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TOTAL AND DIFFERENTIAL CROSS SECTIONS FOR'
n’p - nn FROM THRESHOLD TO 1300 MeV¥%
Walter Bruce Richards
Lawrence Radiation Iaboratory
. University of California
Berkeley, California

November 17, 1965

ABSTRACT

The reaction n?p-a'nn has been observed throughbthe decay mode

n - 2y at T . =592, 655, 704, 875, 975, 1117, and 1300 MeV. Details

are given of the detection apparatus, a cubic array of six steel-plate

spark ch&mbers, completely surrounding a liquid-hydrogen target.
Showers produced'in the spark chambers by decay photons were recorded
photographically for analysis, We identified events’attributed fo the
decay of an 1 by the large c.m. openiﬁg angle betﬁeen the two photons,
We have calculated the total‘cross section for y production,

which is proportional to the number of events under the peak at large

iangles in the opening angle distribution, This rises steeply from

threshold to a maximum of sbout 3 mb at 650 MeV, and then falls

gradually to about 0.75 mb at.l3OO MeV.

' The differential cross section was obtained by taking the
coefficients of a Legendre polynomial fit to the angular distribution
of bisectofs of selected two shower events, and converting them to the

coefficients of the n c.m., angular distribution; The differential

‘eross sectioh is found to be isotropic at 592 MeV, to fequire terms

~ through P2 ﬁetween 655 MeV and 975 MeV, and to have & forward peak fit

by terms tﬁf&ugh P

3 at 1117 MeV and through P) at 1300 iMeV,
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It is suggested that production at threshold is predominantly

through an S state, with some P, and D, waves entering by 655 MeV,

1 3
Speculation about a possible enhencement in the P3 wave at 1100 MeV
15 glven. We suggest that all of the absorption in the S., n-N state

11
| can 5e explained by the n production, and briefly discuss the nature

of the n-N S-wave interaction at the n threshold.

*
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I. INTRODUCTION

One of the most unexpected features of contemporary high energy

.~ physics research is the "population explosion" that haé taken place in

the sub-nuclear particle world in the last two decades, With the first

experimental observation of x mesons in l9h7,1 the list of particles

sléwly began to grow, and the rate of expansion increased after acceler-

ators capable of producing particles in the GeV energy region went
into operation at Berkeley and Brookhaven in 1953, 1In 1957 1t was
possible to make a tidy list of thirty objects which could qualify for

1
the title of "elementary particle." Today, in view of the fact that the

'same list includes almost 100 particles, the meaning of the words

"elementary particle" has become unclear,
This explosion has confronted the theoretical physicist with a
situation of ever-increasing complexlity, which still awaits a break-

through in understanding. Experimental physicists have been furnished:

a rich variety of objects to examine, with the aim of determining their

properties and revealing the relationships which are present among them,

irst observed in 1961, the n meson is the most recently discovered
meson which 1s stable agalnst decay by the strong interaction., A survey
of the experiments from which the quantum numbers of the n were deduced

to be

1% - om0t

may be found in Ref. 3. Originally the 1 was seen as a peak et 550 MeV

in the effective mass spectrum of three ?ions from the reaction

. = 0O
xta - PP " x®,
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A radiative decay mode, reported at the 1962 CERN conférence,5

wasvSOOn

_ es£ablished to be n = 2y by analysis of heavy li@gid bubbie-chamber

film from two different experiments, This'gave céhclusive evidence

fhat.the C—pafity of the n is +1, andvthat it has even spin, probably 0.
- The>most straightforward of the two experiments mentioned above ‘ -

"involved measurement of the curvature of electrongpositron pair tracks

in é bubble chamber magnetic field.6 Each electron-positron pair was

' produced by materialization of one of the y-rays from the decay of a -

neutral meson in the reaction

2 p - Xn
wvhere
X% o2y,

Direct measurement .of the energy of all four resulting_leptpné permitted
direct calculation of the effective mass of the two y-rays. Two peaks
were found, one at the mass of the go and one at the mass of the 1,

| This éxperiment,vhowever, was»only d confirmation of the results
' of.gn earlier hubble chamber experiment, which had also shown that the
n meson has a 2y decaylmode.7 Sincg the method of-identification of
the 7 among the events in this bubble chamber film was the same as is
used in the present experiment, it will be described in some detall,

Agein, the class of reactions to be considered is
P - X°n (1)

where the X° subsequently decays into two y-rays. The principal

reéctidn wﬁiﬁh takes place is, of course, the charge exchange reaction

v

IKQ

2
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kS Qyn?n“ For any‘Xo, 1f the reaction is studied in the w-p center-

of-mass system, the neutral meson has a fixed velocity, From kinemati-

- cal considerations it then follows quite simply that in the center-of-

mass system the angle subtended by the two decay photons, called the

opening angle, ¢, follows a probability distribution giveh by the

“., following equation:

én cos 9/2 | | ’ (2) |

Esxoydxo sin2®/2 \/B2XO - cos® o/2

! _ ' N

where BXO 1s the wvelocity of x° in units of the velocity of light, and
1

g = 1 8
¥o = i .
o
Inspection of the denominator shows that the distribution has an

infinite peak at a minimum opening angle for which

cos | 5=~ = Byo » , ) (3)

In Fig. 1 is a graph of the theoretical distribution function, The
other curve superimposed is the same distribution function, but folded

Into it are & typical angular resolution of measurement and the effect

- of the momentum spread of the incoming beam as determined in this

experiment; therefore; it is broader and lower,
In the center-of-mass of reaction (1), the energy available-is
fixed by the kinetlc energy of the incoming pion, independently of the

mass of Xogi However, the partition of this available energy between x°
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'BX; (c.m.)=0.73

| | 1 . 1
Q) - 60 120
- cDc_m.(dﬁfg)_

180

MUB.7411

Figure 1, Theoretical opening angle curves, showing one with é typical

reso'lution functibn folded into it, .

pes
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" and the neutron in the final state--and hence the center-of-mass

velocity of the x°--does depend on the mass of the neutral_meson.‘

- Roughly speaking, the greater the mass of the XO, the more energy is
- taken up by rest mass and the less by its kinetic enéfgy, or velocity.

, This implies that an X° of lerge mass will yield phptons according to

. . /‘
the distribution function (2) whose minimum opening angle is quite '

large, while an XP of small mass gives photons with a smaller opening

angle,
Thus, 1f in an experiment there are several possible reactions
of the type
' - 0 0
ﬂp-—)Xln, _ Xl - 27;
- L0 - 0
N p »aXé n, . X2 - 273
where
mogEm o
oo %

the observed center-of-mass distribution of opening angles is a

superposltion of peaks, whose locations give the masses of the neutral

meson, and whose relative magnitudes give the branching ratios among
the different final states. In Fig. 2 an: opening angie distribution
from the present evperiment is shown, where the peakvdue to no decay
is. above the minimum atA3O deg, and the peak due.to n decay is at
130 deg. |

Turning now from the general discussion of the n meson, its
background and how it may be observed{ I would like to describe briefly

9

some of thé reasons why this experimental investigation was undertaken.

.,,_
5

N
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Figure 2, A typical opening engle distribution from this
experiment,
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" Prior to the performénce of the présentlexpgfiment in the
_sﬁmﬁer aend fall of 1963, there existed only.a few isolated measurements
of the total production cross section of the 7 meéon in various
‘feactions, and no significant differential cross sectioﬁ determinations
- at all, Peculiar behavior had been noticed in the total cross section

* in the reaction
K'p - An, 7§ -» neutrals

which‘ﬁas (500 + 150) wb, 20 MeV above threshold in the éenter—of-mass

system, and then dropped to (150 + 100) pb, only 60 MeV above threshold.

This type of behavior is to be expected more from a composite system

- than from an elementary particle, and‘yet the substantial decay mode

q-a'ﬂ+n"ﬂo,which is forbidden by G-parity, seems to indicate the opposite,

In view of this surprising observation, a systematic set of measurements

of the production cross section in some other channel seemed important..
Another question concerns the interaction of the n meson with

nucleons, Figure 3 shows the prominent resonances in the cross section

' of'the n-N system in the iéotopic spin 1/2 state at energies jﬁst above

_vthe threshold for 7 production.ll Except for isotopic spin, and hence

G parity, the n has the same gquantum numbers as the pion, It would

therefore seem'quite fruitful to study the reaction n p — nn in the

same energy region to see if the total n production crdés section also

V passes through resonances, Measurement of fhe differential cross

section in this region would considerably add to the knowledge of the

- &
productlion process, If the n cross section shares the same resonances, :

it would ihdicate that the excited nucleon iscbar states can also decay

10.

-
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through an n particle. In view of the varibuS»théories of elementary

pérticles based on symmetry principles, measurements df this‘kind are
particularly important.

Finally, it was hoped that systematic study of the n-N-interé‘

.actibn could give some insight into phenomena of x-N elastic scattering
around 600 MeV., Since n-N scattering at this energy is highly

\absorptive, quantitative phase shift analyses of the important angular

momentum states have been difficult and yield conflicting results.le‘

"To give an example, different workers have fit the elastic scattering

} SN

- dats in this energy region with anywhere from O to 3 resonant amplitudes,

It follows from simple resonance theory that any S-matrix pole
associated with a n-N resonance must be shared with all communicating
channels, although there is no guarantee that the coubling strength
will be the sa.me.13 Becauvse the major two-body channel which communicates
with the I-spin 1/2 n-N system around 600 MeV is n-N, it is possible
that the existence and position of the resonances could be better

analyzed in the inelastic n-N channel, Also, to reverse the argument,

1t might be revealed that an enhancement in the n-N cross section is

fundamentélly a reflection of a strong interaction in the n-N system.
Yor all of the sbove reasons, then, this researéh was beggn.
An experiment was planned in which neutral fin&l states from n-p
collisions were observed at nine’energies in the region of thé 600 and
900 MeV resonances, Steel plate spark chambers completely surrounding
a8 liquid hydrogen target were used as detectors.. The photons from the

decay of tﬁé?neutral mesons in the final state produced cascade showers
i

in the stee;&plates, which could then be recorded photdgraphically for



10

analysis. Thévd%fglon the ordinary charge exchange reaqtion

» P —>non‘is reported eléewhere,lh wﬁile the dnaiyéié of the.reaction
~7"p - 1n 1s the subject of this thesis, |

| in thé next section the experimentél mefhod'and apparétus used
to observe the n meson will be explained, and following that will be a

- description of the data analysis and the results.

&
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IT. EXPERIMENTAL METHOD AND EQUIPMENT
o | A. General | |
The arrangement of the experimental spperatus is shown in Fig. 4.
Pions produced in the Bevatron of the lawrence Radiation ILaboratory were
 conveyed to & liquid hydrogen target by a system of magnets which could
be tuned to pass particles at any of nine different momente. The kinetic
énergy'range of the pions was from 500 to 1300 MeV, so that the beéhavior
of the cross sections could be studied in the general region of the 600
and 900 MeV resonances,
triple coincidence of signals from three monifgr counters
placed along the beam indicated that a negatively charged particle had.
entered the terget., To éount the number of these incoming particles,
an electronic scelar was used., Placed around the hydrogentrget on
the downstream side weas another group of nine counters, which served to
determine 1f any of the particles emerging from\the target after the
interaction were charged. Since the experiment was designed to study
only the neutral final states, this group of‘nine counters was put in
anti-coincidence with the monitor counters, and the product was used ﬁo
signal the occurrence of an acceptable neutrai event, |
Typical neutral finél states selected by the antiéounteré were
1p = n’n, n° - 2y;
7p - 21°n, 21° - by;
x7p~a‘3non, 31° - 6y;
D -1, n-2y 61' n - 37(0 - 6y;
jf‘n-p - AK°, A‘_anon - 2yn, X° 5 (2 or 3) ﬂo.-a(h or 6)y.

L e 0 .
IR > wn, W-ony -3y,
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-Quadrupole 8
magnet 2
103 M 02 .
| ‘Quadrupole "~ Collimator {
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o |
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o

Figure 4, Plan view of the experimental arrangement. The

counters, Be target, and camera are not drawn to scale,
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- -Any decay products'in the final state had to be neutral also, if the

event was not to be rejeéted by the anticounters.

A second electronic scalar was used to counﬁ the number of

neutral events, The ratio of the number of neutral events counted

during any glven period to the number of incoming beam particles

 counted during the same period is a quahtity which is simply related

to the total neutral cross section, That is, except for corrections,

the total cross section for the process

1'p - all neutral final states .

wasvdetermined in this experiment by thé counters alone;
Inspection of the final states listed above shows ﬁhat

ultimately they all consist solely of neutrons and photons. Nelther

rtheﬁn? nor the n travels any measurable distance from the point of

productlion before the decay takes place. Therefore, to detect and
record the direction taken by the decay photons was the function of the

rest of the experimental apparatus, This was done through the process

. of electron-positron pair production in the presence of heavy nuclei,

15.

followed by the development of a cascade shower,
When a high energy photon passes through a sufficient amount of
matter, there ié & high probability of its undergoing materialization,
or conversion into an electron-positron pair. As the two particles then
penetrate more material, they undergo accelerations, and hence radiate
more photons. This leads to the production of more pairs, which also
radiate, an&xin this fashion the particles continue to multiply into

a shower, ?Ahother process which contributes to the number of charged
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particles in the shower is Compton scattering of a:photon from an
electron, in-which the electron is ejected from the atom, The shower'
builds up until_the original.energy of the.photon_has been divided so
- many Qays that each individnal particle has a much loner‘energy. Then
" the predominant mechenism by which: the electrons.lose their remaining
_energy becomes excitation and ionization of atomic-electrons, rether
than radiation, and. shower development ceases, |

In this experiment the steel plates in the spark chambers
provided the photon conversion material, The hydrogenxmrget and anti-
counter system were completely surrounded by an assembly of six large
spark chambers, which formed the six faces of a closed cube, When
the counters indicated that a neutralvevent had occurred, the spark
~ chambers were triggered, end 8 photograph was taken, which contained

. two mutually perpendicular views of the sparks in each chamber. The

incoming beam track was recorded in.the entrance chamber, where there .

was a small aluminum region through which the beam could enter the

’ cube, From zero to six photon-initiated showers were recorded in each

" frame, depending both on the number of photons in the final state, and
the fraction of them having an energy above the detection threshold of
the chambers,

The measurement and analysis of these pictures yielded the
branching ratios among the various final states, and hence the total
cross section for the reaction

yr'p—aqn‘.

i
Nt

'T_In addition, the angular distribution characteristic of n production

was obtained The methods used to reduce the data will be described
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- after a more detalled description of the elements of the experimental

apparaftus .
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B. The Pion Beam

: Pions‘for the beem were produced byvbomﬁefding a beryllium.
_Afarget plunged into the 1nternai circulating éfotoﬁ_beam'of the
Bevatron. The nuﬁber of pions produced, Nn’ is ﬁ;oportionai_to the

- effective number of nucleons per cm3, p/Al/3, where p 1s the density
‘_ of the target material and A is the molecular weight. Electrons are
also produced, mostly when peotons from neutrsl pion decay convertito
electron-positron pairs in the target, Hence, the number of electrons
is proportional to N p Z2/A, vhere Z is the chafge on t%e tergef.
nucleus.l6 As a suitable material for the target, beryiliumvwas
chosen to maximize pion production while minimizing the ratio of the
. number of electrons produced to the number of pions pfodﬁced.

In the shape of a rectangular solid, the target was 6 inches
long in the direction of travel of the protons, 1/2-in. wide and 1/k-in,
high, with a 1/8-in. thin lip at the upstream end, extending 1/L-in,
into the path of protons itraveling in orbits of larger radii. The lip
. degraded the energy of thesevprotons so that they would fall to a
" smaller radius in succeeding revolutions and strike the main part of
tﬁe target. This target, not drawn to‘scale, can be seen in Fig. L,
the plan view of the experiment.

| The pions were traneported from the internal target to the
experimental area ﬁy the system of megnets shown in Fig, 4., The
elements of the system were the magnetic field of the Bevatron ;tself;
, a 16 byn36-in. C-magnet, wiﬁh an 8-in. gap; Q‘ |

B , and Q3, all

1 3 v %
16 by 32 by;IG-in. triplet quadrupole magnets, with an 8-in, diameter

bore; the c%flimator, a lead cylinder, 24-in, long with a hole whose
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width was 2—1n' in the horizontal piane, and which was bounded by an

 8-in, diameter circle in the vertical direotion,_and By, en 18 by

36 in, H-magnet, with an 8-in. gap.

The internal target was mounted on a remotely controlled cart,
which traveled inside Quadrant IIi of the Bevatron near the north
tangeﬁt tank at a constant radius from the centér of ﬁhe quadrant. For
.each desired mémeptum; a combination of target position and Bevatron
field strength wgé found that permitted pions near that momentum to
leave the Bevatron vacuum tank through a thin aluminum window with an
orbit which passed through a fixed pointsnear the'cente; of B,. The ~
IBM 650 computer program, ETHELBERT, was used'to trace these orbits
'ﬁhrough the magnetic field of the Beyatron,l7 The_total range of
azimuthel travel was 2,56 deg (26.8 linear inches), and the variation
in the time in the acceleration cyéle at which the target was plunged
was such that the internal magnetic field of the Bevatron waé between
10 and 15 kg at spill time. At each beam energy the amount of

~deflection in B, was set at a different angle near 15 deg so that

1
" the different orbits from the internal target were all direéted dovm
the fixed center line of the rest of the magnet system,

In Fig, 5 the optical properties of the ﬁeam are shown_
schematically (not to scale), Quadrupole Ql produced & focus in the
horizontal plane somewhere inside the collimator pipe, and a focus in

© the vertical plane a little before the collimator. The position of
" the vertical focus was chosen to minimize the vertical 51ze of the

beam envelope inside QE and Qa. The position of the horizontal focus

inside thefﬁgllimator differed at different béam energles, as will be
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Target A Qy  TargetB Collimator Q 'Bl Bevbtron

Elevation view

my.36133

Figure 5. Schematic diagram of the beam optics, showihg the focusing

properties of the'magnets.
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 explained below inxthe paragraphs on momeﬁtum selection,

Bending ma.gnet B2 turned the beam through an'angle of 25 deg.
Then quadrupole QQ focused the beam both horizontally and vertically
at-the position of ﬁgrget B, the liguld hydrogen target of another
experiment which was in progress at the same time.18 Finally, pioﬁs
'not scattered from target B were refocgsed by quadrupole:Q3vonto
target A, the target for this experiment, This last quadrupole confained
a brass collimator to reduce the pion flux at the final target. In
order to decrease multiple scattering of the beam particles in the air,
8 bag coﬁtaining_helium slightly above atmospheric pres;ure was placed
in fhe beam chennel from the Bevatron through Q2'

The Bevatron magnet and Bl introduced dispersion-inﬁo the first
section of the beam; that is, only particles of the.correét momentum
were brought to a horizontal focus in the center of the collimator.
Pions of slightly different momentum were deflected by é different
~emount and brought to a focus to the right or left of the center, and
hence only a narrow momentum band with Ap/p §é2.5% cquld pass through the
" system. This is illustrated by the dotted lines in Fig. 5, for pions
which have a momentum which 1s approximately]%‘too high. There it is
seen that since these rays of high momentum approach 32 from an off-
axls focus, a deflection of slightly less than 25.deg would make these
rays colncident with the rays of correct momentum from there on, In
fact, since these plons have a slightly highef“momentum, they arevggg
deflected bxtquite 25 deg in 32; and the beam is achromaﬁic from there o
on to the.$§§rogen targets, | :

.

- Theé exact position of the horizontal focus within the collimator
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required to produce fhis achromatic‘effect was. slightly differenﬁvfor
the different locations of the intérnal Bevatron target, and was
established with the use of the computer program,,OPTIK.l9 OPTIK wa§
used throughout in designing the exterhal mégnet system to -estimate’ o &
the currents required in_theimagnets tb p;oducé the desired'optical. ‘?
; properties. The final solutipn was checked wifh another computer
‘program, TRANSPORT.eO | |

Wire orbit measu:eménts ih 32 were made prior to the experiment
toldetermine within l% the momenta passed by the system. The currents .
in the quadrupoles were then tuned to produce a beam of %he desired '
characteristics at the target position. At the final cufreﬁt~settings)
the beam profiles were approximately Gaussian iﬁ shape, with full
. widths at the 1/e points between 1,5 and 2.6 in, in the horizontal
plane, and between 2.0 and 3.2 in, in ﬁhe vertical plané.

The solid angle acceptance of the system was 1 msr; The duration
of the spill varied between 200 and 800 msec, while the évérage inétan-

taneous rate of pions as determined by the three monitor counters in

~ front of target A was maintained near 50,000 pions/sec,
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C., ILiquid Hydrogen Target

The pion beam passed through a target conﬁéining‘liquid /
hydrogen, which was located in the cenfer of the eipefimental apparatﬁ%.
Shown in Fig, 6 is a diagram of this target. The flask containing |
liguid hydrogen was made from S-mil Mylar by joining two roughly
hemispherical ends to a genter band. This band was 3u3/h in. in dia.
and 1-3/bk in, wide, while the ends had a radius of 2-1/2 in, By meking
a8 weighted average of the actual flask length along possible beam
paths, we determined the effective length of the flask to be between
3.92 and 3.94% in., The weighting factor, different at di%ferent
energies, was given by the measured.beam profile out to a distance
from heam center determined by the radius of the last and smallest
beam monitor counter.

The hydrogen flask was supportéd and servicéd by two l/2-in.

stainless steel tubes, which ran from it through & 3-in., aluminum tube

to a reservolr of liquid hydrogen on top of the apparatus, As can be

~seen in Fig, 11, of Sec, II. E., the outer aluminum tube approached the
"target from & direction that minimized the solid angle it_subtended.
One of the 1/2-in, tubes was the fill tube, which directly connected the -

bottom of the flask and the bottom of the reservoir, and continuously

supplied liquid hydrogen to the target vessel, The other 1/2-in, tube
was the boil-off tube, as shown in Fig. 6. This tube was open to the
air above the liquid level ip the reservoir, to allo& evaporated v
hydrogen to gscape from the sysfem.

At;ﬁée top the boil-off tube could be closed by a valve, in

order to eﬁﬁﬁy the liquid hydrogen from the target flask. When. the
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. valve was closed,‘the:gradually accumulating gaseous hydrogen forced
the liquid hydrogen out of the flask and back up the fill tube into

the reservoir. At frequent intervals throughout the experiment, date

were taken with the target empty in order to determine the background'
due to interactions of the beam in substances other than hydrogen.

To minimize the heat transfer to the target by conduction, the -

flask was contained in an evacuated aluminum dome, Where the beam

entered and left the dome, there were windows of laminated Mylar, with

a total thickness of 22.5 mils in each window, (The total amount of

material in g/cm2 traversed by the beam in the vicinity of the target

was about one-third the amount of liquid hydrogen in a full target.)

‘The thickness of the aluminum dome was 45 mils, the minimum considered

safe, The diameter of the dome was 2-ft,, thus placing the walls far

' enough from the hydrogen that interactions in the aluminum could be

distinguished from interactions in the hydrogen. Aluminum was used
because of its low Z, so that conversion of photons in.the walls of‘the
dome would be minimized,

Heat transfer by radiation was reduced by tﬁe addition of
several layers of l/h—mil aluninized Mylar afound the flask, Even so,

a significaﬁt amount of boiling of the liquid hydrogen was observed

-through the windows when the flask was full, and the density of the

diquid was estimated to be (5 + 3)%_less than the normal density, due
to the presence of the bubbles, For calculation of the number of
hydrogen nuclel available for interaction, this factor was taken into

account.



D. Counters

1. Scintillation Counters

| The scintillating materiai used fOrvthe counters in this |
”] éxpériment was & solid sqlutioh of terphenyl iﬁ polystyrene, and all

.; light pipes were made‘of lucite. RCA 6810 photomultiplier tﬁbeé wéré

; used to view all the scintillastors dn the outside of the spark chaﬁber
cube, while inside the cube RCA 6199 photomultipliers, smaller lQ-dynbde
. tubes, were used‘£é‘keep the amount of material betweén the hydrogen

target and the spark chambers at a minimum.
. ) |
According to function, the scintillation counters fall into

two classes: a) those defining the beam, and b) those detecting &
charged final state. o

The beam—defining countérs, Ml’ M2, AO, and M3, were pos;tioned
along the incoming beam as indicated in Fig. 4, M, and M,, placed at

the ends of Q3, wére 1/k-in, thick and large enough in diameter to

detect all the pions passing through the quadrupole, M.3 had a.
thickness of 1/16-in, and was placed inside the spark chamber cube as
"close as possible to the vacuum jacket of the hydrogen target, With a -

diameter of only 2-in., M, insured that beam particles accepted by the

3

system would traverse the liquid hydrogen and not the material of the

walls of the flask, A., a 1/h-in, thick counter with a L-in. diameter

0
hole, was used in anticoincidence with M1M2M3 to prevent a pion which

scattered into M, from the steel portion of the entrance spark chamber

3

from being accepted, The signature of an acceptable beam particle, then,

[
-k

was M1M2M3A%+-«‘ »

To d&tect and suppress charged final étates, anticounters Al

&



' through A

. : i
8 hole, slightly larger than the beam size and covered by another l/h-in.

-To estimate the efficiency for a three-body final state, data from an
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9 were placed around the hydrogen ﬁargét inside the spark

chamber cube, as shown in Fig. 4t and in Fig. 11 of Sec., IT. E. In

Fig. 7 is illustrated schematically (not to scale) .the construction of .
the anticounter sysfem, the size of which was determined by the |

- requirement that it fit around the 2-ft, diameter vacuum dome enclosing

ﬁhé liguid hydrogen target., The separate counters, Al through.Ah,
were l/?-in. thick, and each formed one side of the unit, while As
through A8 were four phototubes attached to one 1/4-in. thick scintii-
Jator on the downstream end of the system, In this scintillator was

AN

thick circular counter, A This last anticounter had by far the

9°
highest counting rate,

The anticounter Qnit covered a solld angle of slightly more
than 2x sr on the downstream side of the hydrogen target. However,

even though the anticounters did not completely surround the hydrogen

target, the loss of efficiency in rejection of charged final states

-was estimated to be very small, It is kinematically impossible for

" the particles of a 2-body final state to go into the backward hemisphere.

experiment on single pion production at these energies was used. These
showed that in n'x™n final states, those cases in which both charged
rarticles went into the backward hemisphere constituted only 2% of the
events.gl These few events do not create a problemn, ﬁecause any charged
particle eve?ts which were nof eliminated by the énticounters can be

recognized;iﬁ‘the film, One can then reject these events and correct
. it

[
o8

~ the electr&ﬁib cross section measurements by the fraction of the events x

g

(A ms



" Flgure 7.
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Drawing of anticounter system.
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on film which contailn charged particles.

2, Cerenkov Counter

Prior to and after the'experimeﬁf, the electron and muon
: cdntaﬁination of the beam was studied with a Cérenkov éounter in which
" sulphur hexaflouride gas was the radiating mediuh. This counter was
v>vpl&ced Just downstream of Q3, and was preceded and followed by 2-inf
diameter scintillation.counters, Si and‘Sg. To determine the contam-
ination, the ratio slszc/slsg, which gives the fraction of the beam
particles with velocity above the threshold of the Cerenkov counter,

f
was recorded as a function of the gas pressure,

. . : _c
The velOC1ﬁy threshold of a Cerenkov counter is at Vip = Ok
~ ~where c is the velocity of light, and n is the index of refraction of

the gas, which depends on its pressure, Since the beam 1s momentum-

- analyzed by B,, particles of lower mass have higher velocities, Thus

as the gas pressure is raised from atmospheric, thé counter first
respondé proportionately to the lowest mass component, and then the
higher mass contribution is added. A typical curve of the triples-to-
" doubles ratio vs. pressure of the gas is givén in Fig. 8, where the |
three plateaus due to a) electrons alone,'b) electrons plus muons, and

¢) electrons, muons, and pions, are visible,
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Figure 8. Gas Cerenkov counter pressure curves taken at T__ = 875 MeV.
Plateau A is due to electrons, plateau B is from electrons _ -
and muons, and the high plateau at the right is from electrons,
muons, and pions, The pressure threshold for detecting pions is
at P + AP, and the threshold for detecting muons which have
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‘ been momentum-analyzed is at Pul + AP, The threshold for

detecting muons from pions decaying after the last bending magnet
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E. Spark Chambers

Six spark chambers, each weighing 2-2/3 tons,vprovided a
¥]' y-ray detector with st sr coverage arouhdithe hydrogen target and
i.‘énficounter unit., TIllustrated in Fig. 9 is the manner in which the
, - chambers were arranged in a cube, Figure 10 shows thé constfuétion of
- one of the chambers. EXach one had 41 plates: one l/32-in. alumin;m' .
plate, four 1/16-in. aluminum plates, thirty-five i/8-in. steel plates,
and & 3/4-in, steel base plate. Lucite strips at the edges and four
staggered lucite squares near the center maintained a gap of 5/16-in.
between each.pair of plates and also provided electricaliinsulation.
Tﬁe gap betweeﬁ the last l/8—in. steel plate and the bése plate was
'inactive. Also, the thin aluminum plate did not provide an.active gap}
1ts function was merely to prevent the first 1/16-in. aluminum plate .
from bulging'under the internal pressure of the gas.. In the chambers
a mixture of 90% neon and 10% heliunm was mainﬁained at an eqﬁilibrium
pressure slightly higher than atmospheric pressure, |
0f the thirty-eight active gaps, the first four were associated
Awith the aluminum plates, The purpose of these gaps was to provide a
visual check for charged particles, With the y-rays, there was a
- relatively low probability that one would be converted in the aluminum
region, in contrast to a charged particle, which would ionize the gas
as soon &8 it entered the chamber, Therefore, the aluminum plates
formed a secpﬂd line of defense againsi charged particles not caught
‘ be the antig%unters. |
Ta%égg into account the expected energy spectrum of the photonS'

- and the didt¥ibution of the angle of entrance of the y-rays into the




- -30-

5
| 2/, 3

>
-4
~3

2

[
{ \xz
//
/f
L/
(b) V
MU.38197

Figure 9. a, ZExploded view of the spark chamber cube, A neon-helium gas
mixture was introduced into each gap at "1," and run out
again at "5." The optical faces, through which the sparks
‘tere photographed, are at "2" and "k\" and the electrical
nnections were made to each chamber at "3.,"

b, Tﬁe spark chamber cube assembled,
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piates, it was estimated in a Monte.Car;o_calculatiohvthat the 34 steel

plates preéeding the remsining 34 active~ga§s‘prqvidéd a total of 4.6

. effective conversion lengﬁhs for pair production. This meant that there

was less than a 2% chance that a phbton_woﬁld pass through the chambers I

“ without undergoing materialization,. _ o

In over-all size, the typicel chamber was 5 by 5 by 1-1/2 ft.

However, four out of the.six chambers were not typical in some aspect:

a, Two of the chambers, on the left and right in Fié. %a, had a small
extra section appended at one corner, It was necessary to add this_
"dog-leg" in order to have a coﬁplete cube and yet h;ve two edges )
of each chamber exposed to permit stereo observation of the sparks
between the plates.

b. Not shown in Fig. 9, the top chamber had the éorner opposite "3"
cut off to al;ow the tubes which serviced the hydrogen target to
enter the cube,

c., At the pléce where the plon beam passéd through the ehtrance
chamber, there was a region L-in, in diameter where thé plates
were made of thin aluminum foil instead of thick steel to minimize
spurious interactions of the beam with thé chamber, This was the
biggest area of the detector not capable of converting y-rays, but
it subtended a solid angle of only n/lOO sr, which 1s negligible.

Figure 11 is a photograph of the assembly during set-up, Not v .

‘yet in place;gre the top and entrance chambers, so the anticounter and

- hydfogen ta:éft vacuum-domé and'service pipe may bé seen;vin addition

"to the othéié%our_chambers. Partially hidden by the "dég-leg," the last

monitor cod%ﬁ%r is seen in the lower center of the pilcture.
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A photograph of the spark chamber assembly during setup. The

Figure 11,

Out of

top champbe¥ and the beam-entrance chamber are missing,

view at top right is the liquid-hydrogenvreservpir..
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- F.o Optical System and‘Photography

.‘The éptical system used to photograph the six spérk chambers
>1é sﬁown schematicaily in Fig. 12, where for simpliciﬁy each mirror and
'1£ght pathvéppears only once, either in‘thé plan view or the elevation_ g -,

" view, but not in both, . | |

In the cube the chambers were arranged so that each one could
be viewed from two mutually perpendicular stereo axes., Mounted on the
optical faces of each chamﬁer was a plano;convex lucite lens to enable
the camere to see sparks at the far end of the thin parallel gaps from
a point on the axis of the chamber. In ordér to elimina%é spherical
aberration, the curved surface of each lens was made & hyperboloid of
‘revolution, Since the focal length of all the lenses was the same,
‘namely k23-in,, 1t was necessary to maintain that same distance from
each face of each spark chamber along the light paths to the camers,
This necessitated rather wide excursions of'the light paths originating
from chambers close to the camera,.

In the>system there were 36 plane front-surfaced mirrors,
"ranging in size from 4 by 5 in, to 24 by 80 in. For ease of adjustment,
the smaller mirrors were attached to aluminum plates which hdd beed
mounted on camers tripod heads. The large ones were suspended from
springs which were attached to metal blocks glued to the back and edge

of the glass approximately every 12 in, | ' : .

A double-frame 35 mm flight Research Corp. camera (Model‘207)
with a cyclgﬁtime of 90 msec, was used to photograph the sparks. Since
- the chambeé %nd mirror system was contained-in a darkened house, no

Soa

shutter waéﬁﬁecessary; the exposure time was simply the lifetime of the
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- sparks, and the DuPont 14OB film was advanced in the darkness between

- events, The trigger circuits were gated off for 90 msec., after each |

event to allow time for the film advance. - Duringvevery event a. |

stroboscopic lamp was triggered electronically and illuminated a

:  data box.behind the mirrors which contained infbrmation such as the
.roll numbér_and‘target condition, The signal to advance the film also

advanced a serial counter with nixie-light readout photographed on each

frame. The camera lens had an aperture set at f/8, and & focal.lengmh

. of 58 mm, so that the reduction factor from the object space to the

- film was 185:1, |

To provide‘refereﬁce fiducial marks on the film, incandescent

v flashlight bulbs coveredeith an L-shaped mask were mounted near the

four corners of each lucite lens. Their posifion in space could be

- reconstructed from the film to an accuracy of 3/8-in. It was necessary

"“-_to check all the bulbs periodically and replace the ones that had burnea

out since the last check, since switching them off between Bevairon
.pulses reduced their mean life to about 10 hours.

A photograph of a typical event is shown in Fig. 13. On 1t is

superimposed & template, which was used during the scanning of the film

to make clear the limits of the chambers, and the'position of the
target relative to each view, The views of the chambers were‘arranged
in & format on the film in three groups of four views each, with each
group of fogr bteing the views contained in one of the three possible

cross sections of the cube.




13

e

B s

A sample event from the film. The straight white
lines are on a template used during the scanning
to indicate the limits of the views of the

chambers.
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G. Electronics

1. Elements of the‘Logic Systenm

This section describes the simplé‘electroﬁic circuitry which
. adtéd as the central nervous system of the experiment, Having received
‘pulses from the scintillétion counters, this groupvof electronic
components determined when a neutral event had occurred. It then sent
a signal to trigger the spark-chambers only if a) the camera had had
.enough time to advance the film since the last pictﬁre, and b) no
other beam particlé had previously passed through the couﬁters within
a time approximately equal to the sensitive time of theiphambers:_'
Shown in Fig. 14 is a block diagram of the electronics system.
The first Wenzel coincidence circuit,.wl, received signals froh the beam
monitor counters. A coincldence among Ml’ M2, and M3, in the absence

of a signal from A defined an acceptable incoming particle and resulted

o)

in an output monltor signal from W A 100 Mc scalar, labeled

1
"Monitor Scalar" 1nh the dlagram, counted the number of output pulses
from Wl. . |

Together with the summed signals from anticounters Al through
A9, the monitor signal was fed to the second Wenzel coincidence circuit,
we. The anticounter signals, of coufse, were connected to the anti-
coincidence input of WE‘ An ocutput pulse from W2 was the electronic
definition of & neutral event, and these signals were counted by a
10 Mc scalar, the "Neutral Scalar.,"

A third coincidence}circuif, w3, was a 'standard LRL transis-

torized Jagﬁéon circuit wnich had been modified so that it had two

anticoinciégpce inputs instead of only one. This enabled two separate

-
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Figure 14, Block diagram of the electronics,
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disabling gates to be iméosed on the neutral'signal from W2 before iﬁ
wvas used to triéger the spark chambers,
Each time é slgnel was sent fo'the cameravcontrol circhits, the

? ;first gate was turned on, The uhiétabié multivibrator which generéfedi
..;the'gating voltage had a period of 90 msec, which is the time required

~ for the cameré to advance the film; and this gate prevented neutfal

- ‘pulses from triggering the spark chambers faster than fhe camera could
photograph the eventsf This camera cycie time imposed the upper limit
. on the rate at which data were taken.
By int?oducing the second gate at W3, we were apie tq reduce
t, the number of pictgrés in which there were two or more beam tracks,
'Frgmes of;this type are not uéeful in the analysis, because it is not
known what outgéing tracks to associate with which beam parficle. Iﬁ
every picture of an event there is always one beam track due to the
pion which produced the neutral event and triggered the chambers,
However, if another beam pion hdad also entefed the chamber within a
-short enough time beforé the triggering pion, its track would also
v'appear. The critical time interval--the sensitive time of the chamberé--
depended mainly on how long it took the relatively low clearing field
of the spark chambers to sweep out the ions of old tracks. By disabling
the system after the passage of every beam particle for a time comparable
with the sensitive time of the chambers, the number of double-beam
pictures was minimized, Neutral events that had been preceded too
recently by gnother pion were adtomatically rejected,

Puﬁ?%s from monitor cbu..ntervM2 were used to trigger tﬁis géting

i

signal,‘beéédse this counter was large enough to intercept all of the
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 _-pions'1n.ﬁhe'b¢aﬁ;'vThe length of the gﬁte‘wés éet empirically at about

- 2,5 usec during the experiment. This was the largest gate-width 1t
was possible to use without slowing the fate of taking data. From the
observed number of frames ofvfilm containing two or three incoming -
- beam particles, together with this known gate length, the sensitive
;time of the chambers was estimated to be about 3 to 4 usec.

With the exception of the medified Jackson coincidence

cireuit; all of the electronic components mentioned in this section
o are completely described in thé Lawrence Radiation Iaboratory Counting

. )
‘Handbook.ze

2, Spark Chamber Triggering System

.Figure 15 is‘a schematic diagram of the system'uséd to apply
a high voltage in a very short time to the plgtes of the spark chambers.
To accpmplish this.ﬁighnspeed switching, spark gaps were used,

In the quiescent periods between pulses of the chamber
voltage, a 15 volt potential'yas maintained between all pairs of plates
:1-in the spark chamber to sweep away anj ions formed in the gaps. Also,

“through the clearing field power supply, current was drawn to clarge

capacitor was one of

the cepacitors C, to a high potential., Every C

2 2

19 strips of parallel condensers, which were contained in each of 6
boxes--one near every chamber. The 114 condenser strips, each having
24,000 pF capacitance, were connected separately by three-foot coaxial
cables to the high-voliage Qlates in the chambers., By having separate
storage of cgarge for every higﬁ voltage plate, problems associated

- with uneveﬁ“aistribution of the electrical energy among the plates

idi With each C, charged to approximately 9 kV, the chambers

2
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Figure 15,

triggering system,



- were fired.

3o

- were ready to be used,

The triggering_signal from the outpuf of coincidence circuit
W3 was fed to the spark chamber pulser, which applied a 20 kV pulse
to the trigger wire of the first spark gap. The high‘voltage pulée
which resulted from the breakdown of this gap was split six ways and
transmitted to the trigger Qires of six spark gaps. at the individual
chambers, Thus all.six chambers were.triggered simultaneously. Shown
at A in Fig. 15 is the circuit from this first spark gap to one of the
six other gaps.

At B 1s the circuit from one of the chamber spari gaps through
one 02 capacitor to é single high voltage plate of ﬁhe chamber. In
the instant that the chamber spark gaps were fired, the high vbltage.'
side of C,
and the pair of chamber plates in parallel. Charge was rapidly

was connected to the ground plates of the chambers, placing '

Co

transferred from C, to the plates until the voltage across both

2

~ reached approximately 7.5 kV and sparks were formed along ion tracks

left by the passage of high energy charged particles through the gas.

" If no particle had passed through the chamber in question, sparking

occurred at random places between the plates, or éometimes at favorite
breakdown points,

| The elapsed time between the passage of a pion through the last
monitor counter and the arrival of a signal at the spark chamber pulser

was 175 nsec, After a delay of 250 nsec in the pulser, the spark Zaps

gIt then tookilOO nsec for the voltage to rise from O to

7.5 XV on thk plates.



into two categories: +those with beam particles that enter the chamber _

e
III. DATA REDUCTION AND ANALYSIS
During the.experlmental run, nearly one-half million frames of
film were exposed ThlS thesis is based on the analysis of approx1mately
50% of these. | | | - L

The events recorded on film are assumed to be.a completely

‘random, and therefore representative, sample of all the interactions

which the electronics have.decided are heutral.‘ Included among the
pictures, for inetance, are some events &hich contain charged particles,
due to the iﬁefficiency of the anticounters, but these were counted by
the electronics as neutral events, 'fictures which contain more than
one beam track receive the following‘interpretation: One beam pion‘has
entered the cube, preduced a neutral event and triggered the chambers;

then before the voltage on the spark chamber plates has risen to its

. full value, one or nore addltlonal beam particles come along to enter

the picture, and thus at least two beam tracks, and possibly several
events, are seen, These frames are not useful for analysis, because

one does not know which outgoing tracks to associate with which incoming

beam particle, but the important thing is that the neutral events

~ associated with multiple beam frames are not a unique type. In other ' .

words, a representative sample of neutral events as detected by the
counters can be made from frames with only one incoming beam track.

The frames with a single incbming beam track may be divided ‘ .

cleanly, andiihose‘where the particles interact - in passing through fhe_
entrance'chémger. These differ -in one important respect: -there is &

b » .
slightly higheér fraction of outgoing charged particles in events

e



-45. .
iniﬁiated.by iﬁtefacfiﬁg beam;; presumably becaﬁse the beam particle
:is often defiected and strikes a less‘efficient part of.the anticounter,
.In all other respects, the frames wifh one_gdod non-interacting beam
track are assumed to be completely representative of all neutral

- events which occurred, and these form the basic sample for analysis.v



IV

A, Film Scanning

As the first step in the data'reduction, a scénner examinedrall
"frames‘of film to make a record of the numbef'of goodue§ents of each type .
" and to select the subset of good events which were to be measured. Each
' scénner learned a-basic set of precise criteria to use in making judgmenh34
about the film, In simplified form, the procedure used was as follows:
(&) First, bn the basis 6f tﬁe guality of the incoming beam track,
. the frame was defined to be "good"vor "bad," A "good" frame was one which
contained two views of a single dark beam track passing all the way through
the entrance chamber without any interaction in the champer plates, '"Bad"
frames showed more than one beam track,‘or one track which had undergone
some change on the way through the chamber, or occasionally no beam track
at all., A record of the number of events in each beam category was kept,
and only frames with one incoming track were considered further, On a
typical roll;of f£ilm, about 75% of the frames were good by these criteri;.
(b) Then in frames with a single incoming beam track, either
_"good" or "bad," all the Qiews of the chambers were examined for outgoin%
tracks, Takin%’into consideration both views of each track, the scenner
-‘looked for obfﬁous, heavy cﬁarged particles which had been missed by the
anticounter, fhey were dark and like an incoming beam track in appearance
--long, straight, and clean, If there was any doubt about a borderline o
case, it was not conéidered to be a charged particle, Frames with charged ®
particles were separately totaled accérding tq whether the beam track was
"good" or "bad."

(c) .5nly "egood" frames with no obvious charged particles were

considered in more detail, The total number of outgoing tracks in éach

frame was reforded, and each track was ‘classified by appearance into two
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~X:s.tegorie:.%., A,"Type-E" track was a well-developed shower, generally

"bushy" looking, while a "Type-1" track'did not appear to be a shower. A

Type-1 track--not as straight, clean, and dark as a charged particle--was

a minimum of three collinear sparks within fouf gaps. Anything less was

not considered to be a track. Each chamber had several places which
consistently broke down when the voltage‘was pulsed, but as this produced

e spark in exactly the same place in every frame, there was no difficulty

- in recognizing that they were not minimal showers.

"Good" frames which were to be measured were then marked on the

scan sheet, A large fraction of these frames were rescanned to check

the accuracy of the original work and to attempt to foresee any difficulties

which mlght arise in the measuring process,
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- B, Méasurement of Film

- Aii events which could possibly be the result of abmeson decay into
- two photons were measured with a digitized protractor. One-track events
occurred when one of the photons had too low an energy to produce &
visible track., Two-track eveﬁts were the expected type. Three-track events

could sometimes be interpreted as a meson decay with two showers from: '

- 'photons, plus one track made by & proton knocked out of aisteel plate by o

- the neutron in the final ;tate. Also, three-track events were useful in .
estimdting the shape of the background in the two-track distributions.
Hence, all "good" one, two, and three-track events which, did not contain-
obyious charged particles were measured, In order to begin a roll of film,
it was necessary to measure in several frames the position of as many of
the 48 fiducial lights as could be seen, If two or.three out of the four
lights associated with a given view were visible, the film position of the
missing light or lights could be reconstructed, using the measured
separation of the lights on the chambers, If more than two of the four.
lights were missing, information from an adjacent roll of film was used
to furnish'the film coordinates of the missing lights. The several
'measurements for a given roll of film were averaged to produce a master
segvof fiducial measurements for that roll,

After this was completed, the events were measured. On each
frame two fiducials were measured to indicate the orientation of the
projected film image on the measuring table. The direction of the incoming

-beam track, and the béginning and ehd points of each outgoing track were

1meaéured in %oth views in which they occurred. Punched paper tape from

" the digitiZé& protractor was read by the first of a series of computer

programs which, by using the master set of film fiducial measurements
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4 and the codrdinetes of the_fiduciels‘on the chanbers; reeonstructed'in
:<three-dimensions_£he direction of the incoming beam particle-and the
position of the tracks in the chembers..This infofmaticn and all the
.parameters oflfhe measuring and recenstructing process were maintained
in & library of magnetic fapes. |
 'At the edges of the cube{ a shower could begin in one chamber
"and end in another, Often the views of.the two different chambers
‘involved were widely separated on the film, with the result that the
scanners thought there were two different showers instead of twe pleces
6f only one shower, This situation was detected becanseiof the extremely )
small engular separation of the two pieces wnen reconstructed in three
dimensions, and corrected by the programé.- In this manner, about 1%% Qf
. the three-shower events measured were changed to two-shower events, and
| 2.5%,of the twe—shower events were changed to one-shower events.
The uncertainty in a coordinate measurement could be estimated
by making use of the redundant information in the stereo views..For
example, if one view was a projection in the x-z plane, the other view
might be a prejection in.the y-z plane, In thatvcase, measurement of d
point in both views yields two independent determinations of the
g-coordinate, which may be compared, Distributions of the difference
between the redundant coordinates indicated that a mean error of 0.4 in,
in chamber space was to be ezpected in each coordinate. This same
magnitude of error was also present in repeated measurements of the same
point by difﬁérent measurers. N o ‘ 1
| In ie;ge part, due to mistakes made by the meaeurers, only 70% .
to 90% of tggéevents which were to be measured on a typical roll of film

could be accepted by the analysis programs and puﬁ on the library tapes.
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A list was made of the evenﬁs which.had been deieted by the programs,
and these were remeasured at a later time,

A set of summary tapes, one for each energy, was made to use
repeatedly as input for the various analysis programs, Only the
geometrical information about the track positions for each event was

.“contained in these tapes. | |

To calculate fhe laboratory scatﬁering‘anglé.of each track, the

following recipe was ﬁsed: The origin of the coofdinate system was taken
to be at the center.of the liquid hydrogen target, with the positive
z-axls perpendicular to the exit spark chamber, pointing!in the general
direction of travel of the beam particles. Each event was assumed to
originate at z = O, with x and y coordinates of the particular beam
trajectory of that event at z = O, Tﬁe line of travel of the decay
photon was determined by two points--the origin of the event, and the
beginning point of the outgoing track in the chamber. The cosine of the
scattering angle was calculated by the dot product of the beam trajectory

_and the line of travel of the decay photon,

. .
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C. Selection of Data

'Several criteria were used to sélect from all the measured events
those to be used in the detailed analysis.

1. One-Shower/Two-Shower Ratio

To make &a quick check on the operating'condition of the chambers,
_the ratio of the number of one-shower events to the nmﬁbér of two-shower:
e&ents on each roll of film as totaled by the scanners was compared with'
dl other rolls of film taken at the same beam energy, If ﬁhere was some
' malfunc£ioning of oﬁe or more chembers during a roll, the ratio would be
© abnormelly high, end that particular roll would be disca;ded.

2. Aluminum Region Cutoff

As was explained in the section describing the spark chambers, the
inside four plates of each spark chamber in the cube were made of 1/16-in.
aluminum, instead of steel. This region of the chambers was intended to
neke the paths of any charged particles visible, but haveva low probebility
of inlitiating photon showers. Howéver, ﬁhis probability of shower conversion
>WAS not negligible. Even 1f traveling perpendicular to the plates, each |
‘of the photons from 7 decay had to pass through slightly mére than 1/k-in,

bof aluminum, and there was almost a 4% chancé that éach one would gndergo
materialization., Therefore, if all the tracks beginning.in the aluminum
- region were rejécted, about.B%.of the good events would be lost.

In sﬁite of this fact, an aluminum region cutoff was applied in the
selection of datas, in order to insuré that the sample of events was not
contaminated by charged particles, The number of good 7 evenis thrown
out in the p;ocess could be calculated rather accurately and a correction
applied toimﬁe date at a later stage.

The g%served distribution of the number of showers which convert
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- the first steel gep.
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at a giVen depth of penetration in a spark chambef, as a function of the

‘depth, is shown in Fig. 16. The zero of the axis giving the depth of

plate, i.e., at the beginning of the first gap where showers which

converted In a steel plate can be observed. Because of the resolution

errors in'meésurement, the peak occurring at the first steel plate over- _

flows into the aluminum region by approximately 0.75 in. Because of

this, the aluminum region cutoff was chosen so as to include events in

wvhich one or both of the showers converted less than 0.75 in. before

i -

This cutoff was applied only in the portion of each chamber that

- was directly exposed to the hydrogen target. At the edges of the cube,
-1t could happen that a photon would pass through part of one chamber,

" out the end of it, and into a second chamber, In the cases where the

photon showered in the second chamber, the aluminum cutoff was not

applied, because the photon had necessarily passed through a 1/4-in.

steel plate at the end of the first chamber and would be expected to be

.showering alre&ay in the aluminum region of the second chamber,

3., Shower Deviation Angle Cutoff and Full-Fmpty Subtraction .

In addition to passing through the liquid hydrogen? the beam
particles also penetrate the ends of the Mylar flask containing the
liquid hydrogen, the Mylar windows of the vacuum dome, and the counters
in the vicinity of the hydrogen target. Therefore, a fraction of the >
interactions occur in those places., Since the scattering from.a proton -
bound in a iérge nucleus is not the same as the scattering from a free

proton, theéé,events must be removed from the sample of data to be .
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Distgibutionvof the number of events which converted at a

given depth of penetration into the spark chambers, as &

_ funééion of depth, Events which converted before the

depﬁéiindicated by the dotted line were rejected.

\,m/:’{ﬂi



~Sho
analyzed in order to eliminate any possible biaé. Fortunately it is a
simple matter to study these spurious interactions by taking data while.
-there is no liquid hydrogen in the target.

An attempt was made to decide whether or not each individual . -
event originated in the target, in order to.reject those that did not.
Thisrwas doﬁe by considering thevdeviation of fhe éhower direction from
a.line between the center of the target and the beginning of the shower.
Separate distributions of this angle of deviation for different intérvals
of shower lengths were made for both target-full and.target-empty data,
and a subtraction made. In each ngt distribuéion a deviétion angle
Bcﬁt could be chosen such that no shower produced by a photon é?iginating
in the target would be expected to deviate by more than that from the
line to the center of the target. A graph of this cut-off angle as a
| function of length is given in Fig. 17, vhere it can be seen that the
deviation.angles become quite large. |

However, this is to be expected, because of the following reason:
Although showering does take place in a direction generally alpng the
line of travel of the original photon, if the first few electrons
undergo much multiple scattering, the shower may develop in a slightly' .
different direction. The expected amount of multiple'scattering can be |

roughly calculated as follows: If an electron of momentum p and velocity .

v passes through a thickness of material L with radiation length Lrad’ .

the root mean angle.of scattering 1523‘ -
21 [T )
O ms = v VT .
A~ | rad

i

For a 50 Me?i%lectron passing through one l/8-in. steel plate, erﬁsu=~
B i}" i

11,5 deg.
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Flgure 17, Meximum expected angle of deviation of a shower from the line
of travel of the initiating photon, as a function of the length

of shower. Events with a larger deviation angle were rejected.
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Tt is apparent that one can ne&er eliminate by a cutoff on
deviation angle all events from the target-full data which came from
interactions in the apparatus structure rather than in the hydrogen. - -,
FPirst, an event which originatés in some object on the beam line, with
photons thet scatter in the forward of backward direcfion, appears to
have come from the target, regardless §f whether it did or not. Iﬁ
‘addition, a photon which did not come from the térgét could produce a
shower which, after“largé multiple scattering, appears to point towards
_ the.target. In fact, about MO% of the events with opening angles
characteriétic of n dgcay survivéd afﬁer the deviation angle cufoff
was applied to & sample of data taken with the target empty.

Since the invalid even£s cannot be completelj weeded omt of the
ﬁydrogen data, it 1s evidently necessafy to make all distributions from‘
" both the target-full date and the target-.empty data, normalize properly
the target-empty distributions, and subtract them from the target-full.,
However, because of the statistical fluctuations in the relatively small
sample of target-empty data, it is sfill advantageous to apply the
shower deviation ahgle cutoff to both full and empty samples before the

subtraction. The length-dependent scu of Fig. 17 was used in making

t
this cutoff,
In Appendix A the derivation of the normalization factor for the *

full-empty subtractions is given,
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D. Kinematical Information .

Because there is no better place to put this’sectiOn, the more or
~less logical development of the past few sections is.ipterrupted at this.
poinﬁ to provide various kinematical detaiis. Thgsé are gathered together
~ In tables and graphs tb use for reference in the rest of the thesis,

Table I glves the numerical values of the particle masses used in

all calculations,

Table I, Masses .of particles

Particle Mass (MeV) ;
o 139.6 |
P 938.2
° 135.0
y _ 548.7
n 939.5

In Table IT are found the seven different energies of the pion v
beam at which data relevant to 7 production were taken, and also the

plon energy at the 7 pfoduction threshold.

Table IX. Beam energies of this experimént‘

'Incoming pion Incoming pion Total energy Momentum of n Velocity of 1

kinetic momentum in ¢.m. in ¢. m, in c.m,
energy .system system system
(Mev) (MeV/e) (MeV) (MeV/c) . (c = 1)
561.3 686.8 - 1488.3 0 0
592.0 718.2 1507.5 115.9 . 0.2067
655.0 782.2 1546 .2 202.9 0.3468
7040 832,0 1575.7 250.7 0.14155
875.0 1005.0 - 1674, 4 373.0 0.5622
975.0 . 1105.8 . - 1729.5 L29.,1 _ 0.6161
1117.0 - . 1248.8 180k.9 58,5  0.672h

13000 . ¢ 1432.8 1897.6 576.1 0.7241

-

wE
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As described ih tﬁé Introducinn, the angle suﬁténded by the ﬁwo
decay photons in the ﬁ-nucleon center-of-mass system obeys a distribution
»function which is sharply peaked at a minimgm opening angle. The most
important parameters which determine this diétribution are the masses of
the particles in the interaction and the kinetic energy of the beam
: ,pérficle. Together these fix the veiocity of the neutral meson in %he
c.n, system, and as a result the.minimum opening angle, Presentéd in
Fig, 18 is a graph of the minimum angles for no and 7 decay'as a function
. of the incomling pion kinetic energy. The minimum opening angle for n '
decay is an especially sensitive’function of the pion‘en?rgy near thneshéld.

At each energy a range of opening angles about the n peak was
defined from‘which to choose events for analysis. The ﬁpper limit of the
region was chosen so that in a theoretical opening angle distribution,

- approximately 75% of a1l n's would have opening angles between the
minimum angle and that uppef limit, Since the dbserved distribution is
slightly smeared because of the momenfum épread of the'beém and the
eﬁperimental resolution in measuring the angles, there are events below
'the theoretical minimum, Therefore, the lower limit of the n region was
set slightly below the theoretical minimum opening angle, Listed in
Table III are the theoretical minimum 7 opening angle and fhe limits of
the n region at each energy, | |

It is important to know the laboratory energy spectrum of the y-rays
from n decay when considering how many events are not'seen because of the
inefficiency of the spark chambers for detecting low energy phofons.
For n's tha@?séatter into a fixed angle, this.energy spectrum is flat
between the:iimits 1/2(En + pn), Eﬂ and pn being the laboratory energy

and the momentum of the n at that angle. Thus the complete energy

o
e
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Table TII. Opening angles of eta region.

. Beam energy lower limit of Theoretical min. Upper limit  Theoretical

eta_region opening angle of eta fraction of
region - events

(MeV) (deg) (deg) (deg) included (%)

592 152 156,14 168 87 '
655 136 139.42 ‘ 154 78
o4 126 130.90 ms 78
875 106 111.58 134 78
975 100 103.9k _ 126 | 76
1117 92 95,49 120 77
1300 8l &7.21 110 75

-

spectrum is an integral over these flat spectra, weightea by the laborator&
- angular diétribution of.the n. . In Fig. 19 the curve marked lOO% is the
complete spectrum for a beam pion energy of 1117 MeV.
At each 7 scattering angle, the extremes of the laboratory y-ray

energy specitrum occur in the case where one of the photonsbcontinues in

the same direction that the n was traveling, while the other one goes

exactly backwards, This situation also correéponds to thé maximum 180
-degree laboratory opening angle. While this opening angle is not the same
‘when seen in the n-N c.m. system, it is still true that when events with
the largest c.m, opening angles are not considered,‘the maxiﬁum and
minimum possible laboratory photon energies are closer to the average.

The spectrum labeled 75% in Fig. 19 corresponds to the laboratory eneréy

spectrum when only the lowest 75% of the events, ordered by Qpeﬁing
angles, are used for analysis,

’f:;: A Shown in Fig. 20 are the meximum and minimum laboratory y-ray

.energies asf% function of beam energy in the range of this experiment,
for the caséd that 100%, 80%, or 60% of the n events are taken, in order

of increasing opening angles,
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Laboratory energy spectrum of y-rays from n decay at a
beam”energy of 1117 MeV. If only the 75% of the_eventé with
theiéhallest ¢c.m. opening angles are considered, the energy
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| It may be noted fﬁat when using & 75% c@toff, as is done in this
analysis, only at the highést two energiesvarevthere any y-rays at all
- with energy lower than 100 MeV, with the pleasant'éonsequence that.
vrelatively few n events afe lost due to fhe inefficiency of the spark

chambers. This will be discussed quantitatively in the nexﬁ section..

e
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E. Detection Efficiency of the Chambers

1. Probability of Detecting a Shower
| In order to be_able to estimate the fraction of the 1 and 7°
deéayé which produce two visible showers, a study was made of the -
détection efficiency of the chambers.lha .This was done in terms of s .
‘particular model, aécording_to.which the probebility that‘a gi&en photon
yields a visible shower is bnly a funétion of its energy.’
Thus the local variations in detection efficiency of the chambers

- were lgnored, For example, each spark chamber was slightly more efficient -

. \‘w

in the corner nearest the spark gap than in the diagonaliy opposite
corner, Moreéver, the neon gas hed a slight tendency to accumulate at
the bottom of the veftical chambers, so that they were less effieient at
the top. Sometimes, because of insufficient gas supply to one eap, a
chamber, or the whole cube, the efficiency of a larger area changed.

To get a quantitative estimate of the non-uniformities, the
distribution in the number of showers detected as a function of the
azimuthal angle wés”stuaied. Since the target was unpolarized, no
preferred azimuthal direction existed, and therefore this distribution
of final state photons must be uniform. For five different ranges of :
scattering angle, the disfributions of showers detected vs. the azimuthal
angle were made in eight bins., These were then least-squares fitited by
a constant straight line, Typically, the‘Xe/d parémeter of the resulting -
best fits indicated only a 5% chance that the Qariations in the number
of events in.the Néfious bins were due to purely statistical fluctu-

t
:

ations,

Alsgﬁignored in this model was the angle at.which the photon
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entered thé chambers, However, this was not a serious approximation.
Since for a trajectory normal to the plates, there were four mean
conversion lengths of steel in each chambef, gbout a 2% chance existed’
that a high-energy photon traveling'perpendicular to the plates would
escape materialization. An angle of entrance to a chamber face of less
than 45 deg to the normel could not increase the path leﬁgth of material
traversed enough to improve this significantly. |

It is clear that simplifying the detection efficienéy td nerely
e spatially isotropic energy dependence is somewhat of an approximation.
However, it would Be extremely difficult to try to incluée all of the h
above effects, some of which change with time, in any vefy exact fashion
“which would still be manageable in extensive caléulations. The simiiar-
ities in the results obtained when using various possible forms for the
detection efficlency lead one to believe that the simple function fo be
describved is adeguate for the problem at hand, .

The two salient features of‘the detection efficiency function
are that it has an energy threshold, and that it becomes practically
'100% for a high energy'photon. Hence an exponential form was chosen for

the probability ¢ that a photon with energy E7 would produce a visible

shower; namely ) _ (E - Et}
1 -e Lc for E > E
y t
€ =
| (5)
‘ | ‘
hO for Ey < Et .

‘There are two, parameters: wEf is the detection threshold energy, and E,

determines ﬁo@ steeply the function rises toward unity. There is no
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éhysicalvreéson té expect that the éfficiengy function should be exactly
exponential, eépecially in the approximations used here. However,it has
“the correct general féatures stated above, and in addition is concaveA
downward, which corresponds to fhe rapid decrease at low energies of the
electron pair-production cross section,

In order to»calculate the threshold detepﬁion energy Et, the’
actual individual shower histories from Wilson's Monte Carlo calculatiéns
~for leadau were adaptedvfdr steel;'Since.our définition of a minimum
track required sparks in three consecutive gaps, the histories were used
to study the probability that the longest range shower eléctron would
>'travel through»3/8 in. of steei. Aé this probability was found to vanish
for shower electrons ?roduéed by photons Qf less than 15 MeV énergy;
the value Et = 15 MeV was fixed in all“calculations?5 This was an
- additional approximation, to the extent that the actual threshold varied
somewhat in each case, depending on the amount of steel which had to be
tyaversed to produce sparks in at least three gaps. An error would be :
introduced by this approximation if most of the photons had energies near
the detection threshold, but it has beén‘observéd tﬁat v-rays from n
decay are of relatively high energy. |

It remained to fix the shape parameter EC by aﬁalysis of the
experimenfal data, With the aid of Moﬁte Carlo computer programs, this
was done. Monte Cgrlo progrems were used extensively in the study of the
data of this experiment, to determine what would be observed in our spa;k .
cﬁambers i1f various processes occurred with different detection efficiencies.
In this case, the number of one-shower events and the number of two-shower

events withnﬁpening angles in the region of the 7° peak were calculated

i

o
™ .
N
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for charge exchange, énon,'and 3non finél states, assuming different
values of Ec' By cbmparisén with the experimentally observed ratio of
one-shower to two-shower evenfs (in xo peak) a value of EC was chosen at
v'eaéh beém energy of the experiment.
These va%ues of Ec'are listed in Table IV. All are Qithin 7
MeV of 72 MeV except at Tn‘ = 704 MeV, where it is 92 MeV. Differences
in the,value of Ec at different beam energies reflect the variations in
operzting conditions, and the apéroximate nature §f the efficiency
funetion used. To give an indication of the resultant dﬁtection
efficiency, also given in the table are the calculated p?obabilities of
deﬁecting the lowest energy photon which could come from an 7 decay,
,_when events with opening angleé in the peak regions defined in Sec, III.
- D. are analyzed,

Table IV. Parameters of efficiency function.

Tn' ' EC Detection efficiency for
minimum energy photon

(Mev) o (MeV) , (%)
592 73 . 8l
- 655 , 70 82
S 70k 92 | 0
| 875 69 T3
o 975 66 | 72
S 1117 75 LS
S 1300 72 | 65

2, Probability of Conversion in Aluminum Region

73{“5" - ' To igélude the probability that the photons impinging on the
chambers pré@ﬁce a shower beginning in the aluminum plates, the results

of a Born approximation calculation of the pair-vproduction cross section
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' 26 s
wvere used. This probability was expressed.

Py, = 0.0159 - f(E7) * t(in), (6)

where f(Ey).is an energy-dependent factor plotted in Fig. 21, and t is’

the thlckness of aluminum penetrated, in inches., In calculating the

numerical factor, the term Z2 in the theoretical result was replaced by
Z2{Z + 0.8),(vhere Z = 13, the atomic number of aluminum), to account
for thé contribution of the atomic electirons, with screening.

3. Monte Carle Efficiency Calculation

The results of subsections 1 énd’E above were combined in one
large Monte Carlo ;alculation to investiggte the effect Sf the fractional )
probability of detecting the photoﬂs in our chambers, and the_effect of
throwing away all events which began in the aluminum region. Fake 7
and n'events were generated according to the preli@inary experimental
angular distributions at each beam energy. Also inciudgd was the
momentum spectrum of the beam particles., Then the neutral meson decayed
isotropicallyvin its rest frame into two y-rays., After a Lorentz
transformation into the laboratory frame, the probability was calculated
that each photon was observed, and that it converted in the aluminum or
steel region of the chamber, The total conversion probability depended
only on the laboratory energy of the photon, while thevalﬁminum éonversion
probability depended both on the energy and also oh the amount of aluminum.
it had traversed outside the cutoff line, a function of the angle at
which the photon entered a chamber.

The résults were expressed as a function of c;ﬁ. opeﬁing angle,

9, in ter@s;é%‘the ratio of the original number of events generated in

i

& p&rticul&fﬁﬁpening angle bin to the number of these events which would
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Figure 21, The factor f(Ey) used in Eq. (6).

\{'/’;'1&



=70~
be detected as tonShower events with both showérs beginning in the steel
plates, Shown in f;é. 22 isja plot on a logarifhmic scale of this ratio
for no and 1) even£s at oné energy. The spread in ﬁhe date points at
llarge opening angles arilses because of the low statistics in the
calculation; very few evenﬁé have opening anglés in. that region.A In
eéch éase the line is a graph of the expréssion

A 4+ BO + C®2

Ratio = e _ ' (7)

. where the variables, A, B, and C, have been determined by a least
.équares fit to the data'points,»and are listed in Tables 'V and VI. ‘This °
fitted line was used in the total cross section calculatién, as will be
deséribed in Sec. III. H. : i
| Another way of expressing thé %esult of this Monte Carlo
| calculation is to give the fraction of the n eveﬁts in the peak regions
of Table iII which are observed as two-shower events with at least one
shower converting in the aluminum region; and the fraction observed as
two-shower events where both showers convert in the steel. These
fractions are given in Table VII.

The final product of this program was a determination of the .
amount of distortion in the angular distributions of the y-ray bisector
~caysed by the inefficiencies and aluminum cutoff. TIn Sec. III. I. is
explained the reason for considering the bisector, This distortion was
" expressed again as a ratioc of the number of originally generated events »
in each angular bin to the number which were observed as two-shower events -
in the steeijiAt all energies, this ratio, as a function of bisector
angie, was ééﬁst&nt within + 2%; so it is not given in detail.

T
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. . ) | . .
Table V, Coefficients of the fit to the inefficiency ratio - no

T - o A : B | c
-~ (ev) | (aeg™)  (aeg™)
592 -0.34073  0.00515 0.00028
655 -0.4hk707 0.01168 0.00023
704 : -0.68763 , 0.02604 0.00015
875 L -0.40172 - 0.01k2k . 0.0002k
975 -0.36120 - 0.01273 0.00027
1117 . =0.26059 . 0.00929 0.0003k%
1300 . -0.,21453 - 0.00768 0.00038

Table VI. Coefficients of the fit .to the inefficiency fatio -7

T _ A ‘ B C
% - 1 -2
(Mev) : (deg™™) (Geg™ )
592 - . -0.0k272 0.00215 _ -0.,00001
655 , -0.32657 0.00461 - -0.00001
704 - =0.58794 0.00803 © -0.00002
875 -0.20619 0.00286 0.00000
975 -0.17766 0.00238 0.00000
1117 -0.31339 0.00L59 0.00000
1300 -0.14976 0.00174 0.00001
Table VII. Observed fractions of n events in peak region as
calculated by Monte Carlo efficiency program.
T _ Fraction observed Fraction observed
T as 2-showers in as 2-showers in
aluminum -steel
(MeV) | (%) (%)
592 9.29 ' 84.56
655 Q.47 o 35.71
70k : . 8.96 | 81.02
875 9.62 v 86.35
975, . | 9.76 87.31
11174 | | 9.68 86.30
1300 9.81 87.7k4

N
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F._ Neutron-Pfoton Recoils

The neutrel final states in this experiment include a neutron
in addition to the mesons. Usually the neutron, being a long-lived
neutral barticle, escapes without having been detected. But occasionally
it mekes its presence known by colliding with a proton in one of the |
steel plates of the sparkvchambersJ with a momentum transfer high enough
to eject the proton, which then leavées a track in the spark chamber,.
This phenomenon i1s knéwn as an n-p recoil,

As it turns out, it is not possible to distinguish visually
between a low-energy, short-range proton track and a minimum electrbp
shower, Consequently, there are among the sample of three-shower eventus
some which really consist of two genuine showers and one proton track.
The frequency with whiech these occur ﬁeeds to be studied, because fhey
" represent a sub-sample of the two-shower events--both ° and n--which are
not observed, .

Therefore all three-shower events were tested to see if they
would fiﬁ the n-p recoil hypothesis, ZFXach possible pgir of tracks in
turn was assumed to be showers, and the direction of flight of the
corresponding neutron was calculated. As will be explained in Sec. III.
_ I; on the differential cross section, there are acgually two solutions
for the neutron direction, If the three following éonditions were satis-
fied, then the event was accepted as an n-p recoil; 1) _either of the
two solutions was within 10 deg in the laboratory of being in the |
" direction of the third track; 2) the third track vas not a "bushy"
sh6Wer; and'é) the calculated neuiron energy was sufficient to éject a

proton.that;“%uld penetrate three steel plates. In such events, some



e
correlation was found between the length of the third track and the
range of the proton expected gnder the aésumptionvthét the n-p scatter-
.ing was elast;c; Also, the dist#ibution of the depth in the chamber at
wﬁich thevalleged broton tracks began was much'flattér than the .
distribution of shower starting points as pictured in Fig. 16, consistént
'vith a low probability of occurrénce.

In Table VIIT the final results of this analysis are given,

where the number of two-shower events in the peak opening angle regions

(with both showers converting in the steel region) that also had an-

o~

i

accompanying proton track are listed for ° and n mesons for each energy.
Thése are used in the calculation of the total cross section,

In addition, there were in the sample of two-shower events
a8 few fakes which were really one-shower and a proton track, the second
shower not having been detected, These tendef to lie at the upper end of
a two-shower opening.angle plot, because usually the high energy photon
detected was from a ° decay, and was traveling in almost the same
direction as the pion. Hence the angle between it and the neutron
‘direction in the c.m. sy%tem wés close to 180 deg.

Table VIII. Swmary of 3-shower n-p recoil results

Tn* No. of events DNo, of non-p No. of events No. of 1 n;p
in %O peak recoils in in 7 peak recoils in 7y

(MeV) region 70 peak region region peak region .
592 2070 2L 220 3 . “
655 1387 ' 80 325 ' 15 .
704 2l7h o183 66k 3L

875 1597 .16 153 9 |
975 1986 89 173 - 8

1117 iizg' 105 326 ,- 19

1300 2859 321 423 | o1
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In én analysis which is to be based ohionn genuine two-shower
_e&ents,_thése repreéent a contamination, and therefore must be treated
as background. Invorder to study the characteristicsvof these events,
a cOmputgr program was written to test all twb-éhower events for this
_hypothesis, Each "non-bushy" ﬁrack'in turn was assumed‘tg be a proton
track, and the other 8 shower. The_eveﬁt could be recoﬁstructed as
- elther a ° or an 7y, and.the energy of the hypothetical miséing photon
calculated, If the.calculated energy was low enough that it was

reasonable that the photon had been missed, and if the length of the

alleged proton track was in reasonable agreement with a ﬁredicted range,

e distribution was made of the opening angle of the two observed tracks.

The result was always a broad peak with very few events below 150 deg,
which corresponded to & definite observed excess of events in this
region of the raw opening angle distributions of all two;shower events

After all subtractions and cutoffs were applied, these events may still

be seen at 160 deg in Fig. 26, Use was made of this distribution as a '

background subtraction when calculating the total cross section. In

Tig. 30 of See, IITI. H, will be found an example of this distribution.
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G; Determination of T ;, A0, andé@/p

As vas illustrated in Fig.‘18 the minimum opening angle for n -
| decay is an espeCially sensitive function of the beam energy near thresholdil"
© . Thus one might expect to be Eble to determine the beam energy rather ‘ |
vaccurately by a careful study of the opening ang]e distribution.l ‘Even-
‘more information Lhan that however, can be gleaned.from the distributvons
At anj particular energy of tne experiment the ‘detailed shape of -
wthe oyperimentally observed opening angle curve. depends on the. resolution :
,of the spark chambers and optical system, and the: momentum spectrum of
.;the incoming beam particles, Eiuher g momentum sPread or a Signiiicant
zvmean error of measurement resulpsiin a somewhat broadened distridbution.
Tneseieffects can pevfolde&vinto?tnevtheoretical'opening angle curve byé

numerically performing a double integration

. (e,_p>;=]r<o o ao) o) 2 (e )asap' (9
. observed - _ - itheoretical o
where »(0,0',AD) = e EZZBTEf' isVLne resolution of measurement, assumed

:Gaussian,,VhiCh depends‘on AQ,pthe'mean efnor of measurement; and

- s{p,p',0p) iSffhe momentum epectrum of the beam,'whieh was taken to be
“itrepezoidal'in shape,iwith helf@widtn at hali—height?of £p. The spectrum
'Q‘s.dropped,from‘i to O in.alr%finiefval of &p/p.
' At.each-settiné.of thefbeem magnet currents,jtnens‘it should heve'
| been possible to dete.rmin'ert‘ne 1‘£ine.ti.c energy of the beam pions, the width
of phe beam momentum'spectrum, and the angularﬁresolnfion of the apparatus,
by.conSidering the location and shape of the g peek‘in:the opening angle |
'distribution. Howener. the stetistieal fluctuations in'the'experimental

‘data did not allow differentiation between a large momentum spread with

ismall errox of. resoTuTioq,,and the reverse ‘The onlyireally‘31gnificanu .
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shape factor was theiheight of the peak for a given number of events.
| Thérefore the following procedure was adopted: At each energy

;vthe angul&rvresolution was first estimated 5y avMbnte Carlo calculation,
which simulated the process of measuring'the events. Mock events were
generated according to the preliminary exﬁerimental distributions. Then
the beginning of thé showers and the x-y coordinates of the origin of the
event were perturbed‘at random by an amount which obeyed a Gaussian
distribution, with a standafd deviation determined by studying the errors
of measurement on the digitized protractor. Fér the showers, this was
a standard deviation of 0.4 in, in space, and for the beam, it was 0.25 in.
The result was a slightly smeared opening angle distribution, which
could be fit by a theoretical curve with an angular resolution folded in
to it. The.best fit determined the eétimate-of the angular resolution
of the apparatus to be used in all ensuing calculations.

Next,.with a + 2.5% momentum spread and the estimated angular
resolution folded in, a theoretical curve and the experimental opening
angle distribution were formed for a sequencé of incoming pion kinetié
- . energies, With the goodness of fit characterized_b& X2 summed. over the
region of the ﬁ peak, the theoretical curve which best fit the data‘
determined the beém energy.

It has been.shown in the previous section that over this range
of opening angles, the inefficiency of the chambers did not alter the
shape of the observed‘opening angle distridbution by more than a few
percent, which was well within tﬁe statistical flucfuations.

Then; with the estimated angular resolution and the kinetic

¥

energy forithe theoretical curve set as described above, momentum spectira
) 4, ;

from l% t6-6% were fit to the experimental shape and the momentum spread
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. of the beamrdetérm;ned, again by minimizing the X2.' A summary of the

results of this fitting procedure is presented in Table IX.

Table IX. Results of the opening angle curve fitting for

T

T _, &0, and Ap/p.

Tﬂ_ by wire Tx' by fit Ap/p AP in t region A0 in 1 region
orbits .
(MeV) (MeV) (%) (deg) (deg)
581 592+3 ©  2.75+#0.75 1.87£0.15 3.02+0.07
650 655+5 241 1.79:0.15 2.8620.15
- 698 7oL+l 3.75+1 1.73+0.15 2.74+0.15
873 875210  2.50%1% 1.71x0.15 2.97+0.15
990 975:10  2.50+1% 1.71+0.15 - 2.76+0.15
1100 111748  2.50:1% 1.70+0.15 2.53+0.15
1311 1300420  2,50+1*  1,5940,15 2.72+0.15

© ¥These values were assigned by studying the beam transport system,

because the fit to the opening angle curve was not conclusive,.

|
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: H,' Eta Prﬁduction Cross Section
The crosé section for n production in the reactidn under study is
- also calculated by fitting thé opening angle distributions with theoretical.
curves, using the method to be described in this section, ﬁowever, the
» fundemental quantity which caﬁ be derived by analysis of this distribution
alone, is not the tdtal n production cross section, but the ratio

fq .0 (xp > 1n)

(9)

R =

fr . 0 (t-p = =On)

13

where fﬂ is the branching ratio

-~ I'(n - 2y) ~
fn T Ty = all decays) *1/3, ‘ (10)

and £ is the branching ratio

P I‘(:to - 2y) .
x  I'(x0 - all decays)

The ratio, R, is the ratio of the number of events in the opening angle

il

98.8%. | (11)

plot from n decay to the number due to 7° decéy; and it is free from all
-0f the numerous possible errofs which arise in measuring the total
‘neutrals cross section with the counters, or in scanning and mess uring
the film, or in determining the 71 branching ratio. This branching ratio‘
is particularly difficult to measure because the 2y decay mode is only
one of the neutral modes of n decay. 1In determining.R, the main errors
arise from the estimation of the detection efficiency of the chambers and
the backéround reactions. |
Once é has been determined, it can be multiplied by the charge
exchange cﬁdés section, also measured in this c-nf:pe:r‘j.mer}t,ll*a to yield‘

~ the partialiﬁbproduction cross section
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.fn .o (xp - ). - . ' (12)

To evaluate R a scheme is used which is a slight generalization
of the well-known method of leastvsquares.27 Thé usual least-squares
fofmalism is used to find the coefficients of a power series, or a
Legendfe polynomial series, which best fit a set of’experimental'dafa in
'the sense of a minimum Xe. Exactly the same method, derived by setting
the derivatives of the ekpression for X2 equal td zero, may be used to
find the values of coefficients for‘é linear combination of any set of
functions which best fit a set of data. Furthermore, the errors in the
coeffiéients are auvtomatically calculated in the process’as part of the
sﬁ-called error matrix,

The experimental data points were the final opening angle distri-

butions at each energy, formed by applying the cutoffs of Secs. III. C. 2 -

and III. C. 3 to both target-full and target-empty distributions, and
then making a full-empty subtraction. The data were binned in intervals
of 2 deg, from O to 180 deg, so that there were 90 data points to be
fitted in each distribution., Shown in Figs. 23 throughv29 are these
.final cpening angle distributions.

The functions used in linear combination to fit the experimental
points were the following:

a. The n opvening angle curve, To obtain the theoretical distri-

bution, Eq. (8) was numerically integrated with the parameters fixed at
the values in Table IX. Each point on this theoretical curve was then

divided by tbe value of the fitted efficiency curve which had been

L3

calculated;ég explained in Sec. III. E. 3. -Doing this distorted the

*

shape of tﬁéﬁbpening angle curve slightly because large opening angle

events were less likely to be detected than those near the peak. It also
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fdetermined ‘the over-all fraction of the n events which would not be
detected as two-shower events.

b. The no'bpeﬁing angle curve, This’waé calculated in exactly -y

lthe same way as the n opening angle cufve, except that the no parameters
wvere used,

‘¢, The 2r°n background curve. Monte Carlo programs were used to

estimate the shape of the contribution of wvarious possible background .
reactions, In this case a sample of 25°n events was generated according
" toa three-body phase space distribution. In its rest frame each no |

: decayéd isotropically into a pair of photons, Then the chamber detecﬁion N
efficiency function of Eq. (5) along with thé alﬁminum region conversioﬁ
function in Eq. (6), were used to calculate the probability that each
. possible combination of two out of the four photons would be the only

ones detected, specifically in the steel region of the chambers., That is,

it PiSh is the probability that photon . i produces a shower, and PjAl

is the probability that photon j 1is converted in the aluminum plates,
then the probability that photons 1 and 2 contribute a background two-
~ shower event was calculated to be

‘ _Sh . Sh
Pogn =Py P . (1-P .

N I N SRR

The opening angle between photons 1 and 2 was calculated and the probability

P as then added to the appropriate bin of an openiﬁg angle distribution, =

2-sh"

In this fashion an estimate of the shape of the two-shower background
, N

from 27°n production was formed.

d., The 3K0n background curve, Thls was calculated by Monte Carlo -

Y

”5_; methods in ﬁ similar fashion. It has been inferred from the rapid change

“in the cross section for cix-shower events observed in this experiment as

e
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.‘ the n fhreshold is crosséd‘that ﬁost of the 3npﬁ,events'are produced by
the 3n° decay -of the n.?s Therefore, in.this calcﬁlation the 3no's

7 were generated on the basis of this assumptioﬁ, as resulting from 7
decay according to thréerody phase spacé. The n's themselves were
‘generated according to the preliminary angulaf distributions,

d. The AK background curve, At the four energles above the

threshold for the reaction_n-p —aAKO, this procesé was a possible contri;
butor to the background.29 A two-shower event resulted if the KO

escaped from the chambers as a long-lived KEO, and the A decayed into non,

the #° furnishing two photons. As the n° is of relativelly low energy, the °

opening angles could be in the g peak region; A Monte Carlo calculation
was doné to estimate the shape of the opening angle distribution from

this reaction, as 1t would be observea in our chambérs. For simpliecity

it was assumed that the A's were produced with a c.m, angular distrilution
of (L - 0.8 cos N
f. The wn background curve, Our three highest energles lie above

), and the A decay asymmetry was ignored.

‘vthe threshold for w production, and this is & possible background thrmﬁgh
" . the noy decay of the w, if one of the photons is nofvdetected. The y-ray
ﬁhich comes out opposite the ﬂo has a fairly high énergy, so that it is
usually one of the two photons from the =° decay which has the largest
probabilityvof being missed, The two detected y-rays are then heading
 in generally opposite_directions, and hence yield a large angle
contribution to the opening angle distribution.. In a Moﬁte Carlo
calculation the shape of this contribution was estimated using the:

' *'assumptions @hat the w pfoduction angular distnibution is isotropic, and

- that thereégg no decey asymmetry,

g. The n-p recoil background cur@e. The origin of these events

N
™Y
;>1
I}
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,sfisbdeséribed in'Sec,:III. F. Of concern here afe the proton tracks that
”occur,in conjunction with only‘one shower, the other shower not having
‘been detected, so that what sﬁould'be 8 one—showe£ gvent masquerades &as

" - & two-shower event, Fortunately, since the recoiling proton tends to be ' .
seattered at an angle to the neutron direction, a larée fraction of thése |

nv.events are removed from the sample by the shower deviation angle cutoff

of Sec, III, C, 3. In order to fit the onés that rem&in,.however, the

opening angle distributibn of those events that fit the two-shower n-p

recoii hypothesis in the analysis of Sec, III, F. was included for a

“background curve, when calculating the total cross seétibn.

The coeffiéients of the linear combination of the abbﬁe set of

.?curves which best fit the experimental data were found directly by the

:_method described at thé beginning of this section, Frequently the first

£fit to the data produced a set of coefficients in which one or two of the

small background terms vere slightly negative. For example, a positive

2¢°n distributioﬁ combined with a smaller negative 3non distribution,

often resulted in éhe_best fit., This was not physically meaningful,

.however, 50 the fit was repeated with the negative term constrained to

be zero, i.e,, it was left out of the fit, The parameter J;§7; , which

“indicated thevgoodness of fit, was imperceptibly changed by the omission. ' .
Since the most significant background resulted from final states o

containing more than two photons, the shape of the background estimated

by the Mon?e Carlo calculations could be compared with an experimental

.estim&te'pf Ehis distribution. For this purpose, events were selected

- from the e%i%rimental sample of three-shower events in which the shortest

: e
of the three;showers was less than three inches long, These short

by

=3
d\
=3
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?_showers were éonéidered to be "almost missing," and opening anglé
distributions were made from the remaining two shqwers as if they might
well have been a background two-shower event., The background distribution '
caicﬁlated by the Monte Carlo method compared quite favorably with this

experimental estimate, In fact, this experimental estimate of the

G background might have been used directly, except that better statistics

were available in the Monte Carlo calculations, so that smoother curves
could be used in the fitting., TFigure 30 shows the various cémponents
.of the background at Tﬁ_ = 1300 MeV, normalized for the actual background
subtraction from Fig, 29, a typical case, ‘ | N
| These calculations of the different background curves were
regarded as an enlightened attempt to make a reasonable subtraction of
_ events from the opening angle distribution to get the x° and 7
contributions, They Qere not designed to derive the 2ﬁon, 3n°n, AK, or
wn cross sections, The absolute number of background events was compara-
tively small, so that the relative statistical errors in the background ‘
“coefficients were fairly large. Further, it is not known exactly wﬁat
‘effect the simplifications made in the Monte Carlo calcul&tiOns would
have on the results. Much better knowledge of the cross seétions for
most of the background processes could be obtained from analysis of ihe
three, four, five, and six-shower events recorded in this experiment
rather than analysis of the two-shower residue in the opening angle plots,
To check the sensitivity of the results to the\various assumptions
made, fits were mﬁde 1) with an absolutely flat opeﬂing angle bhackground,
2) w;th a baékground proportional to the sine of the opening angle, as

would be eﬁgécted for completely uncorrelated pairs of showers, and

X,
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A 3) with no efficiency corrections to the n° and 1 opening angle curves.
. In all cases these were significantly poorer fits to the data than the

‘ones using the Monte Carlo estimations, while in cases 1 and 2 the value

of the ﬁatioy_R,'did not vary more than one standard deviatién. When
using no efficiency correction, the fit was extremely poor,

The only phenomenon not taken into account in the efficigncy
calculations was the occurrence of the n-p reéoil events, described in
Sec, ITI., F. A certain fraction of both the n° and the n two-shower
events 1is missing because a proton track.imitated a third‘shower.
Hence, after the number of no's and n's producing each opening angle .
distribution waé calculated by the least squares fit, each number was
corrected, using the number in Table VIII to account for the missing
two-shower events, As the opening angle in the meson decay is not
correlated with the scatiering angle or energy of the neutron, this
correction could be properly made after the fitting, *

Table X contains the final results of the fitting, The fraction

'of events in the n opening angle region attributed to background events

.18 shown, along with the totel number of n's as obtained from the

nermalization of'the theoretical opening angle curve, At each energy
the ratio R is given, along with the goodness of fit parameters. The
charge exchange cross section is taken from Ref. 1k a, and thus the
guantity, fﬂ ; o("p -» q) is calculated and listed in the last column,
Given in Fig, 31 1s a graph of this partial eta production éross section

as & function of beam energy.

i,

ré}

=
N -



Table X, Ratio R and Eta partial cross section

Fraction of Number of

T, - | (Mev)

't?ackgroux.ld e’f,a's in ‘/-;(—5/:“ (2) ' fﬁ.d(ﬂ-P - Kon)* fn-c(n'p - ﬁn)
in 1 region fit (mb) (mb)
@) - | | |
“ 550 4 82:11 0.991 7.21.0 7.73:0.18 0.56+0.08
655 5 31320 0.924 19.1+1.4 . 5.4420.35 1.ol+i6.1o
704 13 553+30 | 0.989 19.8:1.2 _ 2#.79t0.30. 0.95+0.08
875 2k 82118 0.848 6,114 6.39+0,40 ~ 0.3920.09
975 16 117+21 0.925 12.54:2.0 2,96+0.25 0.37+0.08 ‘:
1117 " 2l7+23 1.000 19.5+1.9 2.1820.20 0 ..431:0 .06
1300 19 37336 1,158 ©12,041.2 2.12:0.19 0.26:0.03
*See Ref. lha | | | |

..176_
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Figure 31, Partial cross section for n production in x'p
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, i.; Differential Cross Section.
The production angular distributions are formed by analysis of
' two -shower events which have a y-ray opening angle characteristic of .

?n decay. Previously listed in Table III is the specific opening angle

. range used at each energy.

‘It is almost  possible to calculate directly the center-of-mass

,':Bgattering angle of the n for each event, Assuming that the masses of

sthe four primary particles in the interaction, and the kinetic energy

of the incoming'pion'are known, the ﬁeasurement of the angular position

of the two decay photons provides enough information to calculate the o~

' _direction of travel of the n to within one of’two possible directions.

The physical meaning of this ambiguity is illustrated in Fig. 32. Given

& particular opening angle, ¢, conserﬁation of momentum and eseréy

‘» fixes a unique magnitude of the angle & between 71 and the n (see' v

Appendix B., Eq. (B-6). However, if oné does not know which experimentally
. observed photon to call number 1, one cannot tell whether the meson is

{-“at position 5 or yu'.

Presumably the way to resolve the ambiguitj is to make a

';_determination of the relative energy of the two photons by some measure-

B ment on the showers., In the configuration of Fig, 32, 71 would be more

energetic than ey and hence its shower would contain more energy. An

attempt was made to study the characteristics of the showers as a function

of the photon energy by using a sample of n evenis with opening angles

g within a few degrees of the minimum opening angle,‘where the two possible

solutions converge on the bisector, and the ambiguity disappears Figure

.33 is & scaéter plot of the measured length of these showers vs, the

calculated laboratory energy of the_photons. Showers which ended at an

-

5
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Illustration of kinematical ambiguity,

See text for explanation
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" edge of a chamber were eliminated from the sample on the possibility

'i3that théy had run out of the chamber, Because of the straggling of the

showers,3o smbiguities in measurements of the lehgth, and spark robbing

’: ibf.one track by other adjacent tracks, the scatter plot more nearly
:~‘resembles a cloud than points clustering about a line, Even though the -
‘L“average shower length at a given energy did increase monotonically with
‘phqton energy, obviously it would be rather difficult to predict exactly ,'
:’* how much energy is in any given ten-inch shower. Attempts to correlate
‘Tﬁ: with energy the number of sparks in the showers, the volume of the showes,
‘ and the s0lid angle of the showering particles also produced similar .

' résults, and this whole method of analysis was abandoned,

Instead, a slightly less direct method was used. In Appendix B

it is shown that it is possible to defive the n angular distributions .

 from the experimental distribution of the bisector between the two y-rays,

Since it is necessary to have a bn sr detector to perform a direct.

conversion, our particular experimental arrangement is ideal for this
" analysis, To summarize the method, if the distribution of the bilsectors

" has been fit by a sum of legendre polynomials as

do v :
Eﬁ‘ = 2: AiPi(COS eBis) s (1)
Bis i ) : .

then the true 1 engular distribution is given by

dg
aa

. = ?;. CWI A (cos o ). I | (15)

 The A, are ihe coefficients of the bisector fit, and

1
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=/ 0 o a-f)xe (x)dx o (16)
S LA

L;f ﬁﬁere'@hax 1§'the upper iiﬁit of the opening angle interval>from which
"" the sample was taken, and B is the center-of-mass velocity of the meson,
A derivation of these equatlons is given in Appendix B, along with a
| teble of values of the gi, as calculated by numericalvintegration for
the energles of this experiment,
At each energy the events with opening angles in the n region formed
~ the raw sample, The angular distribution of the bisectors in the c.m,
system was made in ten bins of equal size in cos 9

Bis”’ .
" To the target-full and target-empty distributions the aluminum cutoff

from - 1 to 1.

" and the shower deviation angle cutoff were applied, and a full-empty
 subtraction of the surviving events was made,

Then a correction was made for background events, The same Monte

-.t Carlo programs that were used to estimate the backgrounds in the opening

' state, the .fit to the opening angle curve for the total cross sectionws ¥

"angle plots also made bisector distributions of background events with
) opening angles characteristic of n decay, The primary background is
- from the 27°n final state, and the approximate shape of'the.Monte Carlo
bisector distribution for this reaction varied from (1 - 0.1k cos ) : :
to (1 - 0,57 cos 9) at the lowest and highest energies, respectively,
Other backgrounds were essenﬁially isotropic, To calculate the fraction

of the events in the 7 region attributable to each background final
enployed, Tﬁis calculation furnished the normalization for the sub- |

traction of %he background bisector distributions.
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- Again, as in the casevof the background in the,dpeningiangle

: :Jd1str1bution, the Monte Carlo estimates of the background bisector

:i{ﬂ,distributions could be cbmpared with those made from two out of three
‘x_showere in the sample of three-shower events, when the third shower

'HE was very short, At low energies the angular distribution of the bisector

;of the fake two-shower "events" with n-like opening angles'compared very

-y

 well with the Monte Carlo background-calculation, However, at the highest

~ two energles there were significantly fewer bisectors in the backward

hemisphere Iin the selected three-shower sample than the Monte Carlo

calculation had predicted., Because the phase space assumptions made in N

" the Monte Carlo calculations become more liable to error as the energy
~ increases, and because there were an adequate number of events in the
E experimental three-shower sample at the high energies, the experimental

A:'i estimate of the background shape was used instead of the Monte Carlo

at T . = 1117 MeV and 1300 MeV,

After the background was subtracted, the number of events in each

bin was multiplied by an efficiency factor to correct the shape of the
. bisector distribution for any distortions introduced by 1) the rejection
- of good events in the aluminum region, and 2) loss of events due to the

inefficiency of the chembers, These correction factors were calculated

by the Monte Carlo program described in Sec, III, E, 3. In view of the
statistical errors in the data, this correctlon was almost of negligible

effect, since the factors for all the bins in any distribution were the

~ same within i %.

H&ving made the above corrections, the bisector angular distri-

«;1 normalized to the partial cross section at each energy,

and the results, together with the errors, are listed in Tables XI through

v

Ao
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. A curve having the equation

do

o zmcowm),w RPN

Bis o - . .

'_vﬁas.fitted to the ten data points in.each distribution; using.the method

©. of least squares.27 Table XVIIi sumarizes the fesulté. The'correét-
v' ;order of fit was determined using the stendard X? test as thé mein
"eriterion, Another ceriterion that was used is that if a kth order fit is
required at a particular energy, then at all higher enquieé, a fit of \'
at least Eﬁngrder should be used,' This is based on-thg assumption that |
- once a glven paftial wave is present, it should continue to be present’
at all higher energies as we;l, even though its contribution may become

small, It was necessary to employ this criterion in deciding the order

" if'of_fit only at 975 MeV, where, according to tlie X2 test, a first order

‘ fit would have been best; nevertheless, a second ofder fit was chosen
| bécause that order had been necessary at lbwer energles, .

It may be pointed out that one of the outstanding advantéges of
| fitting the data with Legendre polynomials rather than a simple cosine
 1 pover series is that the concluéions do not depend so critically on the
exact order bf fit'chosen. Because of the near orthogonality of the
summed Legendre polynomials, the valuesof the low-order coefficients do
not change very much as the order of fit is increased or decreased,.in _ ?e

great contrast to the behavior of cosine power series coefficients,
Thus, altho&gh argument is possible on whether or not to include a small'

l high order?zaefficient, the final choice cannot change an inference based'>

~on - large variations in the low order terms,
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best X fit to the bisector data.

E‘In Figs. 3h through hO are presented the normalized angular
gdistributions of the bisectors The data points are the experimental

'esults ljsted in the tables, and the solid line in each graph is the '

© Teble XI, . Center-of-mass angular distribution of bisector, = -

.H Final number after'background subtraction;

B Numbervremaining after full-empty subtraction:

- 6l

- = 592 MeV,
Cos Opys %% Bls
(ubfer)
0.9 58422
0.7 L3319
0.5 3820
0.3 62+22
0.1 2816
- 0.1 31218
-0.3 5942l
7. 0.5 39£17
0.7 39il7
-0.9 46119
;,ﬂﬁﬁbe?,&f;éveﬁts in'origin&l‘éamplé’: .égli.

irepresents ﬁhé true q differential cross section

S The coefficients of the Legendre polynomial expansion of this cnrve'wérel'f:”ﬁﬁl”
7 divided by the factors of Eq. (16), normalized in such a way that Ey

;and the dotte& line in each graph is a plot of the new expansion, which
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Qr;Center-of-mass angular distribution of bisector,

655 MeV"

D ,Bis_ I . aQ Bis
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_;Tab;é'XIii;f;CenﬁquOfémass angulhriaisp??b@tiénﬁéf Biseéto:;;’”3k:

f;l}}‘gT&::: 70h'MeV.>

 '20;9.
o7
0.5
" 0.3
01
B "'v;-o.i |
0.3
0.5

0.7

Number  remaining after full-emptyfsubtraqtiﬁn; h867f;:' -

Final number after background sdbfrdétion: ;11.' h25,;f*i” L
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Figure 36, Partial differential cross section of n production at
T, = 704 MeV, The solid line is the best fit to the
bisector distribution data points, and the dotted line

is the n differential cross section,




Table XIV  Center~of-mass angular distribution of bisector,

87 5 MeV

Cos eBiSfj,  ‘,,;‘ aq

“9;9:2'
0.7

. "'vﬁb}St_ 
fzo.3""

o

0.1

o
*?éo 9

Number of events in original sample-;iﬁf

Pinal number after background subtraction°lfi

fNumber remaining after full-empty subtraction-
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Figure 37. Partial differential cross section of n production at

I T . =875 MeV, The solid line is the best fit to the

bisector distribution data points, and the dotted line

.18 the n differential cross section.
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Figure 38. Partial differentia; cross section of n production at

T“- = 975 MeV, The solid line is the best fit to the
+ bisector distribution data points, end the dotted line
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 Table XVI,

-113-

Center-of-mass angular distribution of bisector,

T - = 1117 MeV,

Cos eBis %% .
(uv/sr)
0.9 49410
0.7 hox12
0.5 , 60£11
- 0.3 52+11 ' ’
0.1 | k3x12.
-0.1 3429
-0.3 | 1947
-0.5 1547
0.7 745
-0.9 | | 1245
- Number of events in original sample: 254

Number remaining after full-empty subtraction: 242

Final number after background subtraction: 209

——— —
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Figure 39, Partial differential cross section of n production at
' T, - = 1117 MeV. The solid line is the best fit to the
bisector distribution data points, and the dotted line

is the n differential cross section,
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Taeble XVITI, Center-of-mass angular distribution of bisector,

T_. ="1300 MeV.

s

Cos 6Bis %% Bis
(wo/sx)
0.9 ‘ 377
0.7 L8+7
0.5 RRSEY ‘_
0.3 366
0.1 215
. -0.1 . 585
| -0.3 34
-0.5 3th
-0.7 h+3
-0.9 | 643
Number of events in original sample: 373
Number remaining after full-empty subtraction: - 3#9 _

Final pumber after background subtraction: 276

el SR :
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of ghe dotted curve is statistically consistent with being
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Teble XVIII,

Summsry of Legendre polynomial fits to the bisector distributions.

T . Order of

14

R . it

v

Vx%d

Ay

(ub/sr)

A3

{uq/sr)'

655
70k

1117

1300

0.609
1.029

1.218

0.590 -

1.20hL
0.363
0.487

Losl
8116
Thas

-1843
-18x2

~L1T-
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Table XIX and Fig. 41 contain the Legendre polynomial expansion
coefficients of the n differential cross sectionm,
The errors quoted in this section are only the statistical error
in the shape of the curve, The overall normalization error of all the

data points and coefficients at each energy, which arises from the

. uncertainty in the partial cross section, is additional.
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Table XX, Coefficlents in lLegendre :p§1ynomial expansion of 1 differential rcl:ross -ﬂséction,
o ' normalized to partial cross section, ’ ' - : : _
5;7;?ﬁ&? | A, Ay A, Ay A, -
(MeV) (ub/sr) (vfs7) (d/sr) . (4p/sr) (ub/sr)
592 Lok
655 8116 25812 65:19 )
70L Th5 35£10 30+17
875 31#3 22+6 3049 ég
975 27%5 379 8+12 -
1117 3411 312 -9%3 -291h
1300 2021 2812 612 -2643 223

N
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Figure 41, Legendre polynomial expansion coefficients of the 1
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include the overall normalization error at each energy.
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I of Meer et %ir35 and Pauli et al,

=

o el21e

' IV. DISCUSSION OF THE RESULTS -

o rA;uCOmparisén with Other Experimentéﬁfki:g-”'“

‘1. -Total Cross Section

Shown in Fig. 42 are all the n production cross section measure-

' :men£s'1n the bean énergy range from threshold to 1500 MeV known to the

. author at the present time, where the reaction studied was either

;;vn'? ~qn or x'n - np. Under the hypothesis of charge independenée,
‘%f the 1gtter.reaction is equivalent to the former., Measurements extending »
.f3Aup to higher energies show that beyond 1500 MeV, the cross section

. decreases monotonically to about 10 b at P__ = 18 GeV/c.:'?’l'3h The BN
}f branching ratilos used to calculate the total n production cross section :

- from the experimental observations of various final states areaa

r | : -
T ipg;iegldays)'= 35%, (A7)

~.and

'y —»néutrals) _ . o
I'(n - charged) 2.2 . (18)

' 1The curve in the figure was sketched by hand, favoring our own data,

The isolated messurement by Chretien et al.,7 and the series of

measurements beginning at 1.4 8eV by Barmin et a1.3l vere made by -

"observing the 2y decay mode in heavy liquid bubble chambers., In view

" of the relatively low efficiency of the bubble chambers for converting

photons and the consequent large cérrection, it is gratifying that
their measurements: agree within statistics with ours,

Li@uéd deuterium bubble chambers were used in the experiments -

36 It was assumed that the proton in

3
h

deuvterium was only a spectator to the reaction . ' e
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This experiment =
“Meer et al, - S

¢

Y
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0 ~Barmin et al.
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 Chrétien et al,

Cpaulietal, e |

o (v;_ p—=7n) (r'nvb);,__._

1500

MUB-8590 |

Figure hé. n production total cross sections as determined
. by Bulos et al.,37 Meer et al.,35 Barmin et al.,
Chretien et al.,7 Pauli et al.,36>and this
experiment, '

31
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;&;;_vf; ii'.:-_u' “v | a'n - p + neutrals; . ‘r’i;;.,. | +(19)
and events where the neutral final state particles had the effective
;; Co  3& mass of an n meson were utiliVed to calculate the n production cross :  J-3 f
>§? :t;” ‘;ﬂ; section, In each event Paull et al, subtracted the dbserved energy -
;i%'of the spectator proton to get the equivalent c.m, energy of the n-p
'.aystem, and thus were able to find the producﬁion cross seqtion as a |
- function of c.m. energy, As Meer et al, did not do this, their result
't';:is an integrated cross section over all energies &v&ilable to the 7-p
;;, _5Aﬁ | :;vsystemw Our asgreement with Meer et al, is good. In its préliminary _
| | form, the cross sectlon of Pauli et al, is of the same order of
L omagnitude as ours and indicates the sharp rise froi thréshold, but has
a rather erratic energy dependence. Because of this behavior, the
- disagreement around 650 MeV and 900 MeV 18 not‘felt to be of any
| significance, _ ‘
The experiment of Bulos eV 31.37 wag very similar to the one
reported in this thesis, and was run almost concurrently at the
- Brookhaven Netional Isborstory, The only significant.diffefence ves
that they had ounly four spark chembers, compared to our six, In their
= vf,ﬁ case, the chambers corresponding to the top &nd bottom bf our cube were

38

_l nissing, This forced them to make & correction for their detectioﬁ

geometry, and this correction was much larger for the g distributions

e ' than for the n° distributions, because the n's have such large open;ng
: angles, N |

i; Nevertheless, below 800 MeV our production cross sections agree

extreme]y weLl and everywhere sbove 800 MeV the two experiments .. i v;'

. sgree wﬂthiﬁ %t&tistirs, although our dets alone suggest the existence



X de=ndt"'Further speculation about the ehhancement'will be given in

' '-f me&sure, because the charge exchange cross section is at.the so-called
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of &:small enhancement at T = 1100 MeV, while the data of Bulos et al,

Sec IV, B. 5. The point at 875 MeV is one of the most aifficult to -

'.,900 MeV resonance, while at the same time the 27°n cross section, which' o

:m?ﬁ is the major source of background, is at some sort of meximum. Both

'.i]_phenomena tend to make the 7 peak in the opening angle plots relatively

« very small (cf, Figure 26), Therefore, any discrepancy there is not too

"' mysterious,

{ ' ' ~

In summary, all experiments show an extremely sharp rise of

the production cross section from threshold, to almost 3 mb at

- T _ % 650 MeV. Beyond that there is a more gradual decline, with this

T

:fexperiment and the experiment of Bulos et al, yielding the best measure-

."a'ment of the energy dependence up to 1300 MeV,

,*1;3;

-2, Differential Cross Section

There have been fewer determinations of the n production differ-

g :“eential.croes section, as the number of n events in most experiments has

&
o

K been too small to make the subdivision into angular intervels meaningful,

In another paper from the same experiment referred to above as Meer et

al.,35 Toohig et al.39 give an angular distribution in n production, ‘: .

t based on 30 events decaying by the charged 3% mode, This shows a .

‘fff‘Pauli et al, 36 glve one angular distribution made from all 230 n events

forward peeking in agreement with our data in the same energy interval,

,};‘observed in their experiment in an energy range which corresponds to

S%..a 600 to 90& Mev range of T . in our experiment. Except for one data

% point at cos'@n(c.m.) = 0, vhich is too high by 1.5 standard deviations,

Yy

WA



T Rﬁios et al,,37 and they present somewhat of a problem, Their results

7? have been published*with the best fit as isotropic at all energles from

-125.

‘i‘#his distribution is clearly'characterized by'an_imporﬁant positive

- cos® term, which is in agreement with our angular distributions, - o

The only other distributions to be considered are those of

threshold up to Tﬂm = 1000 MeV, Then, only & linear cosine term 1s

| used to fit the forward peak at their highest two energles., While the

 f differepceﬂ in the data points might not actually be too great in view

» of possible statistical fluctuations in the distributions, there is a

o , . |
7  very significant difference between the conclusion that the differential

%

eross section is completely isotropic throughout such a great energy
range, and tup conclusion that higher terms are present,

Since thelr method of analysis seems to be logically correct,

it is not entirely obvioys to what to attribute the difference between

thelr conclusions and ours, We have investigated the effect on our
data of lgnoring showers which occur in the top and bhottom spark chambers.

Even though the bisector distribution of the remaining events has

"*,,markealy less structure than the original bisector distribution, this

- each bin depends on what the angular distribution happens to be,

fact in itself ie of little consguence, since presumably Bulos et al,

- correct for the geometrical effects in their analysis.

The correction they must make is not a triviel one, however,

Tn particular, the correction 1o be made to the number of events in

Although thia}is also true in the case of our simple transformation from

»* ’
" the bisector distribution to the n differential cross section, the

. dependence




- freeults of alente Carlo comparison of_the two experiments, which
f.;?fi'nust;’ra.tes the difficulties faced by Bulos et al. In two calculations,

e 6000 events each were generated, according to two different n angular f :;n

. '_\.'
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!

'Tlf;geemetrylis used; as will now be shown. Presehtedfin Fig._h3 are the

'i-i distributions (1sotropic and 1 + eos 6), and the bisector distributions

. . that would be observed using four and six chambers were predicted,

 ;’fThe geometry assumed in the four-chamber case was exactly the same as

" that used by Bulos et a.l.38 In splte of the great difference between

L the initial distributions, Bulos et al, would see a forward peek as the

. !
- dominant feature in both cases, because only in the forward direction

' rest of the distribution, statistical fluctuations at the points marked :

" is the minimum laboratory opening angle small enough for most of the

events to be seen without the top and bottom chambers, Thus, in the

' "eritical bins" in the isotropic case could make the two net results

" distressingly similar,

Thus it seems apparent that with only four chambers an extremely

3f3 large number of events would be required to be able to detect with

- distribution, because the observables are so insensitive to these terms.

.- have a sufficient number of events to. see the structure present in the

- .certainty the presence of any non-isotropic terms in the 7 angular

From the fact that Bulos et al, were not able to divide the complete

angular range into more than five bins, we conclude that they did not o .

7 differential cross section,

A quiek glance at the fine-dashed line in Fig. h3 shows that

& {‘

"“: we do not suffer from the same difficulty, and hence we have confidence

‘ﬂ

,‘gtin our more Bﬁraight-forward method and in our result.

ol
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Number of events

=

-y
i
f
!
L.

S - =1 J
L e | T
o™ Critical bins” | = | ”Lq._r
Ty =700 MeV ' Toy— =700 MeV
e 7y distribution — Isotropic | === 5 disiribution =1+ cos? 8
wwen Hiseciors, 6 chambers e === Bigectors, 6 chambers
== Bisectors, 4 chambers | | == Biseclors, 4 chambers
| A - l,: ) : 1 o
0 I B ) 0 - -t .
Cos 8¢,m, . : v Cos 8¢ m, |

‘MUB-8587
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spark chambers, for two different n angular

distributions.




" ;% the n and the nucleon in & relative S state. Near threshold the center-
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-

"%f; B;' Interpretation of the Data

7ji:1; Tdentification of the Important Angular Momentum States up to 1 CeV.
. The extremely fast rise from threshold of the total cross section

F*fiﬁmediately suggests that the production takes pldcé pfedominantly with f-r

- of-mass momentum dependence of the cross section is of the form

0« ka Vy(ka) - . _ (20)

" vhere k 18 the .n wave number, a is the interaction radius, and the Ve
©  are the barrier penetration factors for orbital angular momentum £,
' The first few V, are

g/

Volka) = 1. | o (21)
: ] N,
2 . :

v, (ka) = —B)_ | (22)

1+ (ka) o :
- V,(ka) = Gt L (23)
2 9+ 30ka)® + (a)'

. Shown in Fig. b4 1s the total cross section plotted as a function of the
" momentum in the c¢.m, system, with a straight line which was fit to the
first five data points wrulee/d = 0,87, Thus, up to Eﬂ(c.m.) =

200 MeV/c, the total cross section is closely proportional to the wave

- number, as would be expected for an S state,

. If one takes our data point at 116 MeV/c, and the point of Bulos
et a1,37 at 158 MeV/c and inguires vwhat interaction radius would be
required in Egqs. (22) and {23) to make the curve pass through those
 points, one finds that a = 2.2 fermi for P wave (£ = 1) and that it is

~ even larger for D wave (£ = 2)., Since this interaction radius is larger'-
than the pion Compton wavelength, which is characteristic of the longest
range nuclear force, these possibilities may be discarded.

To get more information about the important partial waves, the
differentialjgross section is considered, It can be shown that two . A@
complex ampliﬁhdes, f and g, are necessary to describe the scattering
- of a spin ngéiticle on a spin 1/2 target, Spin-flip scattering is
described bi?é? while the scattering without spin-flip is given by f.

)
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% This experiment
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o
Figurie Lk, 7 production cross section data of Bulos et al, ,37
- ' and this experiment, plotted as a function of the
s momentum of the n in the c.m, system,
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‘7; indicated by S, P, D, F, respectively, and the subscript is twice the

' total angular momentum or spin. Also, the complex multiplication is

;*ﬂsum over orbital anguiar momentum states:

*
. only dmplied: 4.e., S I"1 is taken to mean Re 'Sl Pl.

e LA 130- -

. To make & partial wafevexpansion; one expresses the two émplitudes as &

= [(£ 2 Ip, (c , A
£ ;;(fl)A 1/2+A.1/2P£(ose).v (24)

N and

g _ gin 6 Z:: [A£ + l/ - A 1/2 W) Z(COS e) (25)

) Here the -A's are the partial wave amplitudes, with the subscript

indicating the total spin; Ez(COﬂ ¢) is the £th order Legendre poly-

- nomial., In terms of these amplitudes, the differential cross section
, ' !

. for SCattering on an unpolarized target is

- 1212 4 1g)? . | (26).

The absolute square of Eqs, (24) and CéS) may be insertéd into Eq, (26)
" to yield the angulsr dependencé of the differential cross sectlon to be
-v;expected from any combinations of partial wave amplitudes, or angular
momentum states, TIf states through £ = 3 are includéd, and the differential
n :¢ross section 1s expanded in a Leéendre polynomial series; then the

 resultisas givenin Eq, (27).42 The notation used for the partial wave

amplitudes in this equation has been changed: +the orbitsl angular s ~“f

ﬁf momentum 1is indicated by spectroscopic symbols, with £ =0, 1, 2, 3

Armed with this expression, we could proceed to examine the _ -

coefficients in the Legendre polynomisl expansion of the experimentally

observed n ferential cross section, and try to guess which amplitudes



¢

fbest explain the dPLa However, the number ‘of’

amplitudes which need to T
fﬁe conajdered can. be reduced by making use of results from phase-shift jfi;v"J“
}an&lyses of +he elastic n-nucleon scattering data as will now be_]}

:explained | o |
2.

g + ED3 4 3D5,vvg%w

w6 faa e
=P (coa_@} SL # Pl + 2P3‘ ‘

7}+ Pl(:g:_o_r; e)[ aPlsl + 1+1>35 + lm3 1 + o 8 D.P

Dy # 1:20

": + 7 2F D3 + O 5 F5 5 + 10 3 F7D5]

;iiﬁ  ‘5‘ . ‘ - ‘
<¢_1f_Pg(c°5x3) [k PP +2P.° + b DS+ 2 D 7 5 3

3 1 3. °1 3 T+ 6 DSSl + l

i 3.4 p‘; , +,6F5Pl + 1, 7F5 3 +'31"1.+?F5‘ + 10 3 F7P3
4 1.1 1471‘5 + LL 8F7 } SR

P, +6F51+u8F5D3 (27)

A

+6DP +l%-8D

33 51

o N i' r
T 23(0036) {7 .2 DP 5F3

+ 3.2 F5D5 . 8 FTSl +2, .7 F7D3 .8 F'(Ds]
IR E S ‘ . _ N
‘_ ;;f Pu(cos ) {10 3 D5 3 + 2.5 D5 + 10 3 FS 3 + 2,5 P5 e

_,-,:.,'«f'Ps(cos.vev)[ih 3 £5 5 > 13 3 F7D3 + 5 7 F7D5}

S \ 2 -i':ﬂ
% Bg(cos a){ 18,2 F7F5 + 3.0 37 ] 5

, : Fcr purely el&stic ﬂuN scattering, 1t follows from unit&rity
of the s m&trix that pa.rtial vave amplitudes of Eqs. (2#) and (25) may =

.be written ;i‘. '  -a,,:_vvc_;‘._‘e;Enﬁ”!v;fgﬁvilﬁ{;{

)
P




T'_'v‘wheré.zﬁuzj'_‘_l/.jal,'.a, feal‘numbér, is the'phase éhift'ih ﬁﬁgt partial.wéve,

-132-
21 A,ﬁ il/ 2

O -1 - : I
_ & ) - S
AeiU2‘ 21k (28) SR

and k is the wave number of the pion in the t-nucleon c,m, system,

E _If there are any inelastic final states which compete with the elastic

g écattering? their effect on the elastic scattering amplitude is toadd -

. a positive imaginary part to the phage shift, Then the amplitude is

customarily written

21841/

L +1/2 7 g - )

' where

'and

Bes1/2 = F& By ()

The qﬁantity; §£+1/2‘ is called the absorption paramter and is 1 if the

scattering in that wave is completely elastic, and goes to O in the limit

7_¢ of meximun absorption, With this expression for the partial wave amplitudes'

inserted into Egs, (24) and (25), one can integrate Eq. (26) for the

- differential cross section over all solid angle and find the contribution
. to the elastic scattering total cross section from each partial wave,

- This turns out to be : s,

: éia 2 '
py X ' £41/2 , o o
Uel(ﬁ:?) = ££§ (&r +1) |1 - bﬂi;/e e - . _ ,(32) p

"~ The total cr§5§ Bectioh, elastic plus inelastic, can be found using the

%
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optical theorem,'yh;ch is valid for each 1ndividual partial wave,

on(f,J) = 15—271‘-:0[1 f(vO) B .
- | (33)

7 v : _ ‘
= l::2-(2;r + 1)(1 - RYZ cvos’_25£il/2)_ .

~ Hence, we can subtract Eq, (32) from Eq, (33) to get the inelastic

© "cross sectlon in each partial wave:

Ginei(z’J) f ;i? (éJ + l)<1 - bzigkga)' i;'j o (3h)

;f;It follows that in the analysis of an inelastic channel,rone's attention .
"may be confined to those partial waves vhich phase shift analyses of
the elsatlc dats have shown to have an absorption parameter less than

-unity, : : A

All available'inforﬁation on elastic m-nucleon scattering has
been analyzed by several workers to find the values of the phase shifts
and absorption parameters as a.function of energy.l2A While their
results are not in complete agreement, it is generally accepted that

P

around 600 MeV S 17> 8nd D

waves {notation: ”21,2J) have large

1’ 13

abserptive parts, (Sincean n-N state necessarily has isotopic spin

1/2, only the amplitudes for n-N scattering in that I-spin state need
be considered,) ' : 7

We see that precisely these waves suffice to explain our

observed angular distribution in 1 production below 1 BeV. As already

deduced from the shape of the total cross section, broduction appears

. to take plac§ exclusively in a relative S state immediately above

'; threshold47@§e isotropic angular distributions supportthis conclusion,

YH



' f;'with the phase shift analysis of Bareyre et al,

e

 due at first to the D.S, interference and the D

.n-plying these amplitudes (cf ih,3 F.D

¥ que to either a P.S. interference or a D3Pl interferénce,vor both; and

“ M?that the coefficient of the second order Legendre polynomial is mainly

.+, 5, wave becomes less important, although the D

-131;..

: ;yBeginning at 655 MeV, we Buggest that the linear cosine coefficient is'

171 &

2 ' o S 4
351 3 term. By 800 Mev, the B

1 3
up to about L GeV. These conclusions are to be compared especially
12a

wave still prevails .

Even though this analysis of Bareyre et al, shows that at the

1/? 900 MeV resonance, F and D waves are also highly absorptive,

‘the lack of any enhancement in the total cross section plus the absence
of high order terms in the angular distribution for g production at this
"energy show that this resonance does not decay with an observeble rate

~ into the n-N state, In view of the large numerical coefficients multi-

5Ds in the Ps(cos 9) coefficient

" of Eq. (27)) the angular distribution provides especlally strong

2

;f»2, Quantitati%e Comparison with Phase~Shift Analyses Up to 1 GeV,
L ! : .

“that the N

-be the Regge regcurrence of the baryon octet, rather than a 27 multiplet,

]

negative evidence here, It has been pointed out that this fact suggests

¥
12 (1688) should be assigned to an SU(3) octet, which could -
‘ 43,4k

It is of interest to see 1f 7 production alone'can_compieﬁely

" account for the observed absorption in any of the n-N pértial waves T

near the n threshold. One aim of this investigation is.an attempt to . ST

. *.

clarify the role played by the Nl/2(1512) in n production, and vice-versa, .
The pépcedure to be followed is merely to calculate the inelastic

cross secti%% in the various angular momentum states, using Eq. (3%4)

with b 1/2 ak given by the several phase-shift analyses Before the .



- projection factor of 2/3 must be included because the 1’ p initial

~, state 18 in an isotopic spin 1/2 state only 2/3 of the time.

.. graph are plotted the n production cross section data from_this‘
v,experiment and from Bulos et'al.37 ‘Although the phase-shift predictions

« are not in complete agreement, this‘graph strongly suggests that the

_of the N
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- result can be compared directly with our data, an isotopic spin )

Shovn in Fig. 45 are the absorption cross sections in the SB.

x-N state, calculated, as explained above, from the absorption

':parameters of several different phase shift analyses, Also in the same

i
observed S,. absorption is due almost completely to n production, The

fact that the ‘data points do not fall off as rapidly as do the Sll

absorption cross sections above TOO MeV may be attributed to the

contribution from the Pl and D3

The inelastic cross section in the D

states, which become important there,

- state also reaches

13
a maximum Iin the vicinity of the n production pesk, but because of the f

(27 + 1) factor of Eq. (34), this cross section 1s about twice as big
. &8 the 1 production cross section, Even though aame,D3-wave is present -

" in the n-N eyé%em, ve must conclude that the main inelastic decay mode

l/2*(3512) 1s not into an n-N state, since the 7 production

seems to be predominantly in the S state, as indicated above, This
is consistent with the small emount of phase space available for
Nl/2*(1512) decay into n-N,

If the ahsorption in the S,, state is indeed to bhe attributed

11

" to n production, an evaluation of one aspect of the various approaches

- to phage sﬁf&t analyses may be made here as an aside, In the phase
' ] :

shift seardhies, two general schemes have been used. The first involves

11 v ' . ' . "-:“I-v ‘
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Ineiastic cTo8ss eection in the Sll state calculated from

the absorption parsmeters published by Bareyre et al.;lea,
i  Bransden et al.hlgb Auvil et-al.,lec Roper et al.,led
& and Cence.12e To be compared with them are the np
K

productim cross section data measured by Bulos et al,,
end this experiment.



‘,_vOﬁce. This procedure, used by Roperlgd and by Bransden et al,

.. the S

'; of the qunuuleon system, corresponding to well-defined S-matrix poles,
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T expanding the phase Bhiffs ahd absorption parameters as a power series,
':f"or sdme other function of the c¢.m, momentum, and then evaluating the

- .parameters of the expansion by fitting to all data at all energies at

12b

'}; enforces a smooth energy variation of the phase shifts and absorption
: ~_i'parameters. The second scheme is to search for the hest phases at each

energy, separately, with no functional connection between the solutions,

The criticism to be made is that it is very difficult to choose &

g _parametrization for the first approach which will allow for the possible

!

- sharp changes 1n the absorption at new inelastic thresholds, Roper's

résults,lad for example, do not show the effect of the n threshold on
11 absorption as clegrly as those of A.ulvil,lgc Bareyre,lza_or
Cence.lze Since there is always the danger inherent in the energy-
dependent approach thsat fhe parametrization might bias the results,

the second approach is to be preferred,

- «3, Discussion of the S-wave n-N State and its Effect on the f-N System

A natural gquestion to be asked is whether or not thq peak in the

1 production cross section Just above threshold is the manifestation

of & resonance in the 5-N state, This would be difficult tovunderstand,

 because of the absence of angular momentum in the S state to provide

& centrifugal barrier, As an alternative to the resonance hypothesis,

. 8. F, Tdan has shown, using & two-channel K-matrix formalism, that

. this phenomeunon may be understood in terms of Bound or virtual states

b5

(

1
From the p&int of view of S-matrix theory, this could also be called

. a "_*‘gai@il.et,icle1k to be placed on & Regge trajectory, and included in



‘7 production near threshold had been noticed in the reaction K'p - nA.
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) higher symmetry schemes, as are resonances

Frazer and Hendry,h6 in an extension of the work of Ball and

'.F‘raze:t',b"7 have shown that such an S-matrix pole associated with the
"1 opening of an inelsstic S-wave channel can produce sizable effects on
'7_.the cross section in the elastic cross section-—a peak for the bound

. " gtate case and & cusp in the virtual state case.

The phase shift apalysis of Auvil et al_.l,2c indicates the

"'presence of & cusp in the sll phase shift at ‘the n threshold. Bareyre

et al.lza show a cusp in the same phase shift,'sligntly above the 1

. ) . )
threshold, Dobson.l"8 has shown that the Sli phase shift of Cence12e is

consistent with a cusp due to a virtual n-N state, 'In,contrast with -

_ these, Uchiyama~Campbe1149 has analyzed the data, and finds no pole

in the vicinity of the inelastic threshold, Hendry and Moorhouse50

find an n-N S-wave resonance just above the threshold, which, as mentioned

.- . before, is not ‘easily understood because there 18 no centrifugal barrier,

It was stated in the Introduction that & similar rapld rise in
10

"Berley et al.51 have raised the question whether this might be an

indication of an S-wave bound state of the nA system, The similarity

‘between production of the n-N final state and the 7-A final state has

led Gyulkc andfTuan52 to postulate the existence of an octet of virtual

n-baryon states associated with the thresholds of n production in
associstion with all members of the baryon octet, According to them,
this would fall paturally into a place in su(6) symmetry, where in the
70 representation, an octet of JP /2 baryon states is called for,

It'fﬁgpoped that the data from this experiment will contribute

i
LAz ey
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toward a clarification of the n-N interaction near the n threshold.

fhw Speculations about 1100 MeV

Our measurement of the total n production cross section suggests

that there might be a small bump at Tﬂ_ = 1100 MeV. The data.point
:.there is epproximately two standard deviations from lying on a straight
-line between the adjacent measurements, Although this by itself might

‘ "~ not be considered significant, it happens that at this same energy,

. the lLegendre series coefficient A2 temporarily dips slightly negative,

and the negative coefficient A3 becomes important for the first time,

{

Tt is intriguing to assume that something real is happeding there and

to attempt to figure out what partial wave is responsible for the

observed behavior,

Since all of the elements in the general Legendre expansion of

the differential cross section as given in Eq., (27) are connected by

© plus signs, the negative terms must come from interference between

two different amplitudes directed oppositely when plotted in the complex

plane, We do not think thet the D5 or F5 amplitudes‘are responsible,
because they should have been important in the reglon of the 900 MeV
resonance, if they were to have played any part at all, Also, barring_
a conspiracy among the amplitudes, there would be a Pu(cos e) and &
Ps(cos @) variation in the differential cross section, Higher waves
are also ruled out because they would have conﬁfibuted nore structure
to the differential cross section,:

A morg likely candidate is the P, wave, The phase-shift

3

analysis o%_&areyre et al,laa SHOWSthat the P3 amplitudé is beginning
v i

to be defié&%ely absorptive at 1000 MeV.-the upper limit of thelr
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analysis--after somewhat unsteady behavior at lower energles,

Intérference with the tail of the D_ amplitude could provide a

3

negative A3 term, while interference with the still absorptive Pl

amplitude, partially cancelled by P 2, could drive A, slightly negative,

3 2
It will be interesting to see if this bump remains after the

other half of the data, presently being measured by the High Energy

Group &t the University of Haweii, is added to the present sample,

If 1t does, the situation at 1100 MeV will desérve & more quantitative

study.
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| APPENDICES'

A, Normalization of Full-Empty Sdbtraction -

: In this Appendix the normalization factor of the target—empty L
gffdistributions, used in meking a full-empty subtraction, is derived GRUN)
‘ Given a sample of data taken with the target full, and another.
‘sémple‘f&ken with the target empty, it is to be shown firsﬁ that the
“target -empty distribution_should be multiplied by a factor such that the{ .‘
;‘-total_number of events in the distribution wpﬁid result from the‘samev |
number of inéoming pions as that producing the target-full distribution.
Then the two distributions may be subtracted to remove from the target- ~
full distribution the effect of interactions which did not take place ;n
the hydrogen,
Let us defipe three regions ofkinteraction% a) Region.A contains
‘vall material where interactioné might take place before the liquld hydrogen.
This would be primarily the last monitor counter and the entrance window
to the vacuum dome of the target. D) Region chonsists only of the
- liquid hydrogen. c¢) Region B is the remaining material between the
.‘_hydrogen and the detectors; that is, the exit window'and dovmstream part -
of the vacuum.dome, and the anticounter, : ' B .J;
In each region there is a given probability that an incoming = x .f“
© plon will interact and produce a neutral event, For example, the

probability of interaction in the hydrogen is approximately
Na v |
Pp=0p 5 £, (A-1)

- where o is the neutrals cross section per nucleon, p is the density of
liquid hydfégen, N is Avagadro's number, A is the atomic number of

molecular hydrogen, and £ is the path length traveled by the pions
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« through the hydrogen. This probability is of .the order of 0,1%. Similarly,

" smaller probabilities exist for production.of.neutral’événts in regions

A

 :}=A and B, Also for.each‘region a fraction f',‘fB; or fﬁ must be defined,
:These Are the fractions of the neutral events produced in each region
" that_qualify for inclusion in ﬁhe distribution ﬁnder cbnsideration. This
:_ may be the fraction of ail events that are twd-shdwer événts, or that

have a two»showerbopening angie in a given region, etc,

Now, with hydrogen in the target, let us suppose that N pions

in the beam enter the apparatus., The number of suitable events produced

1

_in region A 1is . o i

This number. of pions is also removed from the beam, as is a similar

-;number, pA'N, which is removed by any other interaction in region A,

Thus the number of pions entering region H is N - P f,N - P,'N, and the
number of sultable events produced in the second region is

PH‘fHN(l - PAfA - pA.) , (A"3) ..‘;

Again, that number of pions, together with the pH'N(L' - ppf, - P,")

pa

removed by othe% interactions in region Egare not available in region B,

The exact expreésioné soon become unwieldy, but'it is clear that the

-

number entering reglon B may be represented as

5 .
N(1 - o(p) + o(p7)) . : » (A-k)
In this notation, O(p) is & sum of &ll the terms which are

linesar in some interaction probability, and O(p2) contains only terms

“with pa. So;finally, the number of events producéd in region B is

i
i,
VR

BpfN(L - 0(p) + (%)) . L )
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. :,.Thé simplifyilng:-a.ppil'o'ximation’ to be‘mvade._iéf _tna-t- the probsbilities p,,
pH,.and pp are all:small enough that powers ﬁigher than tﬁe first may
H'llbe safély ignored, This is an éxtremely good aﬁproximdtion.v It must be L rw
‘;i assumed that pA', bH" and p,' are &lso this sﬁall:‘ Neélecting these

. ' small quadratic and cubic terms, then, we get

p,f,N background events from region A, i C (A-6) .-v'

ATA
prﬁN events from the hydrogen, and .  _- E . ‘(A-7) :
'-prBN background events from region B, =~ - - : (A-8)

Now we may take data again, sending in-Nf pions, with'ﬁo hydrogen
‘ AN

~in the target. This is equivalent to setting Pp = 0. 4Id the same

a vépproximations, thé-result of this experiment must be

£ N' background events from region A, and (A-9)

PA™A _
prbN' background events from region B, - (A-10)

STt isvthereforeAa trivial result that if Nt =N, oneAgets the same

number and distribution of background events from the térgeﬁ-empty data
':that are present in the target-full data, so that with this normalization,
a full»empty subtracfion of all distributions removés from the final
result the effect of any interactions in substances other than the liquid

. o ' )
!/ ;)
K .

Ordinarily counter data on the number of incoming pions and the

“f‘
3

-

-hydrogen.

number of neutral events would be taken simultaneously with the pictures,

50 that the number of pions per picture could be calculated, In our e

case, the spérk gaps and chambers produced so much electrical noise that .
S

H . )
the counter data taken while the chambers were on was not considered

i

' reliable, ;Cﬁnsequently, the chambers were turned off periodically, and
s

the counters'%ere run alone to measure the neutral cross section.
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‘These divide into

el R
Now that the proper normalization has been derived, we must see

how to actually calculate the normalization factor for any given sample

 of data from a'specific number of frames of film. To begin with, a

number of symbols need to be defined, In.all definitions with an

asterisk, another definition, with a superscript I on all symbols, i1s
.. to be understood, to stand for the analogous property of events produced

by interacting beams.

Let us take a large sample of pictures, and let

%* B = the number of frames with & good single. incoming beam

* B=B +B,, ' L (A-12) |
" where |
* B = the number of these frames with a neutral '
event, | 4 ' S (A-13)
and
%* Bc = the number of.these frgmes with a charged particle

in the final state, ‘ (A-14)

- A1l of the distributions are made from the set {B% ,» 80 the problem

~.

is to calculate A

¥ N = the number of incoming plons associated with B frames, (A-15)
If ‘ |

Relj= the neutrals/monitors ratio as measured by the counters, (A-16)

one might think that N =>B/Rel is the answer, but it is not because
LY ' .

’ ’ bt}
the neutralsZmonitors ratio includes the charged particles in an

unequal disﬁﬁibution_between B and BI. I

N,

I
tot =N+ N | . : (A-17)

in sample, . S | | (A-11)
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”‘ ;what is true is that

Neot = ‘%:—BE' o - (a-18) ..
el 7 _ S
- We must define the probability of interaction; -
| S ¥ pn = probability that a good single beam pgrticle ‘
produces a neutral event, - S (A-19)
* P, = probability.that 8 good single_beém particle
L " produces ‘& charged final state, 5 | . (A-20)
that 1s, | | |
* 'Bni‘; Np, L (-2 ‘(
and l
* B, =Np, . o - (a-22)

Ve make thé assumption that g; = pﬁl;hin other words, fhe pfobability
that ah interacting beam particle produces & neutral event is the same
as for a good beam particle; it is only the charged particle production
vhich is different. |

Then we may put

I I I
I Ba. By n _
Negp =N+ N =N+ — =N+-—=N21-—5—)" (A-23)

P -n n . f

n - Y

Hence
B B I
_ n . n B+B -
"ot 70T T Ry | maaf| | (-2 -
-~ ®n*%n n* ®n :

is the number of incoming pions associated with the sample of B frames.

OnL&ione further modification remains, The number of monitors

1y

- for the givéﬁ sample is calculated using the totals for‘the various beam .



types as determined by tﬁggscahners, -Then & subset of the good frames

(is measured and pﬁfhon a computer,ddta tape fof analysis, This might be

Jail of the jfshower'events, where J =1, 2, or 3, Not all of the j-shower

i%;ffq>v *“ ‘events in the original sample get to the data taﬁe,.however, because.

| B ~of mismeasureménts, or computer malfuhctions. Congequéntly,‘wﬁen thg ’
number of monitors for the events on the ﬁapé‘ﬁre_calculated; the number

J'f L .'jas derived above must be multiplied by the fractioﬁ; FJ’ of the oyiginal

subset that survivg.

Hence, the complete procedure is to.1l) form some distribution,

'gF' from targét-full'events, and calculate the number of)incoming plons, -~ '_.1ﬂ

;“fiﬁj. NFFJF’ associated with the sample of full events, and 2) get the
corresponding target-empty,quantities, gﬁm and NMTFJMT' The finel

- distribution, corrected for interactions which did not occur in the
liquid hydrogen, is then

PR o (a-25)

i
A
LEHA L e

4..
gl

N

e,
W
3



f:-'the bisector of the y-rays to the distribution of the 1. The treatment

- R, 117 T -
" B, Kinematics of Two-Gemma Decay

In this Appendix the equations will be derived which are used in

-ﬂf‘the analysis of n angular distributions, relating the distribution of ; -

'”;» w1ll be of & neutral meson, X, with a 2y décay mode, which could be

vlf"either a x° or an 1, for instance, and the units will be such that

C = l.‘

- The analysis is only useful in an inertial frame where every

"' meson, X, in the sample of data has the same velocity, because the

. :fyelocity, B, 1s the main parameter of ﬁhe equations. Such a ffame is ﬁhe \Uf';lf
 fso-called center-of-mass system of a twonody.final'state like the one
~of this experiment, where the vector sum of the two momenta is zero; end
{ the velocity of X is fixed by momentum and energy conservation 1ndependehtly' “‘
- of the scattering dngle. From now on, then, if there i1s no special
comment, all quantities are évalqated in the center-of{mass frame,

One of the principal ingredients of the derivation is the

- . distribution in the magnitude of the angle, 5, between the direction.of

" . the X-meson and the bisector of the deéay gamma rayé. This angle is

" - shown in Fig, B-la, along with ¢, the opening angle, The distribution

in 8 may be expressed k
dn dn @9 )
& " a6 ®d (B-1)
vhere dn/d¢ is the opening angle distribution, repeated here for : 4
. completeness, -
.Y an '
& (B-2)
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X meson

(a)

//Bisector

{b) ' X meson

isector
{polar oxis)

)
9 - eom
N axls

) A\
- : | . « MU.36829

?1gure B-1, a, Angles used in kinematical equations,

b;; Coordinate system for integration of bisector equation.v
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- multiplied by a factor of two so that . ... T - o
/ 33 d¢ - l . . ‘ . " ) . V :' ‘. ‘ ’ - N X .Q_ (B-3) .;' .
.. In Eq. (3;2), B is the velocityvbf mesontX,fand fﬂ=l .

, Téﬁ'e i

To get the second factor in Eq. (Bsl), we must derive the

180°
¢min ’

.

_ relationship between 0 and 5, This can be easily doné by applying

energy and momentum conservation to the decay illustrated in Fig. B-la,
. S S
We write

D, CO8 Q + P, COS €

2
El + E2 ' '

(k)

Px _
= -
X

where the numerator expresses longitudinal momentum conservation and
the denominator is conservation of energy in this decay., Since in our
units

E

1 =Py By =p,, and Px/Ex = B, this can be wriﬁten

.. , s

' Eliminating the ratio, P2/P1’ by using the condition of transverse
momentum balance, we get finally .
cos @/2 (B_s)

... B =cos(¢/2 -a) '’

&

or 4

;hf B cos & = cos ¢/2 , - o (B-7) ﬁ,.u‘
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7Differentiafion of this ytelds

d® _ 2B sin B : _ (3—8)

& - Tsin ¢/2

Hence, multiplying Egs. (B-2) and (B-8), and using Eq. (B-7) to eliminate
®, we get the desired result, namely:
dn _ cos & '
ag = 3/’2 . o (B"9)
2 { 2 2
7 1 -pBcosd

We can choose to differentiate with respect to cos &, instead, giving

-(1L-8 )‘cos 5 (B-10)

T NN

Now we can write down and evaluate an expression for the angular

fj _
8ﬂ§

distribution of the bisectors, given the distribution in angle of the

meson, X, First we put

2
d“a aq . (B-11)

Qo 19
dQB - dﬂBdﬂ X
X
Here :
2
d o
danQ dﬂBde
pd

is the Joint probability that an event occurs in which the X meson is in
the element of solid angle,,dnx, and at the same time the bisector of the
decay y-rays is in the solid angle, dﬂB. The directions of the bisector
and the incoming beam axis (from which the scattering angles are measured)
are held fixed, and the integration is over all possible directions of
scattering of X,

Th? 3oint probability may be expressed
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a2
. . o dn o
. dy . = & a _ (B-12) -
. where . ..
do ' S :
Eﬁ; @ = E: CZPZ(cos ex)cmx R (B-13)

2
is the probability of an X séattering into the solid angle d_Qx ; and

| —agg— a9, 1s the probebility of finding the bisector in a0, 8t the same
" time, a function of the sngular separation d of the X and the bisector,
. ] .

Thus, Eq. (B-11) is expanded to the following

do

0y

= ; CZfPZ(cos ax) a%i— (cos B) a0 | _ (B-14)

The cho;ce of coordinate system in whicfl to iﬁtegrate cannot
affect the result, so we choose the somewhat peculiar spherical coordinate
sfystem which has its polar axis in the direction of the bisector under

conslideration, This system is illustrated in Fig, B-1b, In this

coordinate system, the factor, 4@, of Eq. (B-14), is the probability

an_
N i o
of having the X meson at a solid angle, dﬂx, with respect to the bisector, '

) | Yy

which 1s given by the distribution of Eq, (B-10); i.e., ‘ *
dn 1 dn .
T, % =z aleos oy Acos ), (8-15)

where Qfx is the azimuthal angle of the X meson with respect to the

bisectbr poﬁir axis, Thus we have so far

do’’.

W‘F "Z]’:J'f }; c, jf Pz(cos ex) a-(—c—ag—n-a-)- d(cos 5)d¢x . (B-16)
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-fWe can éarry out the integration if we recall the addition theorem for
spherical harmonics which can be written in the following way for the

- vectors of Fig. B-16.73 : - - _ ok

Pz(cos ex) = P, (cos S)Pz(cos GB)

42 E: (j ; 2): Pz (cos S)P (éos QB).  '(B-I75'

x cos[m(ﬁx-ﬁB)]. | N
'\ngain; ﬂB'ie the azimuthal angle of the beam. direction with respect to

ivthe bisector. ‘ | |

l If we sdbstitute this into Eq. (B-16), the integration over

dﬂi cen be doge. All of .the terms in the expsnsion of 3£(cos ex), except‘
the first, aré multiplied by cos[ (¢x - bﬁ)] , and these drop out vhen °
integrating o¢er dﬁ from O to 2nr. The first term is multiplied by 2=,
which cancels: out the (Qn) of Eq. (B-16). After this step the bisector

-distribution 1%

14

dg; = %‘%[%f?g(cos 5) ?ﬂ%%—é')' d(cos 5)] Pg(gos 6g) .. ~ (B-18) |

]
!

[

Or, writing u = cos &, and putting in distribution (B-10),

1
2 .
do v Z (L -~ g )u Pz(u)du . :
. - c P,(cos 6,) . (B-19)
) £ 21 £
b 4 17 o, Vi-w? f - g2 ‘. S -
. ) , B—- cos -5

. The limits%cf integration correspond to teking & from @ to some maximum

'angle, less @han 90 deg, which is related by Eq, (B-7) {to the maeximum
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- opening angle one wishes to consider when seleécting events,

This 1s the result we seek. The integrals

-y

. / (-8 ury(wa o0) . - -
2 . ) {'_l :4 5 {l _ 52‘12)‘.3/2 i ’ . - | v

ma,
~ CO8

B 2

:have béen done numerically, resulting in Table B-I,  These éxpress the | -
relationship between the coefficients of a Legendre polynomial expansion

- of the differential cross section for X production, namely CZ’ ana the
expansion coefficients of the y-ray bisector distribution, given by ~

§£Cz.




" "Table B-I. Values of ) at the energies of this eXﬁgriméﬁﬁ”l-5‘ znlnhmf

592

655

704

875

'"975‘; _

1117

1300

- 0,2067

168

o5
0.7439
"'o;5u89
0.3557
0.2150

0.1528

0.1372
o,1h66

.'_ 154
0.7811
0.6998
'0;5618
O;h059

0.2698

0.1769

' 0.1309

0,1201

0.4155

148

”_0,7785 .

0.7016

0.5701

0.4193

0.2845
0.1888
0.1380

0.1227

" 0.5622

134

'”6.78;1 
‘  0;7137
0.5963
| 0.k4571-

0.3261

0.2252

©0.1632 o

0;1363

| 0.6161
126
[0.7587

- o.702k
0.6021
- 0.4791

0.3568

0.2545

0.1832

o9

0.6724

0.7241
110

| o.7h51'.'2 |
0.70%6 . .
o2k

1 0.5250
o.bige
0.3192

0.2388

0.1822
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