A' production from copper.

P o Ao C(p.9) ° p o Ao C(p,s)
1.2 2448  4.25 .18 1.17
ST e 1.2 254.7 3.51 .13 117
84.9  19.73 A A 1.2 264.7 2.84 12 1.17
. . . . 1.1 274.6 2.e55 .@98 1.17
24.9 15.35 .73 1.20 1.1 284.5 1.3 @0 1.17
led.5 14.68 .52 1.19 1.1 294.1 .854  .@64 1.17
ey 32T - P 1.6  64.9 18.11 .79 1.26
: . ' : 1.6 749 17.17 - .62 1.21
134.5  12.13 .39 1.18 1.5 84.8 15.46 .49 1.19
144.8  11.81 .37 1.18 1’5 947 1487 Taa 119
154.7  10.31 .33 1.18 1.5 184.7 14.34 .48 1.19
164.8  10.14 .31 1.18 1.5  114.9 13.45 .37 1.19-
174.8 9.8 29 1.18 1.5  124.8 12.41 .34 1.19
184.s  8.67 -27 1.18 1.5 1347 12.18 .29 1.13
194.6 ~ 7.78 -25 1.18 1.5 144.9 18.4P .26 1.18
204.9  7.76 +23 1.18 1.5 154.8  9.91 .24 1.18
214.3  7.07 .22, 1.18 1.5  164.8  39.85 .22 1.18
224.7  6.58 .22 1.18 1.5 174.3  8.20 .13 1.18
224.8  S5.98 .21 1.19 1'S 1848  7.48 18 118
244.8  S.15 -13 1.1s 1.5  194.7  6.68 a7 1.17
254.8  4.67 .18 1.13 1.5  204.8 6.87 .16 1,17
264.7  3.53 13 1.13 1.4 214.8 5.47 .14 1.17
Zrd.5 3.8 .14 1.20 1.4  224.8 476 .13 1.18
284.7 2,02 .11 1.20 1.4  234.7 4.4 .12 1.18
294.6 1.225 .088 1.28 1.4 244.8 3.56 1 . 1.18
64.5  20.1 1.1 1.16 1.4 2547 2.883  .895 1.18
7.8 15.83. .75 1.17 1.4  264.7 2.876  .878 1.18
84.8  14.92 -64 1.18 1.3 2747  1.551  .B6S 1.18
4.8 15.83 .62 1.20 1.3 284.4 1.114 @SS 1.18
184.8  15.18 -42 1.19 1.3 294.2 .551  .837 1.18
44.7  13.58 -36 1.19 2.8 65.2 20.1 1.8 1.27.
124.8  12.84 .33 1.18 2.8 74.8 16.57 .79 1.23.
134.7  12.72 .32 1.18 2.0 84.9  15.29 .54 1.23
144.6  11.59 .38 1.18 1.9 94.7 14.36 .47 1.22
154.9  11.12 -28 1.18 2.8 184.8 13.74 .41 1.21
164.9  18.45 -26 1.18 1.9  114.8 12.62 .37 1.20
174.9  9.49 .23 1.18 1.9 1248 11.38 .33 1.19
184.3  8.82 w22 1.18 1.9 1347 19.87 .29 1.19
154.9  8.07 -28 1.18 1.9 144.8 9.76 .28 1.18
2e4.7 7.7 -2a 1.18 1.9 154.8  B.54 .24 1.18
214.8  7.00 -18 1.18 1.9 164.8  7.88 .22 1.18
224.7  6.43 18 1.18 1.9 1747 7.42 .21 1.17
234.8  5.50 7 1.19 1.9  184.8  6.50 .19 1.17
244.9  5.25 16 5.19 1.8 194.8  5.78 17 1.17
234.8  4.40 -14- 519 1.9 284.8 5.24 .16 1.1?
264.6  3.67 12 1.19 1.8 2147 447 .14 1,17
274.7  2.63 10 1.20 1.8 224.8  3.97 .13 1.17
284.8  1.864 .84 1.20 . 1.8 234.7  3.31 12 1.17-
2%4.4  1.188  .@67 1.20 1.8 2447  2.79 .11 Sz
5.2  29.2 1.1 1.27 . 1.8 254.9 2.174 .92 1.17
74.8  18.46 -81 1.25 1.8 264.5 1.786  .980 1.17
8s.e  15.80 .68 1.23° 1.7 274.5 1.232 .866 . 1.17
94.8  16.33 .53 1.22 1.7 284.4  .742 .85l 1,17
led.7  14.74 47 1.21 1.8 294.1 .415  .837 117
114.8  14.01 -42 1.28 9.1 64,9  9.65 .35 1.33
124.7  12.64 -37 1.19 5.1 74.6 6.6l .22 1.34
134.8  12.33 .36 1.19 . a1 84S 4.44 4 1.29
144.7  11.05 .32 1.18 9.1 94.6  3.11 .19 1.28
154.8  18.17 .29 1.18 9.1 194.5 1.916  .068 1.26
4.8 9.81 -28 1.18 9.1 1147 1.199  .848 1.25
174.8  8.79 '25 .17 9.1  124.5 759 .0835 1.25
184.8  8.39 -24 .17 9.1 134.6 .479  .026 1.25
194.8  ?7.78 .22 1.17 9.1  144.3 .34  .819 1.26
2ed.7.  s.81 - .21 l.17 9.1  154.6 179 .814 1.27
214.8 5,98 .18 l.17 9.1  164.9 .0948 0993 1.10
224.7  5.68 .18 .17 9.1  174.3 .p489  .PO63 .97
234.8  4.98 17 .17 9.8 184.0 .0136  .0038 .63
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Table 8. Data for K; production from copper.

P P Lo Cip,0) ¢ P o o C(p.¢)
63.2 16.6 2.9 " 116 1.4 224.1 896 .813 1.12
?3.2  11.3 1.2 1.16 1.9 65.3 11.4 1.3 1.16
84.8 8.65 .81 1.16 2.0 ?s.3 8.65 .81 1.16
95.4 6.42 .53 1.17 2.0 85.1 6.82 .57 1.16
184.4  3.97 .33 1.16 1.9 85.1 7.02 .44 1.17
114.8 4.13 .33 1.15 1.9 184.7 4.55 .31 1.16
124,3 2.99 26 1.15 1.9 114,9 3.20 .23 1.15
134.9 2.14 .28 1.14 1.9 124.1 2.54 .13 1.15
144.6 1.55 .16 1.14 2.9 135.2 1.64 .14 1.14
154. 1.43 .14 1.14 1.3 144.9 1,26 A1 t.14
165.2 1.92 1 1.13 1.9 154.8 1.980 .893 1.14
175.8 .637 .0a8 1.13 2.9 164.1 .969 .089 1.13
184.4 .498 .87 1.13 1.9 174.4 .597 .B67 1.13
194.7 .3568 .863 1.1%, 1.8 184.0 .380 .8s52 1.13
204.7 .241 .050 1.12 1.8 195.3 .201 .043 1.13
215.1 .248 .048 1.12 1.9 285.6 .243 .39 1.12
65.8 14.3 1.4 1.16 S.1 65.1 6.99 .48 1.32
73.8 198.77 .88 1.16 3.1 74.5 2.95 .22 1.38
85.1 7.35 .S6 1.16 9.1 84.5 1.97 .14 1.27
94.5 6.79 4 1.17 9.1 94,2 1.261 .891 1.26
184.6 5.085 .30 1.16 9.1 184.5 .675 .057 1.25
115.2 3.52 .22 1.15 9.1 114.3 .381 .038 1.24
124.6 3.18 .19 1.13 3.1 125.5 . 144 .821 1.24
134.2 2.35 .15 1.14 9.1 134.8 .115 .81z 1.23
145.0 1.84 .13 1.14 9.1 143.3 . .@s7 .812 1.23
154.3 1.40 .19 1.14
164.9 .994 .883 1.13
174.6 .783 .867 1.13
184.2 .61 .8s8 1.13
194.2 .439 .B49 113
203.6 .264 .837 1512
213.4 .214 .833 1.12
224.8 .149 .827 1.12
233.3 .895 .21 1.12
65.2 14.3 1.6 1.16
7.2 18.21 .97 1.16
84.7 8.32 .70 1.16
95.1 6.16 .45 1.17
195.0 4.79 .35 1.16
114.8 3.89 .28 1.15
124.3 3.83 .22 1.18
134.7 2.31 .18 1.14
144.6 1.55 .14 1.14
154.6 1.11 .11 1.14
164.1 .99 .10 1.13
174.7 .743 .883 1.13
185.9 .489 .864 1.13
194.6 . 355 .854 1.13
205.2 .285 .847 1.12
214.1 .246 .pa3 1.12
65.8 14.9 1.3 1.16
?5.1 18.19 .76 1.16
8s%.2 7.92 .54 1.16
95.1 6.12 .34 1.17
184.4 4.56 .26 1.18
118.1 3.36 .19 1.15
124.7 2.89 .16 1.18
134.6 2.24 .13 1.14
144.4 1.399 .897 1.14
154.6 1.882 .28l 1.14
165.1 .947 .873 1.13
174.6 .703 .860 1.13
184.6 467 .847 1.13
194.3 .301 .836 1.13
284.2 .255 .933 1.12

213.8 .19 .82 1.12.
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Table 9. Data for A* production from copper.

. P [} (L C(p.*)
.6 4.7 1.21 . .23 1.24
.7 85.3 .67 .14 21
.6 94.6 . 475 .098 1.29
.8 184.4 .310 .ore 1.19
.9 64.7 2.49 .32 1.26
.9 3.9 l.18 .16 1.24
.8 85.0 71 .10 1.21
.9 94.9 .S579 .078 1.20
.8 104.9 .318 .831 1.19
.8 114.3 . 169 .034 o 1.18
.7 124.5 124 .027 1.18

1.3 64.0 2.85 .36 1.26
1.2 ?4.5 1.83 .19 1.24
1.3 85.3 .82 13 1.21
1.1 95.1 .565 .893 1.28
1.3 185.6 .205 .858 1.19
1.4 113.8 .243 .049 1.18
1.6 64.8 1.90 .25 1.26
1.6 4.5 1.e8 .14 1.23
1.6 84.6 .709 .898 1.21
1.5 94.4 .479 .863 1.20
1.6 184.2 .353 .048 1.19
1.5 113.9 .212 .034 " 1.18
1.6 123.9 . 147 .B26 1.18
1.6 134.9 . 109 .021 1.17
1.9 64.9 1.82 .30 1.26
2.9 3.2 1.58 .22 1.24
2.9 84.8 .76 .12 1.2r
1.9 93.7 .478 .878 1.20
2.0 104.8 338 .858 1.19
1.9 113.7 .158 .836 1.18
9.1 64.5 1.16 .12 - 1.35
9.2 3.8 604 .067 1.33
9.2 B84.7 , 195 .829 1.31
9.1 94.9 122 .029 1.30
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Table 160. Data for A® production from lead.

P o Ao C(p,o) ¢ P o avo C(p.o)
e e — 1.2 244.?7 6.62 .25 1.11
64.9 33.8 2.3 1.18 1.2 254.6 5.67 .22 1.11
75.8  32.1 l.7 1.11 1.2 264.6 a.17 .19 1.11
84.8 29.5 1.4 l.12 1.1 274.6 3.54 17 1.11
94.8 28.9 1.3 1.14 1.1 284.5 2.26 .13 1.11
1e4.9 24.81 .84 1.13 1.1 294.4 1.42 At 1.11
114.8 24,03 77 1.12 1.5 65.8 35.9 1.9 1.20
125.8@ 22.18 Nrq: ] 1.12 1.6 ?74.9 33.0 1.4 1.15
134.8 21.97 .67 1.12 1.5 B84.8 29.5 1.1 1.13
144.8 20.55 .62 1.12 1.5 94.8 20.33 .98 1.13
1s4.7 19.38 .58 1.12 1.5 194.8 24.60 .82 1.13
164.9 16.78 .50 1.12 1.5 114.8 23.32 .73 1.12
174.8 16,32 .48 1.12 1.5 124.8  21.24 .67 1.13
184.8 15.53 .46 l.12 1.5 134.7 19.43 .57 1.13
194.8 13.73 .42 1.12 1.5 144.7 17.71 .52 1.12
204.7 12.43 .39 1.12 1.5 154.9 16.76 .49 1.12
214.8  11.70 .38 l.12 1.5 164.8 14.99 .42 1.12
224.8 10.48 .35 1.12 1.5 1?4.7 13.95 .48 1.12
234.8 9.89 .34 1.13 1.4 184.8 12.89 .36 1.12
244.8 8.78 .31 1.13 1.4 194.8 10.67 .33 1.11
254.8 7.79 .29 1.13 1.4 204.8 10.85 .32 1.11
264.6 6.35 .26 1.13 1.4 214.7 8.82 .28 1.11
274.6 4.50 .21 1.14 1.4 224.9 8.087 .28 1.12
284.3 3.11 .17 l.14 1.4 234.6 6.64 .24 1.12
294.4 2,01 .14 1.14 1.4 244.8 5.79 .22 l.12.
65.1 37.9 2.4 1.18 1.4 254.7 4.27 .18 1.12
r4.7 35.8 1.9 1.11 1.4 264.7 3.74 .17 1.12

84.9 29.6 1.8 1.12 1.3 274.9 2.37 .13 1.12
95.8 30.3 1.4 1.14 1.3  284.4 2.06 .12 1.12
14,7 27.29 .92 1.13 1.3 294.1 1.136 .891 1.12
114.7 24.74 .81 1.12 2.8 65.3 326.0 1.8 1.20
124.8 23.89 .75 1:12 2.0 75.0  32.7 1.3 1,18
134.6 21.70 .68 1.12 2.9 84.9 28.77 .98 1.16
144.6 19.75 .62 1.12 2.0 94.9 26.082 .83 1.15
154,8 18,92 .58 1.12 2.0 194.7 24.41 .73 1.14
164.9 17.69 .53 1.12 1.9 114.7 21.56 .63 1.14
174.6 16.30 .49 1.12 1.9 124.7 19,97 .57 1.13
184.8 15.82 .46 1.12 1.9 134.8  17.93 .31 1.13
195.8 12.94 .42 1.12 1.9 144.7 16.76 .48 1.12
204.9 12,54 .41 1.12 1.9 154.7 14.56 .42 1.12
214.7 11.89 .37 1.12 1.9 164.7 13.77 .39 1.12
224.7 10.88 .35 1.12 1.9 174.7 12.29 .35 1.11

234.8 9.73 .35 1.13 1.9 184.8 18.95 .32 .11
244.8 8.67 .32 1.13 1.9 194.6 9.41 .29 .11
254.8 7.63 .38 1.13 1.8 204.7 8.22 .26 1.11
264.6 5.95 .26 1.13 1.9 214.7 7.08 .23 1.1
274.6 4,49 .22 1.14 . 1.8 224.9 6.23 22 1.11
284.6 2.88 .17 1.14 1.8 234.8 4.99 .19 1.11
294.4 l.87 .14 1.14 1.8 244.6 4.11 .17 1.11
65.2 37.2 2.0 1.20 1.7 254.9 3.39 .15 .11
74.9 35,5 1.5 1.18 1.8 264.5 2.84 .14 .11
84.8 31.2 1.1 1.186 1.7 274.3 1.90 11 1.11
94.9 27,62 .94 1.15 1.7 284.8 1,255 .887’ 1.11
194.8 27.82 .84 1.14 1.7 295.8 .643 .862 1.11
114.9 24.88 .73 1,13 3.4 64.8 34.8 1.4 1.17
124.9  21.87 .65 1.13 3.4 74.8 29.83 .97 1.29
134.7 20.27 .60 1.13 3.4 84.7 24.32 .71 1.17
44,7 18,81 .57 1.12 3.4 94.7 21.97 .61 1.16
154.7 17.57 .52 l.12 3.4 194.8 18.77 .50 1.15
164.7 15.97 .46 1.12 3.4 114.8  16.47 .43 1.15
174.8 14,54 .42 1.1 3.3 124.7 14.63 .38 1.14
184.8 14,12 .40 1.11 3.3 134.7  12.51 .33 1.14
194.7 12,27 .37 .11 3.3 144.9  10.96 .29 1.14
204.7 11.43 .35 1.11 3.3 154.7 9.07 .27 1.14
214.8 19.08 .31 1,11 3.3 164.8 7.19 .21 1.13
224.9 8.89 .30 1.11 3.3 174.6 5.98 .18 1.13
234.9 ?7.76 .27 1.11 3.3 184.7 5.06 .16 1.12
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Table 108. (continued)

¢ P o (.Y 4 c‘p'.)
.2 194.7 4.94 .14 1.12
.2 204.8 3.11 .12 1.11°
.2 214.5 2.45 .18 1.11
.2 224,7 1.818 »085 1.10
2 234.4 1.260 .869 1.89
.1 244.7 1.819 .061 1.89
.1 234.6 ,698 .058 1.07
.08 265.1 476 .048 1.06
.1 274.6 .249 .029 1.83
.0 284.5 .194 .023 1.04
.9 293.9 ,882 .816 1.83
.4 65.1 26.65 .99 1.25
.3 va4.7 23.14 .71 1.29
3 84,7 18.10 +350 1.25
.3 94.6 15.18 .41 1.24
.3 184.6 12,16 .32 1.23
.3 114,7 9.49 .26 1.22
.3 124.5 7.52 .21 1.22
3 134.6 5.71 .17 1.21
.3 l144.7 4.56 .14 1.22
.3 154.6 3.36 .12 1.22
.3 164.6 2.391 .894 1.20
2 174.35 1.598 .B69 1.18
.2 184.5 1.335 061 1.17
.2 194.7 .911 .049 1.15

1 204.7 .640 .848 1.13
.2 214.93 .414 ,031 1.89
.2 224.9 .260 .824 1.84
.1 234.3 . 155 .818 .97
.l 245.2 858 .011 .77
.9 254.4 .83r2 .9091 69
a 263.4 .8221 .8874 .39
.3 64.7 25.88 .84 1.20
.3 4.7 19.98 .56 1.30
.3 B4.6 13.54 .36 1.25
.3 94.7 19.18 .27 1.24
'3 184.5 7.39 .20 1.23
.3 114,7 5.24 .13 1.22
.3 124.4 3.79 .12 1.22
.3 134.6 2.590 .088 1.22
.2 144.6 1.732 .069 1.23
.3 154.3 1.218 .856 1.23
.2 164.5 717 .039 1.16
.2 174.4 .432 .028 1.12
.2 184.7 .282 .022 1.97
.2 194.2 131 .014 .94
.1 204.3 .ar7 011 .82
ot 214.9 .8242 .9078 .58
.2 225.8 .0883 .0072 .26
ol 64.8 20.49 .64 1.29
.1 74.7 13.77 .39 1.31
.8 84.7 8.75 .25 1.25
.8 94.5 5.94 .17 1.24
-] 104.3 4,22 13 1.23
.0 114.4 2.625 .0889 1.21
.8 124.3 1.774 .066 1.21
.0 134.4 1.824 .046 1.21

B 144.7 .652 .8335 1.23
.8 154.2 ,431 .027 1.24
.9 164.6 .223 218 1.0?
.9 174.7 .116 .212 .95
.9 184.6 .8447 .0879 .71
.8 194.1 .0108 .8065 .32
.8 205.0 .88089 .8064 .04
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Table 11. Data for Ké production from lead.

p o ao C(p,*) ' P ° 4o Cip,9)
65.2 22.7 2.3 .18 2.9 94,9  9.67 .76 1.11
75.6 16.8 1.7 1.18 1.9 194.8 ?.76 .53 1.18
84.6 16.1 1.4 1.10 1.9 114.6 5.99 .41 1.89
94.8 13.2 1.1 1. 11 2.0 124.3 4.96 .34 1.089
184.3 9.47 .70 1.19 1.9 134.1 3.62 .27 1.88
114.4 5.85 .49 1.89 1.9 144.39 2.36 .28 1.08
124.2 5.03 .41 1.09 2.9 154.7 1.54 .15 1.08
134.2 4,49 .36 1.88 1.5 164.8 1.52 .15 1.08
144,7 3.21 .29 1.98 1.9 174.4 1.11 .12 1.7
154.8 2.36 .23 1.08 1.9 183.9 .592 .083 1.07
164.2 1.96 .20 1.88 1.8 194.8 .392 .B67 1.87
174.3 1.55 .17 1.097 1.8 204.3 .288 .856 1.7
184.2 .87 .12 1.87 3.4 64.9 27.1 2.2 1,19
194.4 .74 .11 1.97 3.3 74.9 18.8 1.2 1.17
204.9 .343 .B74 1.97 3.4 84.8 14.38 .84 1.14
65.4 21.8 2.9 1.19 3.4 94.9 8.61 .53 1.13
74.6 22.4 2.2 1.18 3.4 184.6 6.43 .39 1.13
85.1 13.9 1.3 1.19 3.4 114.5 4.4? .29 1.12
84.6 11.5 1.9 1.11 3.3 124.6 3.35 .23 .11
194.5 9.48 .73 1.10 3.4 134.9 2,34 .18 1.11
114.6 6.83 .95 1.09 3.3 144.8 1.56 .13 1.10
124.3 S.64 .46 1.09 3.3 154.1 1.03 .10 1.18
134.2 4.4? .38 1.8 3.3 164.5 .624 .873 1.89
144.6 2.91 .28 1.28 3.3 174.3 .481 .858 1.88
154.8 2.37 .24 1.88 3.2 183.6 .323 .85 1.88
164.3 1:51 .18 1.e8 3.2 194,1 .181 .836 1.97
174.8 1.33 .17 1.07 3.3 204,2 ©.159 .833 1.07
184.4 .85 .13 1.97 S.4 64.6 18.7 1.4 1,27
195.2 .64 11 1.7 5.3 ?5.3 12,57 .80 1.25
205.6 .335 .978 1.7 S.3 84.9 9.78 .56 1.22
214.0 .409 .82 1.87 5.3 95.8 6.09 .35 1.21
65.1 24.9 2.9 1.18 5.3 184,2 3.99 .25 1.20
?75.2 19.1 1.8 1.18 5.3 114.9 2.45 .17 1.19
84.6 16.2 1.3 1.19 5.3 125.8 " 1.91 .14 1.19
95.1 11.13 .81 1.11 5.3 135.0 .951 N.:Id 1.19
195.1 8.86 .62 1.18 5.3 144.3 .685 .878 1.18-
114.8 6.83 .46 1.99 5.3 155.2 312 .844 1.18
125.1 q4.75 37 1.89 5.2 165.5 .291 .048 1.15
134.7 4.13 .32 1.88 S.4 174.9 .163 .829 1,14
144.5 3.42 .27 1.89 7.3 64.7 18.1 1.2 1.28
155.1 2.18 ..28 1.08 7.3 4.7 19.95 .64 1.26
184.5 1.46 .16 1.88 7.3 84.7 7.90 .39 1.23
174.9 1.88 .13 1.87 7.3 95.1 3.87 .23 1,22
184.5 .86 .11 1.87 7.3 184.6 2.68 .16 1.21
194.4 .993 .892 1.87 7.3 114.3 1.54 .11 1.21
203.8 .435 .e77 1.87 v.2 125.9 .761 .or1 1.20
214.3 .77 .859 1.07 7.3 134.2 .594 .857 1.28
65.3 22.8 2.6 1.19 7.3 144.2 .242 .934 1.19
75.3 17.9 1.7 1.19 7.2 154.3 .173 .e27 1.19
B84.8 15.9 1.2 1.19 7.2 164.3 .887 .018 1.11
94.8 19,57 .89 1.11 9.8 63.1 12.45 .84 1.28
184.9 7.83 .57 1.19 S.8 74.7 8.90 .47 1.26
114.7 6.49 .47 1.89 3.8 84.9 4.75 .27 1.24 .
125.1 4.72 .36 1.09 9.0 94.4 2.63 .16 1.23
134.3 3,32 .28 1.08 9.9 194.8 1.57 .11 1.22
145.2 2.41 .22 1.98 9.8 114.1 .817 .068 1.21
154.9 1.71 . 18 1.08 9.0 125.1 .354 .849 1.20
164.4 1.70 A7 1.88 9.8 134.4 .289 .B29 1.28 .
174.6 1,13 .13 1.07 9.9 144.3 111 .819 "1.28
184.3 .628 .893 1.97 8.8 154.1 .867 .814 1.19
195.7 .532 .086 1.07
283.9 .338 .B6S 1.97
214.2 278 .039 1.87
65.8 25.1 2.6 1.18
74.9 17.3 1.9 1.18
84.6 15.8 1.2 1.19
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Table 12. Data for A* production from lead.

' 4 o 4o C(p,8)
.6 64.3 3.64 .68 1.19
.6 74.5 2.22 .48 1.17
.6 84.3 1.64 27 1.18
.6 94.8 1.19 .20 1.14
.5 184,2 .73 .14 1.13
.B 66.8 2.98 .61 1.19
.7 74.7 3.94 .59 1.17
.B 8s.1 1.87 .30 1.15
.8 93.5 .75 .16 1.14
7 184.5 .90 .16 1.13

1.4 65.8 4.18 .66 1.19
1.4 74.3 3.82 .43 1.17
1.4 85.8 1.19 .21 - 1,18
1.3 93.9 .95 .16 1.14
1.2 185.2 .52 .18 1.13
1.1 114.9 .588 .894 1.12
1.5 64.8 4.43 .67 1.19
1.5 74.6 2.099 .34 1.17
1.5 84.9 1.57 .24 1.15
1.6 93.4 .95 .16 1.14
1.4 195.3 .50 .10 1.13
1.6 114.5 .379 .978 1.12
1.9 63.9 4.81 .66 1.19
1.9 74.5 2.30 .34 1.17
2.2 85.2 1.42 .21 1.15
2.9 94.8 .83 .14 1.14
1.9 183.9 .75 .11 1.13
1.8 113.6 .369 .872 1.12
1.8 122.7 .291 .B69 1.12
3.5 64.7 4.13 .49 1.22
3.5 74.3 2.92 .26 1.20
3.4 84.6 1.29 .16 1.18
3.4 94.3 .79 .18 1.17
3.4 194.3 .480 .874 1.16
5.4 65.4 3.18 .33 1.39
5.4 74.6 1.94 .21 1.28
5.4 84.7 1.00 .12 1.26
5.4 94.8 K144 .974 1.25
5.3 184.4 277 .845 1.24°
5.3 114.7 .148 .839 1.23
5.3 124.7 .199 .824 .1.22
7.3 65.4 2.65 .26 1.31
7.3 74.4 1.65 .16 1.29
7.3 84.5 .852 . 2839 1.27
7.3 93.8 .367 .849 1.26
7.2 194.4 .288 .232 1.25°
7.2 114.9 . 146 824 1.24
9.1 64.3 2.30 .21 1.32
8.9 74.5 1.98 A1 1.3
9.1 84.4 .657 867 1.28
9.9 94,2 .233 .833 1.26
9.9 104.7 .138 .B22  1.25
9.1 113.4 861 .013 1.24
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