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ADSTRACT

‘ - . C . .
Upper limits for the differential cross sections at 90 in <he
center of mass system for tne reaction
— + -
PA+Hp—e + e
have been measured for incident antiproton momenta of 1.5C GeV/c and
. - . - - 34
2.50 GeV/c. These limits to the ¢0% confidence level were 1.8 x 10
2 -35 2 . s .
em“/st and 4.2 x 10 em”/st. respectively. Two thin foil spark
chaxmbers were used to measure the laboratory angles of the electron
and positron and two lead plate spark chambers were used to identily
the electron and positron by their cnaracteristic electromagnetic
showers produced in such chambers. Assuming a one photon exchange
mechanism for the arnihilation, upper limits equal to 0.2 if 1GE\ =
}GM[ Tor tne electric and magnetic I'orm factors oI the proton for
. \ . 2 - 2
time-like momentum transfers of + 5.1 (GeV/c)” and + 6.8 (GeV/c)™ were
Obtained from the cross section limits.
The differentlal crouss section at 900 in the center ol mass sysvewm
Zor the reaction
DAED oY 4+
has been tentatively measured for an Incldent antiproton momentum cf
1.50 GeV/c and an upper limi<s for this cross secticn has been measured

for an incident antiproton momentum of 2.30 GeV/c. The differential

cross section at 1.5C Gev/c is based on two events giving

&o o oy + 2.9 -31 2
7 lgo° (PP = 27) = (1.6 T ;°0) x 10 7 en™/st.

The upper limit to & 90% confidence level at 2.50 GeV/c is



v

—_— - oy
Qﬁl g0° (PP 2 27) < 0.8 x 10 51 em”/st.
as '
llpper limits for the cross sections of the process
5+p-3ﬁo
for incident p momenta ranging from 1.00 GeV/c to 2.50 GeV/c¢ have been

measured, Differential cross sections for the process

@

P+ D~ Ex
have been tentatlvely measured Ior center C©f mass angles from 55° to 900
and for incident 5 morenta ranging from 1,CO GeV/c te 2.50 GeV/c. The
, 0 .. ; ' . -
results for the 2y final stase could, nowever, contain up to 50% back-
ground Trom the 3“0 final states.
. \ c . + = 0 .
The relative rates between the 3x and the x x r final states and

between the 2no and the ﬁ+ﬁ— final state appear to be at least a factor

of two smzller than would be expected for a simple statistical model for

the annihilation.
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I. INTRCDUCTION

The advent of the high energy proton synchrotrons, the AGS at
Brookhaven and the Proton Synchrotron at CERN in Geneva, Switzerland,
with primary beam energies of the order of 30 GeV and with correspond-
ingly large yields of secondary particles from an interral target in

the accelerator makes possible the experimental investigation of

. . A a- - " -33 . 2 .
processes with small cross secvions of the order of 10 °° em”. This
thesis represents a study of the two such processes

= T (1)
D+poe +e
P+D=Y + Y (2)

for incident antiproton momenta of 1.50 GeV/c and 2.50 GeV/e.

The principal interest in studying the first reacticn comes from
assuning a one photon exchange mechanism for the annihilation,., ‘Then,
assuming no structure for the 7e—e+ vertex, analysis of the angular
distribution of the electron frow reaction (1) using the form of the

1,2)

RosenbZulh Formula™ ublalned fron croussing syuunelry yleids direcoly

the values of the electric and magnetic form factors for the proton for

time-1like momentun transfers. The extensive electron-proton elastic

. ot A D < . 4 .
scattering experiments of Hofstadter ) and co-workers, Wilson ) anc

5) )

co-workers, Behrend ‘ and co-workers, and Albrecht6 and co~workers
yield information on the electric and magnetic form factors fer
space=~like momentun transfers. Figure 1 shows the pertinent Feynman
diagrams and Figure 2 swmmarizes the known experimental results for the

fcrm factors. TFigure 2 also includes the upper limit on the form



b

P+D — e +e

Figure 1 Feynman Diagrams for e p —e p and pp —e e
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factors for a time-like momentim traansfer of + 6.8 (GeV/c) measured
by Zichichi7) and co-workers wno studied reaction (1) at CERN.
In terms of the electric form factor GE (qé) and the magnetic form

factor Gy (qz) the differential cross section for the first reaction is

given bye)
1 F 2 ¥
oF 3
dﬂ\np —»e’e”) = G E( 2 1/2 [I Y (q ) (l +cos” B )
M
02 2. |2 .2»]
+ (—§~) ‘ GE(q ) |7 sin® 8
with O = =5z = fine structure constant
. 137
Mp = proton mass
2
C_’=t=4£{2
E = total energy of the 5 in the center of mass
system
* - -
9 = angle between p momentum vector and e
momentum vector in center ol mass system
andwithGE(O)=land \o) L+p=279
where ¢ = anomalous moment of the proton.
The ccnvention used here for the Lorentz metric s q2 = qoe —'a.'ﬁ.

2 .
I the differential cross section has the dimensions cm™/steradian and

2
o
energies and masses are measured in GeV the coefficient T becones
-33

nunerically egual to 1.33 x 10 Y7, The crcess secllon can also be
written in terms of the less convenient Dirac and Pauli: form factors

Fl and Fg, related To GE and GM by
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If

2 o
F (0%) + =5 0 7, ()

2
G.(a7)
= 4

2, 02 -

They are mentioned here because if Fz(qz) 1s to remain finite at

q2 = 4Mp2 the condition

2 2
] =g, (4
Cp(44,") = G (427)

must be satisfied. In addition since the proton current operator is a
Hermitian operator GE and GM must be real for space-like momentum
transfers;however they car have imaginary parts for time=-like momentum
transiers.

Table 1 lists the known cross sections for several final states
resulting from the antiproton-prceton initial state. This list includes
orly final states which have two charged particles since these were
thought to be the major source of background during the design of the
experiment. At that time (Fall of 1963) the magnitude of G and qMé)
was thougnt to be = 0.1 for space-like momentur transfers on the order
of - 6.8 (GEV/C)Q. It was felt that this experiment should be designed
to be sensitive :o‘GE and GM also = (.1 for time-lixe momentum

transfers of the order of + 6.8 (GeV/c)g. Inserting these values into

the cross section given above then implies 2?2‘ 7 10-55 mng/st. for

antiprotons with 2.5C GeV/c incident momentum ango g% ! o~ X 10_55

mne/st. “or 1.50 GeV/c incident momentum or total cross 22ctions of
o=~ l.2 x 10-34 cm2 and ¢ =~ 4 x 10-34 cm2

respectively. Comparing these vglues to those in Table 1 then shows



(2}

TABLE 1

Average Differential Crceseg Sectione for Several Final States

in the Region of Angular Acceptance of the Detection Apparatus

1.50 GeV/e 2.50 GeV/c

2100 (o0 = op) 35 x 10770 en/st. 25 x 107 en/st.
do R . -30 2 -30 2,
“aloo® (PP = 'z ) 15 x 10077 en/st. 3x 10 77 em/s%.
do- = ks =30 2 ~30 2
Rloo® (PP 2 XK ) 5x 177 en®/st. 0.5 x 10 cn/st.

ac - 4 s =352 35 2
T j90° (pp » e'e )est. few x 10 em“/st. few x 10 cr/st.

The differential cross sections glven Zor tae ﬁ+ﬁ~ and KK final
states are from the preliminary analysis by Fong of the data collected
during this experiment when the apparatus was mcdified to accept these
final states. The elastic scattering cross sections are taken from the
analysis of the data collected during this experiment with the PDP-5
computer interfaced to the hodoscope system. These crcoss sections are

17)

reported In the literature.



the requirements that the apparatus must satisfy.

The choice of 2.50 GeV/c for +The upper wvalue of the E momentum
wvas a result of the desire to maximize the p yield while stiil
cbtaining a gocd separation of E‘s from the other secondary pariticles
with the available electrostatic beam separators. Also a research
group7> at CERN was planning to do this experiment using 2.50 GeV/c
antiprotons and a CH2 target. The lower momentum, 1.50 GeV/c, was
chosen because 1t was the lowest value wnere enougn antiprotons could be
obtained during the allotted running time to hope to reach the desired
sensitivity to GE and GM.

Because any apparatus used in an experiment of tais type has a
finite amcunt of material between the point of amnnihilalion and Llhe
part of the detector which distinguishes between neutral and charged
pariicles a short experiment was carried out to look for the v + v final
gtate. If thie procecsc had an ancmalously large cross scction then
because of palr production in the material in froat of the charged
particle detectors it could lead to a serious background to the

experiment looking for the et + & final state.



II. EXPERIMENTAL METHOD AND APPARATUS

The reactions
P+o-oe e

and

PHDOY +7

for incident antiproton momenta of 1.50 GeV/c and 2.50 GeV/c were
studied at the AGS at the Brookhaven Natioral Laboratory. A partially
separated, momentum analyzed antiprotcn beam from the G-10 target in the
AGS was focused on a itwo meter long liquid hydrogen target. Typically
the n /p ratio was 1:1 at the hydrogen target and the momentum
uncertainty was + 3% of the mean beam momentum. Tae antiprotons were
identified electronically by time of flight. A scintiliation counter
hodoscope, a thin folil spark chamber, a lead plale spark chamber, and a
Cerenkov counter array were arranged on each side of the liquid hydrogen
target to detect the e™ +e or the ¥ + y final state. To aetect the
7 + 7 Tinal state the first tray of scintillation counters on each side
of the target was used to veto events with charged particles passing
through these trays. Behind these counters a 1/8” thick AL plate to
vhich a 1/4" Pb plate was atiached acted as a converter, which for the
geometry of the experiment was =~ 1,50 radiation lengths thick, for each
y-ray. The remainder of the apparatus was the same as used to detect
the ™ + e  final state. Since no nagnet was used in the detection
system it was ilmpossible to distinguish the electron and positron.

In a two body reaction, the kinematical parameters are



cverdetermined by one constraint if the labcratory angles of the final
state particles are measured with respect tc the incident beam direction
and the momentum of the incident particle is known. In principle then
the e” + e  final state could be detected Just by measuring the
laboratory angles of the two charged particles in the final state.
However, in practice this is impossible because the difference in
laboratory anglés for the rr+ + 3 final stabte and the ot + ¢ final
state is only 6.20 for incident 5 momenta in the range 1,50 tc 2.50
GeV/c. Current spark chamber techniques with lever arms of the order
of ten incheg, the beam divergence,and the finite target thickness do
not permit measurements of angles to this accuracy.

The method used to separate out the e’ + e Tinal state in this
experiment was to measure the laboratorv angles of the two particles
with two thin foll spark chambers with eight gaps spanning a distance
of 6.4". This permitted angle measurements with an accuracy of *x 1° and
insured that the final state was essentially either g+ oret +e.
The final identificaticn was made by requlring that an electromagnetic
shcwer be present in each of the lead plate spark chambers and That a
large pulse come from the Cerenkov counters piaced behind the lead
chamber. The lead plate chambers were made from 0.1l radiation length
thick plates and for typical anglcs were 4 radiation lengths thick.
The plates in the chamber were arranged in a herring bone pattern sc
that particles from the annihilation traversed the plates as close to
their normal as possible. TFor the operating parameters used in the

v
experiment the Cerenkov ccunters were each 20% efficient for x's and
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> 95% efficient for electrons ard the lead chambers each had a final
detection efficiency of Q.OS% for ;‘S and S1 + 2% for electrons.

Since the spark chamber system used in this experiment could onily
be triggered (ard photographed) once per AGS cyecle it was necessary to
electronically pre-select the trigger events as much as possible to
limit the dead time losses due to the sparx chamber system.

The geintillation counters on each side of the target were arranged
in a forty-five counter hodcscope. These counters were connected o a
fast digital computer which in approximately 150 nanoseconds performed
the following operations:

1.) Checked that only two charged particles, one on each side of

the target, were emitied from an annihilation.

2.) Measured the angle of coplanarity of the two particles with
respect to the beam ard required that they be coplanar to
within ~ 15°,

3.) Measured the polar angle of each of the particles with respect
to the beam with a resolution of ~ 50, and accepted those
evenlbs willl augles appropriate for the reactlon E + P —eT +e.

This system had sufficlent angular resolution to eliminate elastic

scattering events and nearly all of the ﬂ+ﬁ- nﬁo final state

annihilations while having ~ 100% cfficicncy for the et + e“, the

-+ - + = o . 5 .
t -+ x , and the K + K final states. As much as was possible the
angualar regions not covered by the two hodoscopes were covered by lead

(1/4" thick) faced scintillation counters waich acted as veto counters

for y-rays and charged particles. Thelr detection efficiency for y-rays
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in the energy range from 50 MeV to 1 GeV was 85% + 15% as determined
from measurements using similar counters in the Caltech tagged y-ray
beam. The final spark charber trigger was formed by requiring that the
kineratics as determined by the hodoscope and computer correspcnded to
the e + e final state, that the pulse height in both Cerenkov counters

be greater than a Iixed level and that no veto counters had peen alt by

either a y-ray or a charged particie,.

Table 2 gives a typical set of mubers of triggers for 3 x 107+
protons on the G-10 turgel in lhe AGS. Durlng the experiment the AGS
beam aump had a 400 millisecond duration and there were typically
4 x lOll protons striking the G-10 target.

Figures 3 and 4 snow schematically the laycut of the hydrogen
target and the detection apparatus.

To deﬁect the 7 + 7 final state a 1/8" thick Al - 1/4" thick b
plate was placed behind the first tray of counters in the hodoscope on
each side of tne target. To trigger the spark chambers the electronic
logic was modified as fcllows. The fast computer was modified so that
it required that nc pulse come from the first tray of counters, that
there was at least‘one charged particle in each of the other trays of
counters, that the particles from the y-ray conversior in the Pb plate
be confined tp an angular sgquare approximately 20O X SOO, and that the
particles on each side of the target be coplanar t§ within = 200. The
minimum pulse height requirement for the Cerenkov counters was decreased

by a factor of two. If both pulses from the Cerenkov counters were

greater than this minimum, the requirements of the fast computer were
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TABLE 2

Average Number of Triggers for 3 x lOll Protons on the G~10 Target

- 1.5C GeV/e 2,950 GeV/e

Total p's 31,000 21,000
Interacting p's 7,000 7,000
Kinematics OK in

fast computer 5 2

Kinematics CX +
Serenkov OK 0.2 0.05
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satisfied, and no veto counters were struck the spark chambers were
triggered.

—n the final analysis only those events with either a pair of
charged particles with opening angle < lOO or a sirgle charged pariicle
coming from the Po plate on each side of the target were considered.

The y=ray ccnversion efficlency with this requirement was measured in
the tagged y-ray beam at the 1.50 GeV Caltech Electfon Synchrotron.

The mean angles of the pair or the angles of the single track were taken
as the directlon of moticn of the y=-rays and were required o fit the
angles eppropriate to the 7 + 7 final state to within + 3°. The

showers in the Po chambers were required to correspond to the tracks

in the thin foil chambers and the pulse heights in the (erenkov counters
were required to be the same as for electrons with the same energy and
angles. These requirements lead to an overall detection efficiency of
(6.5 + 2.0) x 10™° for the 7 + y firal state.

As a consistency check for each event which triggered the spark
chambers an IBM card was punched which recorded the event number, waich
counters in each tray of the hodoscope were lriggered, the fast computer
8. and Aﬁ, and the pulse height as measured by a 135

R’ L

chanrel fast mulvichannel analyzer of the pulse from each Cerenkov

answers for ©

counter. Taies information was also rccorded on the spark chamber  film
to aid in scanning by means of lighted numbers along the edges of the
spark chembers and on a master data panel which was phobographed in the

end view of the thin foil chambers.
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The spark charbers were photecgraphed by four cameras, Ore camera
photograpred the top view of both lead plate spark chambersg while the
tcp view of each thin foll chamber was photographed by separate cameras
and <he cnd vicw of both thin foll chambers was photographcd by onc
cemera, For detalls of the spark chambers and the camera system see
Apperdices XI and XII.

In the foliowing sections the detailed properties of each part of
the detection apparatus will be leZ< to the Appendicesg. Only the

vproperties necessary to the discussion will be included.
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ITIZ. CONSISTENCY CHECKS AND DATA ANALYSIS

a. Consistency Checks

In addition to continuously monitoring thirty-two counting rates
by means of cconventional scalers attacned at various stages of the
electronic logic a PDP-5 digital computer interfaced to the fast
computer was used to moniter all counters in <the aocdoscopes and the
operation oOr thé fast computer. Kor details oif the PDP-5, the interrace
and the fast computer see Appendilces XIIT and XV.

During the experiment after each 1.50 x 108 antlprotons nad
entered lhe llguld nydrogen largel e scalers were prluoled cul and a
short run was taken. During this short rurn whichk took approximately
five minutes the PDP-5 accepted 5000 events which had only two charged
particles which came from the target and which catisfied the
coplanarity requirement. The ccmputer printout was taen compared to a
standard run as were tne narbers from the scalers. If any of the num-
bers disagreed by more than the expected statistical fluctuations the
trouble was femedied before continuing the experiment. It was very
easy to spot counters whose gains had changed or electronlic difficulties
in the fast computer with these short runs. Alsc at this time the spark
charbers were triggered off the same requiremenf as was used Tor the
PDP-5 and their operation was checked visuslly. Serious trouovles with
the chambers could be easlly detected in this manner. The film was
developed the same day that 1t was exposed and spot scans of the

developed film were made to detect more subtle difficulties with the
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chambers, the fiduclal system, or the cameras.

The singles rates from the Cerenkov counters were a sensitive
monitor of the gains of the 5" photomultipliers and the bias levels of
the diceriminators used to detexrmine the Serenkov pulge height
requirements. A 1% change in these rates was easily detected which
corresponded to less than a 1% change in the electron detection effi-
ciency. In addition the gains of each of the forty 5" photomultiplier
tubes were checked weekly by means of sr29 sources irradiating a 1/16"
thick x 1" x 1" scintillator glued to the light pipes of each of the
Cerenkov counters and looking at the resulting pulse height
distributions. The maximum variation in gains was less than 4% during
the course of the experiment,

Figure 5 shows the consistency of the various rates over a two

+

week portion of the experiment loocking for the e + e  final state.

b. Data Analysis

1. Scanning and Measuring

The data from the e + e experiment wnich consisted of an IBM Card
and four photographs of the spark chaumbers for each event were [lrst
analyzed by scanring the lead plate spark chambers for events which
had a shower-like track in each chamber agreeing with the hodoscope
lights arranged along the edges.of the chamber, A chower-like track was
any track which started within 3 gaps of the front of the chambers and
whose number of sparks was greater than the number for a straight track
plus ten sparks., This first scan was carried out twice on all the data

and three times on part of the data. One of these scans was made by a
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Explanation of Labels Used in Figure 5

Ar. antiproton disappearing in the tafget with one charged particle
passing through each tray of tae hodoscepe on each side of the
hydrogen <target and with no signal from any of the veto counters.
The two charged particles from the hydrogen target satlisfied the
coplanarity requirement set by the fast computer.

The pulses from each of the Cerenkov counters were each greater
in amplitude than the minimum pulse height expected for > 95% of
a sample of electrons with energies and angles correspording o

. + -
those for the e + e final state.

The fast computer answers for cot 6. and cot 8_ for the two charged

L R

particles from the hydrogen target were consistent with those
expected for Tp —>e+é-, ﬂ+ﬁ—, or K+K—.

The number of pulses greater than the above mentioned mininmum
pulse height from the right tererkov counter in coincidence with
an eantiproton entering the hydrogen target.

The number of pulses greater than the above mentioned wminimum
pulse height from the left Cerenxov counter in coincidence with
an antiprcton entering the hydrogen target.

Final trigger for the spark chambers for the ete” final state.
Final trigger for the spark chambers for the x'w and K'X final

states.
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physicist. All surviving cvents wore then rescanncd usiug the lead film
and only those events were kept which satisfied the following criteria:

1.) There were no straight tracks or tracks with a single scatter

coming from the same vertex in the target.

2.) “here was at most one y-ray in addition to the "shower" in

each chamber to allcw for y=-rays due to radiative corrections.
. 3.) The "shower" in either chamber had no definite single vertex
which was characteristic of a n-interactior in the lead plates.

4.) The "shower" in either chamber had no breaks in the track with

ro sparks for > four consecutive gaps.
This rescan was carried out twice, once by a scanner and once by a
paysicist.

The film from the thin foil chambers for each of the events that
survived the seconrnd rescan was then measured on a digitized drafting
machine measuring table which was Interfaced to ar IBM 526 Summary Card
Punch. This machine measured an x, y position on the scannirg table to
~ 0.030" and an angle to + 0.4 milliradians. The four punched cards
characterizing the event were then analyzed by a spatial reconstructicn
and two body kinematics computer program.

This progran instructed tae computer to compute the position of the
annihilatlon verlex, lhe polar angles, 6, of both tracks, the azimuthal
angles, f£, of both tracks, A the coplanarity error, and checked to see
if the proper fiducials had beer measured and that the second sparis in
the tracks had been used as refcecrences to measure the positions and

angles of the tracks. The laboratory reference frame used for the



anclycic nad its origin at the center of the liquid hydrogen target with
the z-axis along the direction of motion of the E'S in the beam. P = O
was taken to be the horizontal plane to the left of the beam line as
seen by an cbserver traveling with the beam. Using the calculated
position of the vertex in the target the energy loss of the antiproton
in the liquid hydrogen was corrected for and then assuming that the two
final state particles had equal mass this mass was calculated from the
known antiprotcn momentum arnd the 6 angles of the two final particles.
Figures 6, 7, and 8 show the AP histogram, (mass)2 histogram,'and

2,

. . o - ,
(mass )" histogram for events with Aﬁ < 2.5 for a sampie of events for

which the elecircnic logic had been modified to accept the n+ +x and
K* + K final states by omitting the Cererkov counter pulse height
requirements. The shifts of the peaks corresponding to the n mass and
the K mass are due to a 3% systematic decrease in the mean beam
mementur due tc a copbination of a 1% error in the first bendlng magnet
in the beam and the choice of the point in the target at which the mean
beam momentum is defined., Tigure 9 shows a histogram of the distance
cf nearest approach for the two reconstructed tracks for this sample
of events. The incident antiproten momentum for these events is 1.30
GeV/c. TFigures 10, 11, and 12 show the same aistograms for 2.50 GeV/ec
antiprotons.

Tre data from the spatial reconstruction program were used as the
input <o another prcgram which using this information would predict
which counters in the hodoscope should have been struck by the final

state particles. This information was then compared with the
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:nformation on the card that was punched when the event was photographed.
I7 this information disagreed the event was remeasured.

If a measured event had AP within the range -1.90° to +L.4O, the
distance of nearest approach cf the reconstructed tracks less than 1.0",
its vertex inside the hydrogen target, and its (mass)2 of the final

I [m)
particles within the range -0.13 (GeV)” to +0.03 (GeV)~ for 1.50 GeV/c
or -0.18 (Gev)2 to +0.02 (GeV)2 for 2.50 GeV/c the showers in the lead
charbers were analyzed in detail. These ranges correspcnded to the 95%
efficiency cuts as determined by fitting a Gaussian to the experimental
distrivutions for (mass)2 and for AP for the x'w final state and
shifting the mean of Gaussian for the (mass)2 to the value corresponding
to the electron mass.

In the detailed analysis of the showers in the final candidates 1f
either of the showers was asymmetric, i.e. no sparks on one side of the
incident particle direction, or had a straight track as the core of the
"shower" (typical of a y-ray superimposed on a straigh® track), or on
close analysis was Tound to have a single definite vertex, or a track
from the shower which madc an anglce of grcatcr than 450 with thg shower
axis the event was disregarded. Both showers were required to have
single sparks in the first or second gap of the chamber. This eliminated
narrow angle pairs which appeared as single tracks in the thin foil
chambers and most of the y~rays which converted early in the lead
chambers. The projected 6 angles of bcth showers measured in the lead
charmbers were required to he within _-1_-40 of therrajected angles of The

measured tracks. In addition only events with one extra y-ray were



accepted as final candidates.

In a sample of 198 known 1.50 GeV/c electrons passing through one
of the lead chambers at an angle corresponding tc @ = 307, § = 07, 20
of the resulting showers failed to pass the above criteria for reject-
ing showers in the data. Results for known e.ectrons for different
angles and energles encountered in the experiment were similar. Tor
details see Appendix XII.

In Table 3 the numbers of surviving events at the various stages
of scanning for the et + e rinal state are listed for bolth vhe 1.30
GeV/c and 2.50 GeV/c incident antiproton mcmenta.

The film for the y + 7 final svate was scanned first by looking for
either one or two electron showsrs in each lcad chamber. The scparation
between the two showers was required to be less than four inches on the
scanning table, This corresponded to the < lOO operning angle cutoff
used in the thin foli chambers. The end view of the thin foil chambers
for these events was then scanned and those events having one or two
tracks in each chamber with their vertex in the lead sheet and hnaving an
opening angle < 10° were retained. If only one or two tracks with an
opening angie of < 10° appeared in both top views of the thin foil
chambers the event was measured. The y~ray direction was assumed to be
the directicn of the single track or the bisector of the angle of wo
tracks for. the two track case. The messured events were then analyzed
using the same program as for the e’ + e  final state. Since the
initial scan criteria were very similar to the et +e case and all

events were scanned twice the scanning efficiency has been taken to pe



. . + - ,
Suwmmary of Scanning and Measuring Results for € + e Tinal State

1.50 2.50
Total Pictures 58,C00 26,000
First Scan of Pb Caambers 1,800 300
Second Scan of Pb Chambers 144 48
Kinematics OK 26 7
Final Analysis of Showers 2 C

No Zxtra y-ray 2 0
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TABLE 4

Surmary of Scanning and Measuring Results for y + y Final State

1.50 2.50
rotal Pictures 1990 g32
First Scan Pb Chambers 85 30
Thin Foil 12 3

. . =0
Kinematics + 3 2 0
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the seme as for the e' + e case namely > 98%.

The scanning and measuring results are listed in Tsble 4. The
nurbers in the table represent the number of events satisfying all crive-
ria up to and including the heading of the row containing tae number.

2. Scanning Efficiency

About one third of the 1.50 GeV/c data was scanned initially by
three different scanners. In this sample there were thirty-two events
whick survived the second scan. Two of the scanners each missed cne of
these everts walle the third missed six of these events 1n their
initial scans. Comparison of the events surviving the initial scans
of two scanners showed that one scanner missed on the order of 20-30%
of the events surviving in the combined initial scans. This disagree-
ment arose because of the very fuzzy cut-off for good and bad events in
the first scan. Tae results of the comparison using events surviving
the second scan represenced the scanning efficiency much more realisti-
cally and gave a scanning efficiency of > 98% for the corbined scans of

TWe scanners.

3. Solid Angle

The s0lid angle acceptance of the detection apparatis was calculated
for the e + e  final state with a Mcnte Carlo computer program. As a
check, the solid angle for g flat center of mass angular distriovution
was ca.culated using scale drawings of the apparatus by measuring the
actual target length from which the final state could be detected.
Figures 13 and 14 illustrate these measurements. Tne graphical

results and the results from the Monte Carlo program agree to within



59

757

50"t

25"t

Target Length

50° 70° 50° 110° 130° o
Figure 13 Target Iength as a Functior of 6 for 1.50 GeV/e

45 T

x de
cm cn

I

o

15 1

f T. L. X sin 6

-50° ~25° o® 25° 50° 3

Figure 14 Integrated Target Length as a Function of ¢



+ 5%,

i

The Monte Carlo program includes the beam atienuation in the target
1

wasre g, = total

(assuming an attenuation length A = %
cot.

o Ny O,
E@ cross section, NO = Avogadro's number, and p = density of liquid
hy&rOgcn), the expcciced ceonter of mass angular distribution, and the
Cerenkov counter detection efficiency. The program is described in
detall in Appendix ITII. A sﬁmmary of the results is glven iu Table 5.

The average Cerenkov counter efficiercy for detecting bota
particles in the e” + e finel state with the bias used during the
experiment was 94% + 1%. In addition effects due tc spreading of the
electron snowers and the choice of the "edge" of the éerenkov counters
can lead to systematic uncertainties of ihe order of 10%. Thus the
quoted errors on the above acceptances which are statistical due to the
finite number of trails used in the Monte Carlo program were incresased
to 10% in the cross section calculations.

The acceptance for the y + y final state would be the same as for
the e + e if the palrs from the converted y-rays nad zero opening
angles. Using the'experimental opening angle distribution for pairs
frow lead as descrlved 1ln Appendlx IT, the overall acceptance is
decreased by 0.95 + 0.03 giving for a flat angular distrioution

Alx 4= (0.73 + 0.05) x « for 1.50 GeV/c
and Afx 2= (0,91 + 0.05) x = for 2.50 GeV/c.
These are subject to the same systematic uncertaintizs as those for the

+ = s
e + e Tinal state.
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TABLE 5

Summary of Monte Carlo Calculations of the Solid Angle Acceptance

tljm

1.50 2.50
Flat Angular Distribution  (0.772 + 0.030) x = (0.957 + 0.034) x
ey ' Cyy .
T4 o " 5.0 (0.640C E 0.026) x w (o_. 765 + 0.03C) x
= Gy (0.664 + 0.030) x == (0.794 + 0.030) x
=0 (0.616 + 0.025) x  (0.738 4+ C.030) x

&)

The units are steradian-meters {i.e. target length x AN ).
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4, Overall Detection Lfficliencies

Besides the efficiencies already mentioned the hodoscope
efficiency, the nultiples veto efficiency, dead time losses due to only
one picture per machine pulse,and the efficiency due to the cuts made
for the allowed angles for the meacured events must also be included
in the cross section calculation., These amounted to

hodoscope efficiency & = .95 + 0.0L,

multiples veto efficiency e .97 + 0.005,

dead tine efficiency €q = .92 4+ 0.03, and

kinematic cuts € = «90 + 0.02.
Tae detailed calculations of these efficiencies are given in Appendices
IV and XV.

Tor the 7 + 7 final state there was an additional inefficiency due
to the stringent reguirements placed on the conversion of the y-rays 1n
the lead plate in front of the thin foil chambers. These requirements
lead to a detection efficiency of Ey = (8 X 2) x 10-2 for each 7-ray;
Including all corrections except dead time losses and solid angle the
overall detection éfficiency for the vy + y final state was

Coop = (645 1 2.0) x 107°,

The detailed calculation of this efficiency is given in Appendix I.



IV. BACKGROUNDS

In any experiment which ends up as This one does with énly two
finsl candidates for eacn of two different firal states the background
analysis is important. It becomes especlally impcrtant when one of
these final states (2y) represents a serlous background to the other
(e+é'). In the present case there is the added difficulty that the
available data on the final states of the Ep system which are the major
+ -

contributors to the backgrounds of both the 2y and the e final staces

are not very gcod,

The background to the 2y final state comes about primarily from the
inability of the apparatus to detect or resolve the extra y-rays from
the 7%, 2¢°,... final states. Estimates of the contribution of final
states of the type ﬁ+x—nno, n=1, 2... and n+ﬁ_ﬂ+ﬁ—nno, n=1, 2...
indicate that 1t 1s much smaller than that due to the neutral final
states. This smallness is due to the high detection efficiencies of the
veto counters and the spark chambers (>98%), the + 3° kinematics
resolution, and the decrease in the y-ray energies due to the sharing of
the total om energy among the many final state particles.

For the e'e” final state the background divides naturally into two
parts. The Zirst part is due to the final states n+ﬁ-nﬂo, n=20, 1, 2,
... in vhich the x" and % have the e’e  kinematics and the overlappings
of the converted y-ray (s) from x  decay (s) and the 7=~ in the Pb
chambers give 'showers" which satisfy the electron shower selection

criteria. For n = 0 it is the interactions of the ﬂ+ and ﬁ_ in the Pb



chembers vhich satiefy the electron shower criteria. These criteria

are listed in Part III, Section b. As in the 2y case estimates of the
; : \ R

contribution to the background from final states of the type n n n'=n

O . .. cea . .
nre. indicate that it is small compared to the major sources discussed

below.

+ - .
e final state comes

The second part of the background te the e
from the conversion of y-rays from final states of the type 2y, ﬁoy,
QﬂO,... in the material between the point of annikilation and the
charged particle detectors (the inner trays of counters in the
hodoscopes ). Because of the small amount of material between the
average conversion point and the front of the Pb chambers and the
relatively short path length between them the average separation or the
narrow angle pair due to multiple scattering is < 0.1" at the front of
the Po chambers. For this reason, 1t 1s impossible to differentiate
between a narrow angle palr from a converted y-ray and a single electron
ir a small sample of events.

Since previous to this eﬁperiment there were no data on the neutral
final states 2y, xoy, QKO, and Sno for the gp snnihilation short runs
were made at the end of the e'e” running to look for these processes.

The data for the ﬁOV, Qﬂo, and 3r° final states consisted of vhoto-
graphs of the top view of the Pb chambers. The chambers were triggered
if there were no charged particles coming from the target and the pulse
from both Cerenkov counters were greater than cne half the minimum

value accepted for the e"e” final state. Becsuse only the top view of

the Pb chambers was photographed exact reconstruction of the event was
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impogsible. Instead, distributions of the differences hetween the

e xpected and the measured opening angles of the particles were used to
isolate the various final states. The ﬂo direction was taken to be the
mean of the two y-rayv angles in this comparison. The Exo and Sno final
states were studied by scanning the film for events with two converting
y-rays in each Pb chamber. Events with two converting y-rays in one
chamber and one in the other chamber were used to study the xoy final
state.

The detalls of the scarning, measuring, and analysis of the data
for the 2xo and 3ﬂo final states are the subject of Appendix V. The
%7 final state is treated in Appendix VI.

Because of this data analysis scheme the Sno final state is a

background to the Qﬁo final state which in tura is a background to the
KOV final state. The ﬁOV final state is one of the main contributors
to the background of the data for the 2y final state wnich in turn
provides the most serious background in the data for the e’e  final
state. The whole procedure can be compared to an onion where the outer
layers (sources cf background ) must be removed one at a time to reach
the inner core here represented by_the upper limits on the cross
section for the e e final state. igure 15 1s a flow dlagram
illustrating the interconnections in the background anslysis.
In Table 6 the results of the background analysis are presented.

In all cases the differential cross section is defined by
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de no. of events
df T solld angle of detector x wo. ol targel particles/;mE X o. Of beam
particles.

This definition differs from the more conventional one where the no. of
events is replaced by the no. of particles. ZFor distinguishable
particles the two definitions are equivalent. However, for twc identical
particles (2x° or 2y) the cross sections given here are equal to one
half the conventional differential cross sections. The reason for using
this particular definition 1s that it greatly simplifies the bookkeeping
problem for factors of two when comparing various final states as is
necessary in the background analysis.

To avoid confusion about the meaning of the statement to a "90%
confidence level upper limit" or "90% conf." these statements are
defined tc be the number equal to the mean expected value + 1.8 standard
devistions. For Poisson statistics which are used in all calculations
presented here the standard deviation = (mean value)%. It will be
further assumed that the number of cbserved events is the mean of
Poisson distribution governing these events. The errors quoted for the
cross sections will always be the standard errors which are defined by
the minimum and maxinmum values for the cross section that have a
probability > 0.16 of being found if the cross section is remeasured.
For means > 20 the standard errors become very nearly equal tc tae
standard deviation. The standard errors are determined from the
integrals of the Poisson distribution given in Reference 23.

The remainder of this chapter is devoted to a more detailed

discussion of the background analysis. Section a deals with the
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background analysis for the 2y final state while Section b treats the
analysis of the background for the e’e” final state. Since no final
candidates for either the 2y or the e+é- final state were féund in the
2.50 GeV/c data only the detailed analysis for the 1.50 GeV/c case will
be presented below,

For the 2.5C GeV/c the maximum expected background cross sections

considering the same sources as for tae 1.50 GeV/c case are estimsted

to be
%%IQOO (Fake e+é-):=1,5 x 10”0 mng/st. (2.50 Gev/c)
and 38| o (Fake 27) =3 x 10°°° wn/st. (2.50 gev/c)
anlgo

In cobtaining these rough limits the cross sections of the major
contributing final states at 1.50 GeV/c have been scaled by a factor
of /10 determined from the dependence of the x ' and 2x° cross
sections on the incident 5 momertum.

a. 2y Final State Backgrounc

From the arguments given above the noy and the Eﬂo Tinal states
have been taken as the major corntributors to the background in the data
for the 2y final state. Only <hese two final states have been analyzed
in detail. The basic tools in these analyses have been Monte Carlo
calculations using slightly modified versions of the basic computer
program deseribed in Section b of Appendix ITI. In these calculations
the center of mass angular distribution of the final state particles
was always assumed to be flatb.

The following effects were taken irto account in thege caleulsticne.



The two detceted y-rays were rcguired to have kincmatics within _—_.L'SO of
the expected 2y kinematics. The 65% detection efficiency of the veto
ccunters and tae 75% conversion efficiency of the Pb plate in front of
the thin foil chambers for the extra y=rays were included. Since there
was only a top view of the FPb charbers it was possible for the extra
y=rays converting in the b chambers to overlap the electren showers
and escape detection. This possibility was taken into account by only
accepting events in which the extra y-rays converted within a minimum
projected angular region (= i-lo) about one of the electron directions.
The spreading of the electron shower was taken into account in this
acceptance.

In the cases where only two y-rays were detected the ¢ distribution
of the successful Monte Carlo events shown in Figures 16 and 17 was
taken intc account in calculating tne background for the two final
candidates. Since both of these candidates has |§ | < 10° tne
correction factor used for the zoy case was 0.5C and was 0.05 for the
2ﬂo case. This last factor represents the probability that zero events
are observed when three are expected (for a flat distribution) and is
clearly an upper limit for the correct factor.

The results of these calculations can be summarized in the form of
relative detection efficienciés for fake 2y .even'ts from thege final
states, The labels used for these efficierncies indicate the final state

and the number of y-rays from this final state that are detected in the

Fo chambers. The results for the Exo final state are
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€op%— 47 = (1.7 + 0.4) x 1072

3

Cox®— 2y = (2.5 + 1.3) x 10°

I+

eeﬁo-» ey

(0.6 + 0.2) x 107°

or combining these
€2¢° (27 Fake) = (4.8 + 1.3) x 107°,

o ..
The results for vhe x y final state are

€% — 37 = (0.68 + .15) x 10°°

2

€% — 2y = (3.6 + 0.5) x 10

or combining these glves
€%y (27 Fake) = (4.3 + 0.5) x 1072,
As in indicated in Table 6 the data used to determine the Eﬂo

cross sections conld contain a SO% background due to the Sﬁo final

. fAxas . . . o) . .
state. In addition the cross section for the x y final state with the
o} . . - s eh
2x background subtracted is really an upper limit for the reasons
menticned in Appendix VI. However, to carry out the background analysis
. . - X o}
these cross sections are assumed to be the correct ones for the 2r and

c .
w7 final states. They are

oo (Bp—22°) = (1.9 + 0.2) x 100%° en®/st.  (1.50 Gev/c)

(0.41 + 0.05) x 10”0 em“/st.  (1.50 Gev/c)

92| o (Fo—1)
antgo

o]
where the differential cross section for the n ¥ final state is assumed
to be flat in the Ep cr system. .

Combining these cross sections with the relative detection

efficiencies gives

da - o] -32 2 -
Tnlgo® (PP—>2x ). py = 0.8 +0.2) x 10 7% em/st. (1.50 GeV/c)
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7=ray was counstralned as in lue 2y @se.

26 .
According to Tsal 8) one half of the radiative correction y-rays
make an angle witn respect to the electron of <6 = 7ir wnere Jy =
Ecm(electron) ' %

.

= 2200. The choice of 4° for the allowed projected

n
e
opening angle irncludes = 75% of the radiative correction y=rays that

could be detected in the Pb spark chamber,
The-resulté of the Monte Carlo calculations can he summarized in
the form of relative detection efficiencies which are

4% —3y = (1.0 + 0.3) x 10°°
3

1t

21— 3y = (2.5 + 1.0) x 10

]

21°— 4y = (8.5 + 2.0) x 10°°.
The notation is the same as for the 2y case,
The average amcunt of material available for the conversicn of the

y-rays in order to be detected as electrons was X = 0.037 radiation

e}

x 0.037 = 0.029

(o] ]

lengths. Compining the conversion prceobabillity =

with the Dalitz decay probability = 3%5 in the present case the

. e s . . + - .. . .
conversion efficiency for both y-rays waich have the e & Xxinematics is

€% 2 1.3 x 10°°

and x% = 1.0 x 10°°.

Multiplying these conversion ef<iciencies by the appropriate detection

cfficiencies gilves the overall detectlon erfrficiencies which are

o]
€2ﬂ

T o
arnd Y

(1.4 + 0.4) x 10

(1.0 + 0.3) x 10 ",
. N . - 0 R o
Taking the cross sections for Pp— 2x¢ and Tp— x 7 given above in

Section a gives using these detection efficiencies
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and
da - o) - 32 2
Talog? (v0—x 7)Fake 2y = (1.8 + 0.5) x 10 er™/st. (1.50 gev/c)

The overall background cross section is then given by

3a

S (Ep —_27 ). = (2.7 + 0.8) x 10~ mnz/st.

anigo Fake
Provided that no major contributions to the background in the data for
the 2y Tinal state have somehow been omltted thils represents an upper
1imit to the background to the 2y final state. This is due -to the
assumptions about the Eﬂo and ﬁOV cross sections.

b. ee Final OState Background

The analysis of the first part of the eTe” background is carried
out in Appendices XITI and XVII. The results are

dr - + - + 12.0 -36 2
Talg0° (o0 = =% Jpge otem = (2231 17 ) x 10 em™/st. (1.50 GeVe)

and

+ L7 37

%%JSOO (op ~ ﬁ+ﬂ—nﬂo)Fake otem = (8.8 ] 3.0) x 10~ cmE/st. (1.50 gev/c)
The rcsults of Tong's preliminary analysis of the data for Pp —oz{fx- are
used to obtain the first background contribution.

In analyzing the second part of the e'e” background the contribu-
tions from the Eﬂo and ﬂoy final states were determined from calculations
made using essentially the same Monte Carlo programs ss used in thé 2y

C

backgrourd analysls. The kinematics requirement was changed to - 1.8

corresponding to the 95% kinematics cuts used for tne e¥e” final stase.
In addition one of the extra y-rays was allowed to make up to a 40
projected opening angle with respect to the electrcn direction. This

allowed for = 75% of the real y-rays associated with the e+e_ final

state due to radiative corrections. The opening angle of the other



ol

de - A0 - . -35 2 = -
Fal0o® (pp — 2r )Fake ot~ = (2.5 +0.4) x 10 e™/st. (1.50 GeV/c)

and

%%]900 (5p‘*‘“o7)Fake otem = (004 +£0.2) x 107 Qne/St‘ (1.50 Gev/e)

The centribution of the 2y final state to the vackground in the
data for the e'e  final state is given simply by
der —
——r — +
anlgo® (90 =2 )pse o

IT the cross section given in Part V for the 2y final state is correct

2 do —_
- = (0.029)° x gx|g.0 (o —27).

then the expected background cross section is

de - + 1.5 -34 2 -
xlg0° ('pp—-.?_’,Y)Fake etem = (1.3 _.65) x 10 em®/st. (1.80 GeV/c)

The if ir the last sentence is important because the 2y cross section
is based on cnly two events. Zun addition there is a 30% uncertainty in
the detection efficiency for the 2y final state and the background
contribution could be as large as one gquarter of the cross section. Any
cross section with this heritage must be used with cauticn.

If the above results are combined the total background for the

e+é- final state i1s

%%lgoo (Fake e*e”) = (1.6 T 155) x 107°% cmg/st. (1.50 gev/c)



V. DRESULTS AND CONCLUSICNS

The results of the analycic of the data from the cxperiment can be
broken down into three categories, The analyses of the data from the
runs looking for the Eﬁo, ﬁo7, and Sﬁo final states provide interesting
upper limite on the cross sections for these final states. Although
the runs were originally made ©to check for possible backgrounds to the
e¥e” final state the results are sufficlently interesting so that they
should not become lost in the Appendices. Tese results will be
discussed in Section & below, Perhaps the mest surprising result from
the experiment comes from the analysis of the data for the 2y final
state for 1.50 GeV/c antiprotons. In this case two events survive all
of the requiremenis that can be reasonably placed on their spark chamber
vhotographs and their lerenkov counter pulse heights. A detailed back-
ground analysis indicates that the probability that these two events are
due to background 1s small., This of course assumes that all of the
possible backgrounds have been thought of and have been included in the
background analysis. These two events imply a cross section that s
approximately twenty times larger than thas predicted bybtwo possible
mcdels for the anninilation. This result along with the models and the
upper limit on the cross section for 2.5C GeV/c antiprotons cbtained
from this data is discussed in Section b below. In Section ¢ the Ffinal
results for the e'e  final otate for 1.50 GeV/c and 2.850 GeV/c anti-

protons are discussed.

To avoid confusion the definition used for the differential cross



sections reported here is that

do no. of events .
dn = AJSL x no. of target particles x no. of beam particles

For identical particles this definition gives a value egual to 1/2 the
value given by the more conventional definition where the number of
events is replaced by the number of detected particles. TFor
distinguishable particles the two definitions are equivalent.

" O o o . e
a. 3r, 2x , and x ¥ Final States

The nmost striking feature of the results from the analysis of the
data for the Sﬁo and Eﬁo final states is the small size of theilr cross
sections compared to the known values for the 7 =" and x'x final
states. TFigure 18 surmarizes these resulis and includes the known

-results for the n+&_xo and ﬁ+ﬁ- firal states from various hydrogen
bukble chamber experiments.ll’ 18, 19, 20, 21) Fong's preliminary
results from the analysis of tne data for the t'w final state taken
during this experiment agree in magnitude with Lynch's results at 1.61
GeV/c;however they do not agree with the dependence on the incident

19 )

nomentum indicated by combining ILiynch's result and the CERN resuit
wnich is based on one event. Tong's results agree with the dependence
on the incident momentum shown by the 90O e differential cross section
for the 2:ro final state.

A simple statistical model which assumes that the antiproton-proton

initial state has equal amplitudes with total isotopic spin = 1 and

total isotopic spin = O predicts tha:
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do

O O
E?fleoo (x°=7)

= 1/5 = 0.20

da | (")
qgm lgo® V@ X

whereas the experimental result from this data is that this ratio is
0.08 + 0.0lL. Fong's preliminary results for the ﬁ+ﬁ- final state have
been used in this comparison. Since the 2no final state can only come
from the ;p iritial state with total isctopic cpin = O <the smallness of
the experimental ratic indicates that this state 1s somehow suppressed.

A similar model for the ﬁ*k-ﬁo and the Sﬂo final states predicts

?or The details of this prediction see Reference 22. Experimentally
this ratio at 1.6l GeV/c is < 1/27 to a 90% confidence level. In this
case the 3x° Final state can only come from the pp initial state with
total isotopic spin = 1 and thus the experimental upper limit indicates
that for 2Zx° final state the isotopic spin = 1 pp initial state is
somehow suppressed.

The additional information about the Eno finali state from the data
analysis also indicates that a simple statistical model for the
anninilation is not sufficient., The differential cross sections for
5p-+ Eﬁo for a fixed 5 momentum are not flat even thougn the data could

contain up to a 50% background from the 3x° final state. In addition

S
di

analyses of the data for the 3no and EﬂO,final states along with the

the shape of (Ep-é Eﬂo) changes for different 5 momenta. The detailed
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detailed angular distributions for the 2¢° final state are given in
Appendix V., The descriptions of the computer programs used in these
analyses are given in Appendix III, Sections b and c¢, and in Appendix IV,
Section b.

The result from the aralysis of the ﬁo7 final state for the Ep
system can be stated as an upper limit (to a 90% confidence level) on
the cross sectién for tnis process. This limit for 1.50 GeV/c, the only
incident momentum for which this final state was studied, is

do 0

S lgp0 (B0 > 7°7) < 0.5 x 107 /st (1.50 cev/c).

This should be cowpared with the resull for pp 2y glven below which

is

—f;%igoo (pp— 27) = (16 * 'ég) x 107 en/st.  (1.50 cev/c).

Arn order of magnitude estimate weuld predict that

= ¢ = 1/137 = fine siructure constant.

The detalied analysis of the data for the noy Tinal state is the
subject of Appenrdix VI.

b. 2y Final State

In the 2.50 GeV/c data obtained from 4.0 x 108 antiprotons on the
target there were no events which satisfied simultaneously all the
Tinal selection criteria for the 2y final state. These selection
criteria were listed in Part II on Page 15.

Using the overall 2y detection efficiency of the apparatus which is

calculated in Appendix I the $0% confidence level upper limit on the 2y
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differential cross section implied by no events is

L cme/st. (2.50 Gev/e).

%L‘}'L-{éoo (Pp— 27) < 0.8 x 107°
Tn this case the 90% ccnfidence level upper limit is given by 2.3 times
the expected cross sectior for one event. The expected background is
estimated o be %{%[900 (Fake 2y) = 3.0 x 10730 cmg/st. (2.50 gev/c).
There were two events in the 1.50 GeV/c data which satisfied all
of the final selection criteria for the 2y fingl state. These data were
obtained from 1.8 x lO8 antiprotons incident on tae target.
Using the 2y detection efficiency calculated in Appendix I these
two events lead to the differgntial cross section

+ 1.9) -31

do x 107°% en/st.  (1.50 Gev/c).

T lggo (pp - 27) = (1.8 T 57g
Because of the difference in the calculated y-ray conversion efficiency
of the lead plate based on the Monte Carlo shower calculations of
Messello) arnd the experimental result from the measurementis made at
Caltech (used in the cross section calculation) there could be a
systematic decrease in the 2y differential cross section by a Tactor
of = 4, However, it is fell that the experimental measurements which
are discussed in Appendix IT of this conversicn efficiency are more
reliable than the theoritical Monme_Carlo shower calculations.

An attempt was made to confirm tals surprisingly large result by
scanning the Pv chamber film used to study the 2ﬁo final state for
events with only cne converting y-ray in each Pb chamber. If the sbove
cross section were correct there would be approximately fifteen real 2y
events in the 1.50 GeV/c sample of data. The events were analyzed with

the same analysis program as used for the 2ﬁo events, Unfortunately



based on the cross sections Zor the 2  and the noy final states given
in Appendices V and VI the expected background in this 2y data was
approximately foriy events.

I this large and uncertain (because of the large uncertainties in
the Eno and ﬁoy cross sections) background subtraction is carried out
the result 1s a possible upper limit to the 2y cross section., It is
equal tc one half the valuc given above, The details of this analysis
are given in Appendix VII. The most reasonable conclusion to be drawn
from this check is that it doesn't rule out the above result.

The'background analysis from Section a of Part IV yields for the
expected background to the 2y final state

%%_—Igoo (op - 27 Jpape = (0431 £ 0.08) x 107t en®/st. (1.50 Gev/ec).
This resul®: includes only the Eno and ﬁov final states which are thought
to be the major ccunvuributors to the background. The cross sections for
the 2no and the KOV Tinal states used in this calculation are based on
data which could also contain backgrounds as large as 50%. Because of
this, %this value for the expected background tc the 2y final state is
really an upper limit. Thus, unless there is a major source of pack-
ground other than the Eﬂo ard the ﬁQV final states_the above cross
section for the 2y final state for 1.50 GeV/c p's looks real.

A simple calculastion oT the‘theoretically expected ditTerential
cross section for Ep - 27 assuming that the interacticn obeys QED (i.e.,
the proton is taken to be a positron with mass = Mi and the antiproton

an electron with mass = Mt) yields the result
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do - -33 2
e ¢ = . . .50 V C /e
an.lgoo (op — zy)QED Theory = 5°2 X 10°°° em“/st. (1.5C Gev/e)
A perhaps more realistic model of the anninilation is provided by

O o
assuming that the annihilation is dominated by p%p°, p%u®, and w’w
intermediate states. Since the coupling constants for po-* 7 and
wo- v are rouganly equal to Q = 1/157 a rough estimate of the expected
2y cross section is provided by nmultiplying the sum of the experimental
. = co o o o 0. 2 .

cross sections for pp—p p , p W, and @ w by o . There are no
experimental data on these cross sections at 1.50 (GeV/c) so estimates
are cbtained by assuming the ratios of the measured rates for

16)

- ol . ©o L= - .
PP — pop ard p w compared o pp._.n+ﬁ at rest are the same at
T . . . - o O L - o Q
1.50 GeV/c. In addition it is assumed that pp—p p and pp—w
have egual cross sections as is predicted by a simple statistical model,

The result for pp — 2y using these crude approximaticons and assuming a

flat om angular distribution is

d — -33 2
E;LISOO (pp —'ey)Resonance =3 x 10 en/st. (1.50 Gev/c)
Theory

Thus, both models lead to values for :%%31900 (op =~ 27 ) vhich are
less than or equal to one twentieth of the experimental value given
above.

+ -
¢, e + e TFinsl State

There were no events in tne data for the e™ + e final state from
2.50 GeV/c antiprotons incident on the liquid hydrogen target which
satisfied simultaneously all the selection criteria for the et 1 e”

final state. These criteria which involve corditicong which tae

electromagnetic showers in the Pb chambers must satisiy and the
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requirement that the kinemazics measurements of the tracks in the thin
foil chambers lie within the experimentally determined 95% acceptance
regions for the kinematics of the e” + e final state were discussed
in Part III, Section b.

Since there were no events the result of the analysis of the data
is an upper limit for the cross section for 5p-—-e+e— for 2.50 GeV/e
antiprotons., Assuming a one photon exchange mechanism for the
arnihilation then gives upper limits on the proton form factors for a

2 o .
monentur. transfer of +6.8 (GeV/c)®. These upper limits to a 90%

confidence level are

a = - -35 2
T le0 (rp—e’e) < 42 x 1077 enst, (2.50 Gev/e)
and
- . . 2 .

oy (s) ] < 0.16 for ¢ = 6.8 (cev/c)® it g | = |og| -

The expected backgrcund is estimated to be

da 35,

dan g0
Table 7 lists the limits for IGMI and l GE [ for the assumption

o (Fake e¥e” ) = 1.3 x 10~ cme/s‘b. (2.50 cev/e).

G
M . . o n
= G which seems to be true for measurements of the form factors

L+ =
for space-like momentum transfers (e—p- e—p) along with the expected

values if the proton was a point particle. The values for the proton

)

form factors predicted by the DESY6 dipole it to the form factors are
also included. The table also includes the latest published upper
limit cn the form factors at this momentum transfer determined by

Zichichi and his co-workers7) at CERN.

During part cf Zichichi's experiment the detection apparatus was
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. - + - . . .
modified to detect p + p— i 4+ pu which has the same cross section as

D +p-—e’ +e in the one photon approximation to tevms of the order of
H‘.eg' -4 )

(E—) = 10 . The limit in Table 7 combires the results for tae two
figal states. Theilr expcriment differs from the one reporied in thils
thesis principally because they used a CH2 target instead of liquid
hydrogen. The main disadvantage in using CH2 is the loss of the striet
two body kinemstics. The angles are smeared out = 5° by the Fermi
momentun of the protons in the carbon nucleus. In addition the
increased amount of material beitween the annihilation vertex and the
charged particlie detectors increases the background to the et + e final
state due to the couversicn of y~rays from the ﬂ07 and Exo final states
in this part of the apparatus.

The result from the data analysis of the 1.5C GeV/c data for the

e’e” final state is not as clearcut as ir the 2.50 GeV/c case discussed
above.  In the 1.50 GeV/c data there are two events which satisfy
simultaneously all of the selection criteria for the e'e” #ipal state
listed in Section b of Part III. The Cerenkov counter pulse heights
for each o those expected for the 6 and ¢ angles of

the respective tracks. If these two events are real e'e events they

lead to a cross section

+ 1.1
- 0.8

for the e’e” final state at 1.50 GeV/c. This cross section then

i Tp —ete” -3¢ 2
drljgoo (oo —&™e ) Beckground = (1.2 ) x 107°% en“/st.

implies that the form factors would be, assuming GE = GM’

Pog (8)] =[G, (£)|= 0.2 for ¢ = 45.1 (Gev/c )2,
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However, from Section b of Part IV the expected background to the

e+e final state data Is

o}

- + = _ + 1.5 -34 2
T lgg0 (vo—e’e )Fake = (1.6 0 J'5e) x 10 er“/st.  (1.50 Gev/c)

[o]]

Eighty precent of the background is due to conversion in front of
the charged particle detectcrs of the two y=rays from the 2y final
state. Most of the remaining twenty percént comes from the conversion
of two y-rays from the 2¢° final state. An additional fact whick adds
credibility to the interpretation that both final e’e” candidates are
background events is that one of the electron showers in each evenl hias
two sparks in the second gap of the Pb chamber. rom he results of the
study of the starting points of the showers of known electrons in the Pb
chambers described in Appendix XII, the starting pointe (first gap wita
two sparks) of these showers are greater tnan two standard deviations
from the expected starting points. These early starting points would ve
exﬁected for the showers of a narrow angle pair from the conversion of
a y=ray in front of the charged particle detectors.

Even thougn the crcoss section for the 2y final state for 1.50
GeV/c antiprotons given in Section b is cbtained from poor data it can
not be ignored as a major sourcevof.background in the data for the
e’e” final state. Taking fhe above background cross section to be

correct then gives (since a cross section cannct be negative )

dea - + = _q + L3 -3 2 -
T 190° (pp—ee )Real =(0 ", ) x 10 en/st.  (1.5C gev/e)
or to a 90% confidence level

'3%[900 (pp ——e+e-)qeal < 1.8 x 107°% cmg/st. (1.50 Gev/c).



o
o

This 90% confidence level upper limit is the result of suhtracting
the 90% confidence level lower limit for the background from tae 90%
confidence level upper limit for the cross section based on the two
events., This upper limit then implies, if GE = GM’

oy, (£)]=le; ()]< 0.2 at ¢ = 5.1 (cev/ec)’.

Table 8 includes this result and lists the expected values for
possible models for the form factors for time-like momentun transfers.

Finally, the guestion of radiative corrections to the cross section
limits for tas ete” Tinal state must be consldered. In the final results
there has been no attempt to meke these correcticng because tae
statistical uncertainties are much larger than the estimates of the
correctioncs,

The real photon emission part of the radistive corrections affect
the results in two ways. The first effect is to cause the kinematics
of the electron and positron to be outside the kinematics acceptance
ranges. A rough estimate of this part of the correction has beer made
using the results of a theoretical calculation by Tsai25> for the
corrections to the process e+e_—+'£p. Using the angular and energy
resolutions of the @resent experiment (= + 1.80 and = 50% respectively )
gives the result that the true cross section is = 15% larger than the
experimentally measured cross section.

The second effect is due to the conversion of the y-rays from
this process in the Po charbers. Ideally to avold tais correction
events with an extra y=-ray should not be thrown out because of the extra

y=ray. Unfortunately it 1s necessary to only accept events with an
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extra y-ray if thav y-ray makes a projected angle < 4° in the Pb cnamber
with the electron. If this is not done the background due to the 2xo
final state becomes large. This choice of angle is such that = 75% of
the y~rays from the real photon emission part of the correction are
included. ZFrom Tsaigs) one half of these y-rays are contained within.
lo of the electron direction, I 1Ia addlition the minimum detectable
y-ray energy in the Pb chambers (20-50 MeV) and the erergy spectrum

( = }’5 ) of these y-rays are taken into account this second effect
prdbagly leads to less than a 10% correcticn.

Thus, the overall correction is probsbly on the order of 20%
which is much less than the statistical uncertainties and so it has been
neglected in the final results.

The theoretical implications of the upper limits to the proton form
factors for the two time=-Iike momentum transfers measured in the present
experiment can be stated simply as follows. The prcton does not behave
as a point particle for time~like momentum transfers. A model for the
form factors proposed by Wu and Yang24) predicts that

1

Gy (8) % (1 +p)exp [~ (-t)%/0.6 ]
for space~like momeﬁtum transfers (t.f 0). Analytically continuing this
furction to time-like momentum transfers (t > 0) gives

|G, (£)| =1 +p=2.79 = constant for ail t > O,
The upper limits on the form factors from this experiment are in
contradiction with a form factor this lurge. These limlts also rule out

large imaginary parts to the form factors. Any of the multiple

rescnance fits to the form factors, e.g. the Harvard four pole fitslé)
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and the DESYB) dipole fits, for space-like momentum transfers are
compatinle with the upper limlts set by this experiment when tThey are
continued to the values of t measured in this experiment. These upper
limits do rule out, however, strong contributions to the form factors
from high mass (2.3 - 2.6 GeV) resonances., |

At <his point a summary of what nas been learned from all this is
in order. The numerical values for the cross sections of the various
firal states of the Ep arnihilagticn Investigated in this experiment are
summarized in idable 9.

Perhaps the most interesting results of this experiment come from
the analysis of the data from the backgrourd runs for the eTe” final
states. DBoth the &:O final state and the :’m'o final state compared to
the x+ﬂ- and n+ﬁ_ﬁo final states occur less than one half as frequently
as would be expected from a simple statistical model, The curiosity in
this result is that the 2z° and the 3x° final states come from different
isotopic spin states of the E@ system. Perhaps the most surprising
result if it is true comes from the analysis of the 2y final state data.
Two events were found in the 1.50 GeV/c data which lead to a tentative
cross section twenty times larger than the value predicted by two simple
theoretical models. Analysls of the background in this data indicates
that the background is small provided of course that all the contribu-
tions have been included in the analysis.

The upper limits for ‘the‘ provon form JTactors set by Uhils experiment
unfortunately are not small enough tc provide very interesting tests of

possible fits to the form factors. They do indicate, however, that
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nothlng "fucny" (l.e. large lmagluary paris, Ligh mass resonance
contributions, etc.) is happening in the time-like region (t = +5.1

(GeV/c)2 and t = +6.8 (GeV/c)B) covered by this experiment.
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APPENDIX I

2y Detection Lfficiency

a. Hcdoscone Efficiency for 7 + 7 Finali State

The fast computer was mcdified so that it had the following

properties during the experiment looking for the y + 7 final state.

1. The irner hodoscope trays were placed in anticoincidence.

2. TIn the outer © hodoscope trays and in the § trays
(coplananity determining trays) a multiples veto was
generated only if two non-adjacent counters in a tray were
struck by charged particles. However, if every counter in a
tray had a charged varticle passing through it there was ro
nultiples veto generated. The enccder answers used to ca.-
culate the P answer were determined by the lowest numbered
counter which was struck by a charged particle since counter
N-1 vetoed counter N in the GMC for a particular tray.

Since in the final analysis only events which have eliler one

charged particle (presumably a very narrow angle eTe” pair) or a
ete” palr with prdjected opening angles < 10° coming from the lead
plates on each side of the target were accepted only these two cases
have been considered. The sbove propertles then required that both
members of the pair pass through either the same counter or adjacent
counters in both tae ouber € trays and the ¢ trayvs. Because of the

overlapping counters there were two possible maximum separations for

the two charged particles in the trays.



Figure I.l illustrates these two maximum separations.

From the experimental layout the following table can be formed for

the angular acceptance, ¥, for the pair for each tray which satisfy the

sbhove trigpger requirements. These are gilven in Teble I.l.

Teble I.1
Case A Case B
st = OO ?,"’"5[5 = 210 QLZS = 530
Q [ O
= 30 T, = 16 v, = 26
2 ¢ ¢
_ 9] ,! - (V] ' _ (o]
97 = 30 by =7 YUy = 12
_4A0 r_ n a0 N
97_40 ?,JQ—.LQ dre_lsa
5, = 56° Yy = 19° ¥, = 30°
. 0 v o e
97 = 75 ys 25 die = 58
8, = 90° v, = 27° by = 40°

The angles ¢y’ and 97 are the laboratory angies of the

Using the experimentally determined opening angle

Y=TaY.

distribution

given in Appendix II for a pailr resulting from the conversion of a

1200 MeV y-ray in the lead plate and including the 10°

cutoff for the

prcjected opening angles the efficlency calculiation procceds as

follows. The angular acceptance rectangle is divided up into 2.5O

squares and the probability that the pair would be detected if the

v-ray direction intersected the center of that square is calculated by

counting the number of pairs that would be swccessful including the one
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track events and dividing by the total number of pairs plus one track
events. The efficiency for the angular acceptance is then obtained by
assuming each small sqguare is equally probable and averaging over the
whole angular acceptance. To obtain the overall efficiency the four
cases due to the appropriate combinations of Case A and Case B for each

tray are averaged. The results are given in Table I.Z2.

Table I.2
Efficiency
(0]
6 = 30 =0 .57 + 0.15
- %% 8 -
o =30° f. = z° .52 + 0.15
4 14 =
6, = 56°, f, =0 71 & 0.15
0 0 -
6, = 96, ¢7 = 30 .88 + 0.15
o} (e}
6, =90 = 0 .74 + 0.15
, =907, ¢7 74 + 0.1
o] 0]
6 =90 = 30 .71 + 0.15
-5, b s
o =20° g =0° .66 + 0.15
Y Y =
0] e}
e =175 =0 .73 + 0.15
-1, 8, 3

Weighting each of the above efficlencles with its corresponding
solid angle or available target length the average efficlency for both
y=rays in the y + y final state can be calculated. This gives

= X = 0048 +O-2]-n
e (27) €, X € =+

Additional effects due to requirements on the § - answer, counter

inefticiencies, and accidentals in the Urays are all much swmaller than

the uncertainty in e (2y) and hence have been neglected.
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b. éerenkov Counter Efficiency

The Cerenkov counters sample the electrcn showers past shower
maximum and in this region the numbef o1 charged particles in the
shower depends to a gocd approximation linearly on the energy of the
incident electron.g) Since the sum of the energies of tiae positron and
electron forming the pair is equal to the incident y-ray energy the
response of the Cerenkov counters to the psir will be the same as for
an electron with incident energy equal to the y-ray energy. The
éerenkov counter efficiency is thus taken to be equal to the Eerenkov
counter efficiency for the et + e final state with 1/2 the bias level
used For that final sitate. Averaging over the solld angle acceptance
of the apparatus the efficiencies are

(eé)g = .98 + .04
for poth the 1.50 GeV/c case and the 2.50 GeV/c case.

¢, 7y-ray Conversicn Efficiency

From the results of a check run made at the Caltech 1.50 GeV
Electron Synchrotron with a slmllar spark chamber array whlch 1s
described in detail in Appendix IT there were 32 e+ + e palirs wnich
nad two tracks in the thin foil chambers and oanly two electron showers
in the lead plate chamber. There were two singie tracks in the thin
201l chamber whose directions-were within 3° of the y-ray beam direc-
tion with single showers in the lead plate chambers. These resulied
from 278 incident 1200 MeV y-rays. The conversion efficiency was then

s
¢ =225 _ 512 40,02

conv, 278
for each y~ray.
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d. Scanning and Mcasuring Tfficiency

Since the scanning in the lead chambers was very similar to the
scanning for <he et + e final state the efficiency was taken to be
equal to that case. In the firal analysis the requirements that the
mean direction of each pair correspond tc within 3° of the theorctical
directions of the 2y's in the y + y final state introduced an
adéitional efficiency correction which was calculated in the following
way. If the projected opening angle of the pair was less than or equal
to 6° tne efficiency was 1.C. If it vas 7°, ¢ = .86, if it vas a®,
€ T .66 ete. Using these efficiencies and averaging according to

their respective probabilities determined by the experimental opening

angle distribution this became E& = .98 + .03 for each angle so that

-

2 -
€, = %9 X €4 = (.96)" = .92 + .08,

Since one y-ray must be used as a standard this efficilency only
appeared cnce in the final detection erfficiency.

e. Overall Efficiency

Corbining all these factors then gives for the cverall detection

efficlency

Caet. (em) (econv.)e ((—:é)2 (eh )

odo.

1l

(.92) (.12)2 (.96) (.48)

(6.5 + 2.0) x 107 °.
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APPENDIX IT

y-ray Studies at Caltech
a. Apvaratus

The apparatus used in the y-ray studies is shown schematically in
Figure II. 1.

The two four gap thin foil chambers were arranged so thats the two
cuter gaps had the same spatial separation as the two outer gaps of the
charbers used at Brookhaven. The Pb chamber was made up of four of the
ten gap modules used in the Pb chambers at Brookhaven. [he condenser
banks, spark gaps and trigger circult were identical TO those used at
Brooxhaven and geometry of the driving circuits was made as close as
possible to copy those used at Brookhaven. The gas mixture used in thae
chambers was the same as used at Brockhaven as were the sweep field and
the trigger delay ( = 400 nsec.). The spark chambers were photographed
with the camera uséd.fcr the Pb charbers at Brookhaven Jrom an
apparent 50 feet above the chambers by means of a mirror suspended
from the crane carriage in the Synchrotron hall., No field lens was
used.

b. 7v-ray Beam

™e tagged y-ray beam at the Caltech 1.5 GeV Electron Synchrotron
was used as the source of the 7—rays. Momentum analysed
(Q%E afG%,.Ae =¥lo) positrons from a Cu radiator in the Southwest
Bremstfahlung beam were passed through 1/20 radiation lengta of Cu and

the scattered positrons were detected in a 200 MeV/c magnetic
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spectrometer with a 15% momentum acceptance. Typically for 1300 MeV
positrons and with the spectrometer set at 100 MeV/c 700 positrons were
required for one y-ray trigger. This corresponded 4o about one y-ray
trigger per accelerator pulse. To determine the efficiency of the
v-ray trigger short runs with the positron momentum and the
spectrometer adiusted for various y-ray erergles were taken without
the Al + Pb plate in front of the thirn foil chambers. The film was
then scanned for converting y-rays (2 10 correlated sparks) in the Pb
chamber., For the three lowest y-ray energies spark counts were made
on events with > 3 correlated sparks.

Table II.1 lists these experimentally determined efficiencies
which have been corrected for the detection efficiency of the Ib

chamber (=~ .94) due to its finite thickness ( = 4.8 radiation lengths).

Teble II.1
Ey(MeV) Real y-rays / y-ray Trigger
50 0.58 + 0.04
100 0.82 + 0.07
200 0.64 + 0.06
400 0.82 +.0.07
500 0.84 + 0.07
600 0.86 + 0.07
800 0.87 + 0.07

1200 0.84 + 0.07
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¢. Results

The film taken with tae 1/8" AL + 1/4" Pb plate in place was
scanned in the follcwing manner. For events with one track in each
thin foil chamber and only one electron shower in the lead chamber the
angle 6 that the track made with the beam_line was measured in the top
view and the angle @ was measured in the side view. Tor evenss with
two tracks the opernlng angles ¢e and ¢¢ were measured in the top and
side views respectively., In addition it was noted whether or not the
beam direction was included within the opening angles of the pair and
whethcr or not the o chamber contalnca just two clectron showers with
no extra converting y-rays. In the cther events which had > 10
correlated sparks in the Pb chamber the number of tracks (a.track = 2
or more correlated sparks in adjacent gaps in the thin foil chambers)
in the the thin foil chambers was recorded,

Figures II.2 thru IT.1ll are a summary of the data.

In both the 1200 MeV data and the 500 MeV data on the number of
charged particles coming from the Po plate there is sharp disagreement
with the Monte Carlo calculations of Messel,lo) etal. There seems to
be an excess in the experimental curves of events with n charged
particles by nearly a factor of two for n = 3, 4, 5, ... while the
numbers of events with zero or two charged partllcles seem Lo be down
by a facter of two., A partial explanation of this discrepancy may lie
in the fact that the cutoff energy for the detection of charged
particles in the thin foil chambers was approximately 2 MeV (estimested

from the observed multiple scattering in the Ne gas in the thin foil
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chambers ) which is five timee smaller than the 10 MeV cutoff used by
Messel., Figure II.1l2 is a plot of Messel's results for 1.0 GeV y-rays
for cutoff energies of 10, 20, and 50 MeV which seems to show such a

trend however it seems too small to explain the experimental data.
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APPENDIX III

Monte Carlo Computer Programs

a. Solid Angle for e’ 4+ e  Tinal State

In this program an annihilstion vertex was chosen at random in the
target sibject to the beam attenuation arising from the total Eb Cross
section., The beam was confined So the center line of the target. A
cos ecm for one of the particles subject To a center of mass angular
distribution of the form A + B cos Gcm + C 0052 ecm and a # were then
chosen at random.

Tne trajectories of the e’ and ¢ in the laboratory system were
calculated ard tests made tc see if they passed through all the nodo-
scope trays and the lerenkov counters. In these tests it was also
determined which counter(s) in each tray the particles passed through
and from this information the fast computer answers were calculated and
vs. cot O. matrices which could be compared to

R I

the ones obtalned durlug the experiment.

used to generate cot 6

Using the experimental Cerenkov counter response as a funeticn of
cot 6 and ¢ twe random numbers for the Cerenkov counter pulse heights
were chogen subject to this response for the corresponding cot 9's and
¢'s for the two trajectories and were tested to see 1 they satisfied
the pulse height requirement uéed during the experiment.

Comparing the number of successes satisfying various combinations
of the requirements to the total number of trials then gave directly

the detection efficiency for those combinations of requirements.
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For 10,000 trials which usually gave = 700 successes satisfying
all the requirements for the e” + e final state the program reguired
approximately four minutes of computing time on the IBM 7094.

o .
b. 2n, noy, ard 2y Final States

A second Monte Carlo program was written which in addition to
choosing the z-cocrdinate of the annihilation subject to the total 5@
cross section also chose at random an x- and y- coordinate subject to
the experimentally determined beam distributions in x and y given in
Appendix VIIL. A cos ecm and a ¢ for one of the 7°'s were then chosen
at random. In addition cos 8_ o (1) €98 8y o0 (2) ¢Cm © (1)
and ¢cm T[o (2) were chosen at randow for the two no decays in their
rcspective center of mass systems. The four y-ray trajeciories were
ther transformed back to the laboratory system. Each of the trajecto-
ries was tested tc see if it passed through any of the lead faced veto
counters and/or if it passed through one of the éerenkov counters and
that all the y-rays had energies > 20 MeV.

If all four y-rays passed through the Cerenkov counters with the
two y-rays from one ﬁo lying on one side and the other two on the cother
side and if they satisfied the energy cutoff all the kinematical
parameters of the "event" were printed out and an event number was
assigned to the success. An IBM card was also punched with the event
number and the four y-ray angles projected on the ¢ = 0 plane in a
format identical to the data cards from the 21:0 scanning and measuring
of the film from the Po chambers.

To check the contribution of the 2no final state to the background
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ol the ﬂo7 final state the program was modilled vo require that only
three of the four y-rays strike the éerenkov counters. The success
was then assigned an event number and all the kinematical parameters
were printed out with one variable teliing whether or not the extra
y-ray had struck one of the veto counters. A card was also punched
in the same format as for the 2x° case wish the third and fourth
projected angles equal to the projected angle of single y-ray detected
on one side.

For the contribution to the 2y final state only one y-ray was
required to strike the lererkov counter on each side. Each of hese
successes was assigned an event nuber and all kinematic parameters
of each of the four y-rays were printed out. Two variables defined for
each y-ray were also printed out which indicated whether or not that
y=ray had struck cne of the veto counters or had passed through the
lead plate in front of the thin foil chambers. A card was also punched
for each success in the same format as for the Qﬂo case with the first
and second projected angles set equal to the projected angle of the
y-ray detected on one side and the third and fourth set equal to the
projected angle of the y-ray detected on the other side.

- For the n°y finsl state the program was modified so that one of
the :rco directione was taken as the y-ray direction. The other rco oS
allowed to decay as in the program for the Eﬁo final state. The three
y-rays were then transferred back to the laboratory system. The
maximum error made in taking the laboratory angle of the y-ray %o be

one of the n° directions was 0.3° for 1.50 GeV/c incident antiprotons.
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Each of the y-rays was then tested to see if it had struck one
of the lerenkov counters or one of the veto counters and whether or
not it had passed through one of the lead plates in front of the thin

foil chambers and if it had an energy E_ > Em. = 20 MeV, If all three

4 in

y=rays had struck the Cerenkov counters and had energies > Emin the
success was assigned an event number and all the kinematic parameters
including whether or nof the y-ray had passed through one of the lead
plates were printed out for each y-ray and a caxrd was punched. The
format was the same as for the Qﬂo final state with the first two
projected angles being set egual to the projected angles of the two
v-rays from the ﬂo decay and the third and fourth being set equal to
the projected angle of the other y-ray (i.e. the projected angle of the
other ﬁo).

To find the contribution of the 107 final state to the 2y final
state the trial was considered a success if orly one of the y-rays from
the ﬁo decay struck the Cerenkov counter on cne side and “he other
y=ray (not from the 7> decay) struck the Jerenkov counter on tae other
side., The undctectcd uo—dccay y-ray was tcsted to scc if I% had struck
one of the veto counters or had passed through the lead plate on either
side of the target. The success was then assigned an event number and
all the kinematic parameters were printed cut for each y-ray alcng with
the information concerning the veto counters and the lead plates for
the y-ray which didu't strike one of the 5erenkov counters. A cérd was

alsc punched in the same format as for the 2y background from the ox”

final state.
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A third Monte Carlo program was written to study the 2y final
state. This program used the same vertex selection scheme as described
for the Eﬂo case. A cos ecm and a ¢ were chosen at random for one of
the y~-ray directions in the center of mass. The direction of the other
7-ray was then determined by energy and momentum conservation. The two
y-ray trajectories were transformed back to the lab system and tested to
see whether or not they both passed through the Cerenkov counters. If
they did the success was assigned an event number, its kinematical
parameters were printed out, and é data card was punched in the same
format as for the 2y background from the Qﬁo and ﬁo7 final states
described above.

These varicus froms of the general program all required approxi-
mately three minutes of computing time for 2000 trials which typically
lead to 300 successes.

Coe Sﬁo Filual State

To investigate the possible contribution to the experiment looking
for events with two y=-rays in each lead chawber from the 3ﬁo final staze
a differcnt Montc Carlo program was written. The selection ol the
vertex for the annihilation was the same as before, however, since there
were three particies in the first state thelr energies were not uniquely
determined.

Since there is experimentally no appreciable contributicn from the

Q¢ -meson to the x+n-ﬁ0 final state for antiproton proton anninilation

11)

at 1.61 GeV/c the energy distribution chosen Ffor the Sﬂo's was that



dictated by three-body pnase space namely
——~—j*f£9= (const. )

where P(E Eg) is the probability cne z° nas energy, E , and a second
has energy, EQ, with the energy of the third being fixed by energy
conservation.

The program selected two energles at random and the direction of
one of the ﬂO'S in the center of mass system at random. The plane of
annihilation was specified by taking the cross product of the chosen no
direction and the z~-axis (the beam direction). The problem was then
determined and the three ﬁO'S were allowed to decay as in the 2ﬁc
program and the decay y=-ray directions and ehergies were transformed
back to the leboratory system. |

If two y-rays with energies > Emin passed through the Cerenkov
counters on each side of the target the trial was caliled a success and
was given an event number. The kinematic parameters of all six y-rays
were then printed out along with a variable for each y-ray indlcating
wnether or not it had passed lhrcugh one of the veto counters. A card
was also punched with the four detected y-rays being treated as in the
pfogram cor 2x° final state.

The program typically required seven minutes of camputing time for

3000 trials with approximately 200 successes.
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APPENDIX IV

Data Analysis Programs

a. Xinematics Reconstruction

For each measured event there were four data cards (one card for
each view of each thin foil chamber) from the measuring machine. Each
card ccntained the event number, a view number and four sets of
readings ofithe three angle encoders. The first set represented the
position of a standard fiducial line, the second set was the position
and angle of the fiduclal line to the left of the beginning of the
track, the third set was the position of the second spark in the track
and the angle of the track, and the fourth was the position of the end
of the first fiducial line to the right of the beginning of the track.

The computer prograi instguctea the computer to carry out the

following operations on the information from these four dJdata cards.

1.) Check that all four cards have the same event number and that
each view number only appears once. Check that the scanner
measured the second spark in each view.

2.) In each view calculate the apparent position of the second
gspark with respect to the two adjscent top fiducisl lines
which were measured and by means of the known relationship
between the top and bottom fiducial lines calculate its
apparent position with respect to the two adjacent bottom
fidueial lines.

3.) From the measured angle of the track and the known separation



8.)

7.)

8.)
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of the second and eighth gaps calculate the theoretical
position of the eighth spark with respect to the top and
bottom fidueial lines.

Transform the positions of the second and the eighth sparks
to points in real laboratory space. These two points on each
side of the target then define two lines.

Find the position of nearest approach of the two lines and
calculate their minimum separation at that point. This
pesition is taken as the vertex of the annihilaﬁion.
Calculate the angles 6 and ¢ for each track with the z-axis
taken to be the direction of the beam and (+z is in *he
direction Ghal the beam particles move) th the x-axis
horizontal and the y-axis vertical.

Calculate AP = @ - @ 180°

Calculate the mean expected antiproton momentum at the posi-
tion of the vertex using the known energy loss relationships.

Using this expected mcmentum and the meagured 6, and QL

R

calculate, assuming that the two particles have equal mass,

the invariant (mass)2 of one of the particles.

Calculate the derivatives a<mass)2 a<mass)2 3
: omomentum ‘7 QR » and
2
éﬁgﬁEﬁ)f- « QCalculate & and & .
o} GL R om L em

Print out the event number along with all the calculated
values listed above. Punch a card characterizing the vertex
and the two lines in space for this event.

Increase by one the number in the appropriate bin in the



2
(rass)”, A, 2z, x, and y histograms. Increase by one the

number in the appropriate position in the two dimensional

and (mass)2 vs. © .

. 2
matrices of x vs. y, (mass)” vs. 6 L em

R em

12.) Read in the next event.

13.) Wnen all of the events nave been read in print out &ll of the

histograms and matrices.

A separate program predicted which counters in each hodoscope
tray should have been hit by the particles using the cards punched by
the above program. These predictions were then compared to the card
punched at the time the event was photographed as a second scanning
check.

. Analysis Program for the Events Measured in the Fo Chambers

The dats for each event measured in the Pb chambers for +he Qﬂo,
ﬂoy, and the 2y finsl states were punched on a card from scan sheets
made up by the scanners. The czrd contained the event number and the
four angles, £ which were the projected angles ( since there was
no end view of the Pb chambers) on the ¢ = 0° plane of the two y-rays
in each Fo chamber for the Eno final stale. For the ﬁoy Tfinal state
{ two y's on one side and one on the other) the projected angle of the
single 7-ray was punched twice. The other two were punched as in the
Qno case. TFor the 2y case (one y-ray on each side) the projected angle
of each y-ray was punched twice,

The analysis program instructed the computer to carry out the

following operations for all three types of data.



97

1l.) Check that the projected angles 71 satisfy the condltlons

o
71 > 75 2.0

and

” O

73 > 74 - 2,0

wnere 71 and 73 are the y-rays farthest upstream with
respect to the bean in the left and right Pb chambers
respéctively. If this was nct satisfied the event number
was listed followed by an appropriate statement and a new
event was read in.

2.) Calculate the opening angles o = 7. = v, and Q=Y. - 7,

*

3.) Calculate the angles 7. of the y-rays in the antiproton-
protcn center of mass system assuming that they all lie in
the ¢ = O plane.

4.) Check that the center of mass angles satisfy the conditions

¥ e 170°
71 + 73 -
and
¥y < 180°
Yo + 7, S .
ITf they do set A = 0 and 1f notv 1list the evenrnt number with tae
statement that the projected cm angles are inconsistent with
2 final state and set A = 1.
5.) Calculate
7, Y Vo + 7
1 2 3 4
= —— Q = ———
and

eop =90 (1) + 6.° (2)
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. (o) g 2
6.) Calculate S % (1) and ® O (2) from @ﬂo (1) and 00 (2)

respectively.

7.) Calculate the expected 8 0 (2) and 6 © (1) assuming 6 0 (1)
and _0 (2) to be the correct n° directions respectively.
8.) Calculate
= - o (2
A@Cp (1) eop (eﬂo (L) + <° (z) )

and

= - 2 .
A@Op (2) eop (eﬁo (1) + 6 o (z2) )
9.) Check that both @ and a, are < 0 = maximun sllowed opening

‘angle for the y-rays. If they are, set B = O, if not set B=l.
10.) Increase by one the numbexr in the appropriate bin in the

(]
Aeop’ e:tocm (2, % cm

(2), o sud O, hlslograms. The

Aeop histogram is the sum of the Aeop (1) and Aeop (2)

histograms, l.e. each event is counted twice in the A@Op
histogram., There are seven sets of these histograms contain-
ing separately events which satisfy set of combinations
(B3=0,A=0), (B=0,A=1), and (B=0, A =0,0r 1) and
the same set wilth B = 1 and a final set with A = ¢ or 1 and
B=0or L

11,) After the last event is calculated print out all the
histograms.

The complete analysis of three hundred events required approximate-

Ly thirty seconds of computing time.
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APPENDIX V

P +p=2¢"and p +p - 3"

The data for the neutral final states inyolving y=rays were obtained
during several short runs during vwhich the spark chambers were triggered
if an antiproton disappeared in tae liquid hydrogen target, if there were
no charged particles striking the hodosocpe counters, if there were no
signals from the veto counters which were > 967 efficient for charged
particles and 65 + 15% efficient for y-rays, and if the pulse from both
of the (erenkov counters was P 1/2 the minimum pulse accepted for the
e” + e final state. The incident antiproton momentum ranged from 1.00
to 2.50 GeV/c for these runs.

The Po spark charmber film from these runs was scanned for.events
with (1) two y-rays converting in each lead chamber, (2) two y-rays
converting in one and one y-ray converting in the other lead chamber,
and (3) one y-ray converting in each chamber. These classes of events
represented the 2ﬂo and on final states, the noy final state, and the
2y fiﬁal state. If an event was in one of these three classes the angles
of the y-rays in the Pb chambers were measured with respect to the beam
diréction. Since there was no end view of the Pb chambers these measured
angles were the angles of the y-ray trajectories projected onto the
$ = 0 (nhorizcntal) plane. The event number and the measured angles for
these evenfs were punched on an IBM card.

Since the detection apparatus plus the lead faced veto counters

didn't cover the complele sphere arcund the liquld hydrogen target tne
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Sno final state could give rise to only four y~rays in the Pb spark
chambers. Similaxly the 2ﬂo state could fake the ﬂo7 and 2y final state
and the :roy could fake the 2y final state. With these posgsibilities in
mind the following analysis scheme was developed for these data.

Because the measured angles were projected angles there was no
possibility of exact kinematic reconstruction. The energles of the
KO'S for these final states were =~ 1-2 GeV in the lab system so that
the opening angles of the two decay y-rays was < 20°. Wita this small
opening angle the maximum error that could be made in taking the x
direction as the mean of the 2y-ray angles on one side was then = 10°
which was roughly equal to the error in taking the projected angles of
the y-rays as their polar angles (©). In view of these uncertainties
a convenient way of analyzing these events was to take tae ﬂo directicn
to be the bisector of the two y-ray angles on each side and to asssume
that the x° trajectories lay in the ¥ = O plane. Under taese assumptions
the two ﬂo "angles" in the leb were added to give an opening angle @Op.
Thls experimentally measured opening angle was then compared to the two
expected opening angles determined by two body kinematics taking each
ﬁo angle to be the correct KO angle.

-Since the copening angle of the zo decay 7y-rays was only = EOO
requiring that the two y-rays on eack side for the Qno cace only have
opening angles less than a maximum value =§l eliminrated most of the
backgrourd due to the g (n > 3) final states. Another effective means
of eliminating background was to require that the projected y-ray angles

be consistent when transformed back into the 5@ cm system with the 2no
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hypothesis. Namely, the sum of the cm angles of the upstfeam y-ray on
each slde had to be greater than l?OO and the sum of the cm angles of
the downsiream y-ray on each side had to be < 1800, i.e. the two = '
had to be traveling in opposite directions in the Eb cm system. The
Sno final state was studied by looking Jor events which didn't satisfy
these ¢m requlremenls. For liae ﬁoy final state only the opening angle
requirement was used.

The analysis program wvihlch carried out the above operations is
described in Appendix IV, Section b.

To determine the Sno, ZﬂO, xoy, and yy detection efficiencies
several Monte Carlo computer programs were written which generated
random events subject only to the counservation laws and the requirements
of phase space. The programs punched fake data cards which were
analyzed by the analysis program with the number of successful events
for a given number of trials giving directly the detection efficiency.
These programs were described in Appendix III, Sections b and c.

The detalled reguirements placed on each of the Ffinal states are
discussed in the Appendix or Section of an Appendix dealing with the
particular final state.

a. bBxperimental Method and Analysis

During several short runs the Po plate spark chambers used in
detecting the e* ; e  final staﬁe were triggered and photographed if an
antiproton disappeared, there were no charged particles passing through
any of the hcdoscope counters, and the pulse height from each of the

v
Cerenkov counters was greater than 1/2 the mininmum value used during
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the runs looking for the et 4+ &7 final state. The incident antiproton
nomenta for these runs was varied from 1.0 GeV/c to 2.50 GeV/c.

The Fb chamber film from these runs was scanned for events with
two converting y-rays in each Ph chamher. The argles of each of the
four y-rays which were the projected angles onto the ¢ = 0 plane
vere measured with respect to the beam direction and were punched on a
data card along with the event number.

The data cards for the measured events were analyzed using the
computer pregram descrived in Section b. of Appendix IV.

In this program the x° directions were assumed o be giver by the
means of the y-ray angles on each side of the target. The experimental
opening angle for the two assumed ﬁo directions was compared with the
two expected opening anglées assuming each ﬂo direction to be correct.
This opening angle error histogram (:Aeop-histogram) was compared to a
theoretical one obtained by analyzing fake daba caxrds generated by a

Monte Carlo program described in Appendix III, Section b. to test the
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correctness of the Eno hypotnesis. The Monte Carlo program assumcd a
flat center of mass angular distribution for the Eﬁo's.

The background due to the Sﬂo final state was determined by
comparing the AQOP—histograms for the experimental events which didn't
satisfy the criteria placed on the angles 7i* of the y=-rays in the
center of mass in the analysis prcgram to the Aﬁon-histogram obtailned
by analyzing the same class of events in the set of fake data events
generated by the Moente Carlo program for the 3ﬁo final state where only
four of the ﬂo decay y~rays were detected.

No attempt was made to analyze the background convributions due
to the nﬁo final states where n > 3, Since the total center of mass
energy will te roughly divided equally between the a's it was
difficult to see now the Cerenkov pulse height spectra from such events
could exhibit the form shown by the experimental ones which agreed with
the ones expected for tae 21{0 final state. In addition it was dillicult
to see how the > 4 extra y-rays could all escape detection in elther
the lead chambers or the veto counters,

b. Resgults

Figure V.1l shows two Typical Pb chamber photographs of two four
y-ray events for an incident antiproton momentum of 1.50 GeV/c. The
uncertainty in measuring the y-ray angles in such paotographs was
obtained from ar event by event comparison of the measurements of two
scanners who measured the same film. TFigure V.2 shows this uncertainty.

The results of submitting the L.50 GeV/c data to the analysis

program described in Appendix IV are shown in Figures V.3 thru V.5.
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Figures V.6 thru V.9 illustrate the rcsults cbtained by submitting the

fake data cards generated by the 2no Monte Carlo program to the
analysis program. TFigure V.10 shows the A gop histogram for a sampie
of the fake data cards generated by the Sno Mcnte Carlo program. This
sample has been corrected for the veto counter y-ray detection
efficiencies (= 65%) by including in the sample 35% of the events in
which one y-ray struck a velo coanter and 12% of the events in which two
v=-rays struck the veto counters.

By comparing the number of events in the data which when the four
v-rays angles are transformed into the center of mass system are ot
consistent with the 2ﬂo hypothesis to the number of similar events from
‘the Sﬁo Monte Carlo generated data an upper limit on the Sno Cross
section can be obtained. Using all of the eveunts in the interval from
--7.5O to -62.5#O in the Agop histograms shown in Figures V.1l and V.12
and using the directly determined detection efficiency from the Moate
Carlo program gives

o (3:°)< (89 + 14) x 10™Fen®
for 1.50 GeV/c antiprotons. This result assumes a flat angular
distribution while the apparatus only covers roughly 10% Qf 4n centered
around ecm = 900 in the Eb center of mass system. This should be

27 cm2 measured by Lynch,l'i') etal. for

compared to G-(:f+7{-f[0): 1.4 x 10
1.61 GeV/c antiprotons 1n a aydrogen bubble chamber. Checks on the
Cerenkov counter pulse neights and the conversion points of the y-rays

in the Pb charber for these events indicate mo experimental bias against

detecting this class of events. The error quoted is purely statistical.



1C8

300 ¢
2000 Trials
1.50 GeV/e
w
T 200t
]
>
=
G
o
9
Q9
2
E 1004
-50° -25° 0® 25° 50° A6
op

Figure V.6 ABOD—Histogram for EKO Monte Carlo Events Satisfying
ai o < 18° and em Projection Test
J

150+

1.50 Gev/e

Number of Events

[

(@] e 5 3

0 10 20 30 40° o

Fipure V.7 Opening Angle, Qﬁ, Distribution for Qﬁo Monte Carlo Events



109

150 7T
1.50 Gev/c
n 1007
-+
o
(]
> pramammeed
j=a]
<5}
[0}
g s
ot
0
- —L
=
40° 90° 140° 0

cm

Figure V.8 © (x°)em Distribution for 2x° Monte Carlo Events Satisfying

& 5= 18° and cm Projection Test
J

150 ___
1.50 GeV/e
2 1007
a
]
=
=
Gy
O
~
2 50
E
-10° 0° +10° s

cm

Figure V.9 Error in © (no)Cm Due to the Assumption That
g = 0 for 2x° Monte Carlo Events



110

75 71
9000 Trials
1.50 GeV/c

3 '

S so -

>

&=

G4

)

~

2

;2 o5 |

5 5 5 —7 o
-50 -25 0 25 50 Agop

Figure V.10 A9 _ -Histogram for 3n~ Monte Carlo Fvents Satisfying

a4 5 < 18° and cn Projection Test
b



111

d
183l uoTaosloagd mo JuthIsTieg aou siusas Lex-A4 anod JoJ WerdolsTH-

0
6V TTI°A 2an3Td

w oy 08 o3¢ o? oSe” 008" oS4 oPOT-
— |
TOT
TST
9/A%D 05°T

SQUSAY SO JISQUILN



112

159 co:.npom.mo&m. W BUTAISTIES 10U SIUDAH OTIB) DLUOCK e

do
ev  _0S S 0 ek 505" JGL- ,00T~
| mae t 1 T t t -
$0T
102
2/A39 08T TO%
STRTIL 0006

do
JOJ WBIB0LETH~ 6V gT'A oan3Td

SAUSAE JO Jaqua)



113

The results of similar analyses for the other incident momenta are
given in Figure V,1l4., Figure V.13 shows the detection efficiencies
used for calculation of the upper limits to the Sﬂo cross section,

Comparison of the relative detection efficiencies obtained by
analyzing the Monte Carlo generated events then implies that with the
above limits on the 3x~ cross section less than one half of the events
in the opening angle error aistcgram of the data satisfying the opening
angle requirement for the y-rays on each side and the consistency test
for the 2= nypothesis can be due to the 3x° final state. X2 tests cn
the Aﬁbp-histograms have equal probability ( ~15%) for all the events
coming from the Eﬂo final state or a 50% mixture of 2-° ana Bno final
states. The X2 test using the Sﬁo final state has a probability of
< 1%. Since in this thesis only upper limits on the Qﬂo cross section
are used all the events in the data satisfying the opening angle
requirement and the consistency test will be assumed bo come Lrom Uhe
ox” final state.

Under this assumption Flgures V.15 thru V.20 summarize the Qﬁo
differential cross section data for the incident momenta used Ffor this
series of runs. TFigure V.2l shows the 90O cross sections for the
various momenta.

The differential cross-sections were obtained by comparing the
experimental Gcm—histogram to the @cm-histogram for successful Monte
Carlo events. They have not been corrected for the Cerenkov counter

detection efficiency (> 95%) or scanning efficiencies (> 95%).
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APPENDIX VI

— O
PTPe=ent + 7

a, Experimental Method and Analysis

The same Pb chamber film that was used in investigating the Eﬁo
final state for 1.50 GeV/c incident antiprotons was rescanned looking
for events with two y-rays in one chamber and one y-ray in the other.
Data cards were punched for these events with the same format as was
used for the data cards for the 2x° events. TFor the side with one
y=ray 1its projected angle was taken for both the projected angles of
the two y-rays for the corresponding side in the Zﬁo investigation.

The data cards were then analyzcd with the analysis program used
for the Qﬂo case. The experimental opening angle error histograms were
then compared to the expected ones due to the ﬂo7 ana the Qﬂo final
states obtained by using Monte Carlo generated data cards for the two
cases., The sample from the Mente Carlo generated data cards for the
2x0 Tinal state included the cards for events which should have been
vetoed but were not because of the 35% veto inefficiency.

The comparison of the experimental Asop-histogram obtained by
subtracting the Eﬁo contribution using the 2ﬂo cross section data from
Appendix V which assumes no background contribution and the Monte Carlo
distribution for ﬁoy then ylelds an upper limit on the xoy cross sec-
tion in the angular acceptance of the detection apparatus.

b. Results

The A@Op-histograms are gilven in Figures VI.1l thru VI.6. Taking
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21l the eventg in Figure VI.6 then gives using the known detection
efficiency from the Monte Carlo program and neglecting the scanning
efficiency (> 95%) and the Cerenkov counter efficiency (> 95%) an
upper lircit of
o (%) < (5.2 + 0.8) x 10 en®,

If no subiractions are made and all the events in Figure VI.Z2 are
taken to be real the cross section limit is

o (x%) € (10.4 + .5) x 1070 ez®.
The errors included are statlstical only however the systematlic errors
are estimated to be less than 20%. The Cerenkov counter pulse height
spectra using all the unsubtracted events are the same as those

expected from the e” + e final state for 1.50 GeV/c incident anti-

protons.,



ATPENDIYX VII

P +p =2y

a. _Experimental Method and Analysis

To check the 2y cross section results givern in Section V the same
Th chamber “ilm as used for investigating the 2ﬂo final state for 1.50
GeV/c incident antiprotons was rescanned to lock for events with only
cne y-ray converting in each chamber. Data cards were punched for these
events using the same formet as was used for the data cards for the Eﬂo
events with the projected angle of the y-ray on each side punched twice.

Ag in the Q:O case anc the ﬁo7 case the £@Op-histograms Obtained
from the events were compared to those cbhbtained from'the faxe data cards
Ifrom the appropriate Monte Carlo program. 7The backgrounds due to the
2no and ﬁo7 final states were subtracted from the experimental data by
subtracting the appropriately scaled A@Op—histograms obtained from tahe
EﬂO—*'Ey and the ﬁ07~a>27 fake dava cards generated by the appropriate
Monte Carlc program. The sample used included the events which should
have been vetoed but were not because of the veto counter detection
efficiency (= 65%). To set the scale of the é@op-histograms the upper
limits to the Exo and ﬂoy cross sections given in Apperdices V and VI
were taken tc be the cross sections for these processes.
b. _Results

Figurés VII.,1 thru VII.4 summarize the expected backgrounds and the
final results. Figure VII.S shows the Asop-histogram for the 2y firal

state Monte Carlo generated events.
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Assuming that all the everts in Filgure VII.4 between -2.5° ana

-17.5° come frow the 2y final state gives the following upper limit
on the 2y cross section.
o (27) < (1.0 + 0.3) x 107 cn®

This limit should be used with caution, however, because of the large

and uncertain background subtractions made in obtaining it.
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APPENDIX VIII

Antiproton Beam

The antiproton beam used in this experiment was obtalned using
the partially separated beam transport system at the AGS known as
Beam Number 5. The G-10 internal target was the source for the beam.
This system was designed by one of the members of our group, Barry
Barilsh, and has ﬁeen written up in detail by him. His report will
appear in the form of an unpublished AGS internal report, For detalls
such as ray traces, layout of the beam elements, magnifications, etc.
the reader is referred to this report.

The general properties of the beam are summarized in the following

table.

Table VIII.1

Acceptance: Horizontai = + 15 mrad

Vertical = + 10 mrad

with 100% transmission

1+
n
=

Momentum Acceptance:
+ 3% cr -3% with 50% transmission

+ 4% or -4% with 0% transmission

Nuwnber of Spectrometers: two, one before the separators

and one following the mass slit.

% /p at liguid hydrogen target: 1/1
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T vie1d/10%° protone: 70,000 at 2.50 GeV/e
30,000 at 1.50 GeV/c

Figures VIII.1 and VIII.2 show the x and the y distributions of

the beam at the center of the target. They were cobtained from the

positions of the vertices in a sample of 1500 events analyzed by

Douglas Feng from the runs looking for the "+ % final state for

1.50 GeV/c antiprotons.
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APPENDIX IX

Beam Electronics

The electronic identification of the E's in the beam was made by
time of flight between two scintillation counters in the beam. The
first counter was located at the triple focus behind the mass slit in
the beam and the second counter was just in front of the hydrogen tar-
get with the pafh-length between them such Lhal 2,50 GeV/c E's regulred
9 nsecs. longer than x-'s to reach the second counter. At 1.50 GeV/c
this difference was 22 nsecs. Since the ﬁ-/ﬁ ratio was =~ 1 in the beam
after the mass slit a single coincidence circuit with 5 nsec. resolving
time reduced this ratic to < 0.0l in the electronic identificasion.

The block diagram of the beam assoclated electronics is shown in
Figure IX.l.

All veto signals to the coincidence cirucits were generated by
circuits which have zero dead time., Also a dead time veto was generated
so that two compute signals had to be spearated by more than the
computation time of the fast computers. The compute pulse which was
sent to the fast computer then was made up by tne following comblnation

of signals.

. « Dead Time

Compute = 82-84 Vﬁea} vfoﬁ VBotﬁom V?ront

with S, delayed for the p time of flighv.

2



SOTUOJIYOSTH Ueag JO wBIZBT(C 20T T XI 2a03Td

sy %
v GAL T T
129UN0Y 2394 T304
L o —— a1 11 T XTA
7] ] IFuno) o1op, dag,
Joydaa3s 23T 2UTI Avlag = [ Sdtq
. T —
IIXT §3390 = T KD Tum0) 033/, Juodd
11 {—-
203EUTETAISTA 8uL = ¥ QAL \
.nOu.E«AH.GwﬁH 9TLL PR OXFL = O] e
<
H FPO2IED UPIITOD PIOS Irod = § AL
IFIUT] 39 = 1 9 P Ioune) 0334 I
. T1
£1wg3303 Td e} R e N |—
¥ il S o8 17 4 e o S OL oIl F—————y 11
9w oy .Sﬁaomol.r T35 JaTRIGe— 4
In— I S
wnndio), o 4 A A X
o A ———— 4 - , Nm
10 f VA S 2L ] [ 11 s oL < + 11
137905 ) _.|4 REFRLS :I.W ] 1ATE 1 y.
o
V) soFuaIay
29T83 e AL ] _ 1,
S 25 11 S 2 1 bdweg 4 11 LS
xa1wd; ~—t R S—




135

APPENDIX X

Lilquid Hydrogen Target

The hydrogen target was designed, constructed and operated by the
Hydrogen Target Group in the Accelerator Division at Brookhaven, The
maln design criterion was to keep the amount of material between the
liguid hydrogen and the detecticn apparatus at a minimum to limit
backgrounds due to conversion of y-rays from the annihilation products.

The liquid hydrogen was contained in a cylindrical Mylar flask
82.5”.long and 4" in diameter with a wall thickness of 0.014." This
was wrapped with thirty layers of Super Insulation (crinkled 1/4 mil
aluminized Mylar). This assembly was supported from the target frame
by small diameter stainless steel wire hangers spaced at 1 foot
intervals along the flask. A brass collar 2" wide and 1/8" taick to
which the 1/2" I.D. vent pipe and the 1/2" I.D. fill pipe were attached
was bounded to the Mylar flask at its upstream end. The level
indicators were placed inside this collar. The flask and its reservoir
were contained in an evacuated region enclosed by the aluminum target
frame and a 0.014" Mylar window for the reaction products. Taus the
total materisl In the path of the reaction products was 0.038" of
Mylar after leaving the liquid hydrogen until their entry into the
inner hodoscope counters.

The target and reservoir boiled off approximately 40 liters of
liguid hydrogen during eight hours. This boil off rate implied that

0.05 liters of nydrogen gas was produced per second in the liquid,
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Assuming Llhe very conservative exit time of 10 seconds for the guas to
leave the flask there was 0.5 liters of gas in the target liquid and
since the flask held 17 liters this implied that the gpparent density

of the liquid was p = .95 at the cperating pressure of the

Pliquia
target.

The pressure in the reservoir and flask was controlled by a
mechanical flapper valve which opened into the exhaust lire out of the
building when the pressure inside the reservoir and flagk exceeded S

p.s.1. above atmospheric pressure. This implied that P b = 19 p.s.i.
abs.
and thai the temperature of the ligquid was T 21.31cK and hence the

density was p = 0.069C gm/cms.le)

i

I

In all cross section calculations pLF 0.069 gm/cm3 will be
2

used since in the vapor density calculation gbove a 1 to 2 second exit -

time would be a more realistic estimate. This would give

P apparent = 99 P IH, °f P apparent T P LHE'
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APPENDIX XI

Kinematics Spark Chambers

The angle measurements of the charged particles from the
annihilation in the hydrogen target were carried out by mesns of two
aight gap thin foil spark chambers placed between the inner and outer
® hodoscope trays on each side of tae target., The optical system and
the fiducial system were designed to give better than 1l mm. resolution
in real space. The chambers were photographed to give a 50° stereo
view. The top view of each chamber was photographed by separate
cameras 16' above the top of the chambers while the end view of the
chambers was photographed with a single camers located 32' from the
downstream end of the chambers and centered on the beam line. BSecticns
of a spherical lens with a 32' focal lenglh were used us the [leld leas
for the end view wnile prisms machined in a lucite plate which had a
focal length of 18' were used for the field lenses for the top views.

The fiducial plates which were viewed through the field lenses
were made Irom 1/4" lucite selected so that the maximum raté of
veriation in thickness was less than 0.001" per inch. The fiducial
marks were scribed at 6" intervals perpendicular t0 the spark chamber
plates using gauge blocks. The fiducial plates were edge lite by
incandescent lamps which were puised on for 0.5 seconds for each
event.

3L

The chambers were made from plates made from 3" wide x 3/8” thick

aluminum frames 38" x 96" over whilch a 0.001" thilck tempered aluminum
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foll was stretched and bonded with Eastman 910. JNine of these platles
were then placed in a gas tight box made of aluminum with ,0L4" Mylar
wirndows for the particles and spaced apart by 0.340" thick lucite
spaccrs at their four cocrncrs. Idge sparking was prevented by =~ 5
layers of Mylar tape covering the outer 3" boundary of the plates. The
high voltage pulse was applied to opposing plates by a parallel plate
transmissicn line from a condenser bank -~ spark gap unit placed below
the gas box., The capacitance ratio was 1 to 1 and the chambers were
operated at 15 KV with a 30 volt sweep Field. The risetime of ﬁhe high
voltage pulse was = 40 nsec. av the plates of the chamber. Its width
which was 400 nanoseconds was controlled by means of a termination
resistor across the plates of the chamber.
A 10% He - 90% Ne gas mixture was used with no polgoning gas.

The cnhambers had a continuous flow of =~ 0.1 cu. ft. of the mixture
through them per hour and were kept at a positive pressure of 0.05"
.of HEO by a sensitive pressure switch and solenoid gas valve. With

this gas mixture and sweep field the chambers had a sensitive time of

2.5 psec. after which their efficiency dropped rapldly to zero.
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APPENDIX XIT

Pb Spark Chambefs

The final discrimination between electrons and plons was made by
requiring that an electron shower be present in a spark chamber made
with 0.1l radiation length thick lead plates. Two of these chambers
were used with one on each side of the liquid hydrogen target. -They
were = 4 radiation lengths thick for particies at typical angles from
the target and they acted as the initial radiators for the Cerenkov
counters described in Appendix XVI.

a. Design, Construction, and Operation

The size and layout of the chambers used in the detection apparatus
is shown in Figures 3 and 4.

The herring bene lsyout of the plates in the chambers was chosen
so that the trajectory of a typical particle from an annihilation was
as nearly perpendicular as possible tc the plates of the chamber.
Each chamber was made up of eighteen ten gap modules. Fach of these
modules was a complete spark chamber except for & gas container. The
lead plates used were actually a 0.010" Al - C.022" Fb - 0.010" Al

15)

sandwich which was bonded together with Biggs 823 Epoxy. Because of
the construction method used for the modules the outer 1.25" of the Pb
sheet was replaced with aluminum to minimize the amount of material
traversed by tﬁe particles before reaching the usable region of tne
spark chamber. The size of the finished plates was 17" wide x 72" long

and they were flat to = 0.002" when they were nanging and not supporiing

their own weignt., Ten of these plates plus a 0.010 Al - 0.010 Al
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sandwich plate to complete the ten gaps were cast into a Luclte base
plate using a polyester potting compound to form the module. This

base plats held the 0.340" Lucite spacers between the plates and
contained the parallel plate transmission line to which the condenser
bank-spark gap unit was attached and the electrical connections between
the transmission line and the plates. The plate spacing at the top end
of the module was maintained by epoxying 0.340" x 1" Lucite spacers
between the plates., Since the chambers were photograpned tarough this
end these spaceérs had both edges carefully polished. The plate spacing
slong the long edges of the module was maintained by epoxying in 0.340"
x 0.250" x 12" Lucite spacers every other foot. The exposed edges of
the plates on these long edges of the module were covered with an
extruded polyethylene u-channel to prevent edge sparking and corona.
There were no internal spacers used between the plates with the edge
spacers alone controlling the gap spacing to better than + 0.005." The
éompleted module formed a rigid unit which weighed = 130 pounds and
wnich could be handled conveniently by two people.

The mcdules were placed in a gas tight box with the two leads of
the parallel plate transmission line extending througn a hole in the
aluminum base plate of the box. The sides of the box were 0.018"
aluninum with .028" of Mylar bonded to the inside of the aluminum sheet.
A base frame mounted on casters contained the gpark chamber trigger unit,
the master trigger spark gap,.and the eighteen condenser bank=-spark gap
units which produced the high voltage pulse teo drive the modules in an

aluminum box and supported the box containing the modules. The top of
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the gas box was covered with a 1/2" thick Lucite plate through whick
the chamber was photographed. To focus the parallel light from the
spark chamber on the camera lens 300" away an oil filled field lens
was mounted above the Lucite plate on supports from the base frame.

With the chambers assembled in this manner particles with 6 = SOO,
@ = 0 passed through 0.05 radiation lengths of material irn the chamber
before reaching the sensivive volume of the chamber.

Originally each module was driven by a separate condenser bank-

spark gap unit witlh

Capacitance of Condenser Bank
Capacitance of Chamber

&
=7

However; because of jitter in the firing time of the eighteen spark gaps
it was necessary to connect all the high voltage leads and all the
ground leads of the parallel plate transmission lines together by means
of two 2" x 1/8” aluminum bus bars. The high voltage pulse applied to
the modules had approximately a 50 nsec. risetime with a peak amplitude
of 13 kilovolts and a width of 3C0 nsec. The pulse width was set by
using a shorting gap in series with a 2.0l resistor between the bus
bars at each end of the bue oare. The chorting gaps were triggered at
the same time as the main gaps however they didn't fire until the high
voltage pulse had reached = 80% of its maximum amplitude.

The chambers were filled with a 10% He - 90% Ne gas mixture
‘obtained from Linde Co. and from the Air Reduction Corporaticn. A
purifier using an activated charcoal filter maintained at liquid

nitrogen temperature was connected to both chambers. The system was
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maintained at a positive pressure of 0,2" of HEO by means of twe
sensitive pressure switches and several solenoid valves. The gas in
the chambers passed through the purifier every six hours and the char-
coal filter was warmed to room temperature ard evacuated once a day
during the experiment.

b. Response for Electrons

To test the response of the chambers to electrons one of the
chambers was placed in an electron beam at the AGS. This electron bean
vas the same beam used to test the Cerenkov counters described in
Appendix XVI and was made by placing a differential gas Cerenkov
counter tuned for electrons in the antiproton beam descrived in
Appendix VIIT with the electrostatic separators tuned for pions.
Typical fluxes were a few hundred electroﬁs/accelerator pulse with tae
contamination of pions in the eleciron trigger being essentlally zero
at 1.0 GeV/e and reaching = 10 - 20% at 2.5 GeV/c. Plctures were taken
of the chamber placed in this beam and triggered on electrons. The
angle of incildence of the beam was varied by rotating the chamber and
the beam momentum was set equal to The momentum expected at that
particular angle éf incidence from the kinematics for 5 + p-—-i>e+ +e
for the two incident antiproton momenta studied irn the experiment.

Figure XII.1l is a print of one of the photographs for an electron
with 6 = 50°, 4 = 0, and a momentum of 1.50 GeV/c. A conveniént way cf
representing showers like this 1s to count the total number of sparks
contained in a 40° opening angle cone centered on the initial particle

direction with the apex of the cone placed at the beginning of the track
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Figure XII.1 1.50 GeV/c Electron Shower in Pb Spark Chamber
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in the chamber. Figures XII.2 and XII.3 are histograms oI the Tota.
nurber of sparks in the showers produced by electrons for © = 50° and
6 = 60° respectively. In both cases the incident momentum was 1.50
GeV/c. This choice of angles and momentum corresponded roughly to the
syrmetric annihilation for incident antiproton momenta of 2,50 GeV/c
and 1.50 GeV/c respectively.

During these runs one of the terenkov ccunters was placed hehind
the spark chamber and the pulse height was recorded for each event
using the same system as was used during the experiment.

Figure XII.4 shows the pulse height distribution for events Irom
the run with 6 = BOO. Figures XII.5 thru XII.7 illustrate the lack
, of correlation between the number of sparks, Ns’ in a particular shower
and the pulse height in the éerenkov counter for this run.

An important feature of electron showers in these chambers which
was used to discriminate against backgrounds due ©O narrow angle palrs
was where the shower began.

Figure XII.8 is a histogram of the first gap number in which <here
were two sparks for 1.320 GeV/c positrons incident on the Pb chamber used
in the y-ray studies at Caltech described in Appendix II. TFigure XII.9
1llustrates the same histogram for the events used in the spark number

histogram for 6 = SOO.

c. Response for Charged Pions

To check the response of the chambers to pions vhich was averaged

over the solid angle acceptance of the appzratus the spark chambers
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Co X . . + -
were iriggered on events satisfying the requirements for the x + =

final state for 1.50 GeV/c antiprotons. There were 3830 events in this

sample and measurement of the angles of the particles in the kinematics

chambers for the Tirst 200 events in this sample indicated that 50% of
the events represented the - 1 final state.

The Pb chamber film was scanned for events which had one track

which satisfied the following criteria.

1.) The "shower" was not asymmetric, i.e. the shower wasn't
completely contained on one side of incldent particle
direction.

2.) The "shower" had no tracks (> 3 correlated sparks) making an
angle 2-450 to the incident particle direction.

3.) The “shower" had no breaks with no sparks in > four
consecutive gaps.

4,) The total number of sparks in the "shower" contailned within
a 400 opening angle cone centered on the incident particle
direction was > the number of sparks for a straight irack,
Nst.’ plus ten sparks.

5.) The “shower" had no definite vertex, i.e. a straight track
coming in with two or more stralght tracks coming out. The
track in the lefi charmber (upper) of Figure XII.10 is an
example of a definite vertex.

6.) The "shower" didn't have a straight track as its core

characteristic of a Y-ray superimposed on a straight track.
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The scanning was carried out in two steps wilhh the [lrst slep,a rough
scan, yieldaing thirty-two candidates vnich were measured. Ten of these
candidates satisfied the 95% kinematics cuts for the ﬁ+ + final
sta<te.

Of these ten candidates the one shown in Figure XII.13. comes
closest to satisfying all the above shower criteria, however, there is
some question as to whether or not it satisfies the second criterion.
Taking this event as satisfying the above criteria then gives for the

n detection efficiency of each chamber averaged over the solid angle

of the apparatus

¢ oLt + 1.8, + 4.2 4
w3830 - 0.6 - 1.6

d. Final Electron Detection Efficiency

(1 = (2.6 ) x 107

Applying these same criteria to the showers in the known sample of
220 electrons with 6 = 50° and momentum = 1.50 GeV/c gave the following
resulls. There were sixteen showers which had derinite vertices and
there were two showers which had tracks making an angle of > 45% with
respect to the incident particle direction. In addition there were two
showers which did not satisfy the symmetry reguirement.
Combining these results then gives for the electron detection
efficiency in the Pb chambers
¢ =20 =5
e 220

for this angle and momentum. The detection efficiencies for electrons

= 0,91 + .03

at the other angles and momenta encountered in the experiment as

determined by similar analyses agree within their uncertainties with

the above efficiency.



Cnecks on y-rays converting in the cdhambers during the course of
the experiment indicated no detectable change in the multispark

efficiency of the chambers.
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APPENDIX XIII

PDP-5 and BS—E.System

In crder to nhave a continuous monitor on nearly all the electronie
elements of the apparatus and to have a flexible device to investigate
the properties of the apparatus a FDP-5 digital computer was coanected
on-line to the experiment. The PDP-5 is a 12-bit word digital computer
with a 4& word memory and a memory cycle time of =~ 4psec. It was
connected to an input buffer consisting of elght 12-bit words. These
words stored the encoder answer for each tray of counters in the
hodoscope, the fast adder result for eacn angle computer, and the pulse
heights in the two Eerenkov counters as measured by the two fast 15 -
channel pulse height analyzers connected to them. This informstion was
stored in the computer in one and two dimensional matrices wnere each
element of the matrix was a word in memory corresponcing to a possible
answer from the experiment and the value of that word was equal to
the number of times in a given run that this answer occurred in an
event., The actual format consisted of three i6 x 16 matrices of

cot &, vs. cot ©_, with upper limits variaeble from 15-—~63 on either

R L’
axis, a 16 x 16 matrix whick could plot anything vs. anyfhing and with
variable upper limits from 15 —63, one 1 x 64 matrix for the ¢ cowputer
answer, and six 1 x 32 matrices for the encoder answer for each tray.

Upon a typed command from the teletype unit connected to tae

computer the computer printed out using the teletype unit the contents

of these matrices. In addition to the teletype output a live scope



display with a 18 x 16 dot grid gave a visual display of s matrix waich
was selected by the main program. If the number of counts in a certain
position in the matrix was greater than a value selected by the switch
register on the console of the PDP-S the dot for this position wa.s
intensified giving a rough three dimensional picture of the matrix.

A trigger from the fast electronics initiated the following steps
in oxrder to stofc the cvent in the PDP-5. ALl the flip-flcps in the
8 words were set to O after waich the information from the fast
electronics was gated into the flip-flops. This gate signal alsb set
a flag in the PDP-5 telling it that an event was ready to be read in.
The program then initiasted the sending of a pulse train to the buffer
which then read the word corresponding to this pulse Srair into the
accumulator register of the PDP-5. This code also set a gate inhibit
flip-flop so that no more events could be read into the buffer. The
program then deposited the contents of the accumulator into the
appropriate memory cell and sent out the pulse code for the next word
continuirg until all eight words were read in. After the last word was
read in the 8 words were processed and these memory locaticns were
cleared. When they were cleared the gate inhibit flip-flop was reset
and the buffer was ready to accept the next event. About thirty events

could be processed by the PDP-5 durirg the 400 msec. beam spill.
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APPENDIX XIV

BS-1 System

For every event that was photographed in the spark chanbers an IBM
card was punched which recorded the event number, whicn counters in each
tray had been hit by the particles, the fast angle computer answers for
cot ., cot 6., and @ and the pulse heights in the right and left
Cerenkov counters as measured by the two 15 - channel fast analyzers.
This information was then used as a check for scanning and measuring
errors. Also this system 1iit numbered lights arranged along the edges
of the spark chambers corresponding to the counter position in <the
hodeoscope to aild in scanning when more than one interacticn occurred
during the sensitive time of the spark chambers., A data panel
indicating all the information on the IBM card was also photographed in
the end view of the kinematics charbers.

The storage and display of this information was accomplished in
the following manner. In a typical channel the -1 volt 50 nsec. pulse
from the discriminator connected to the counter was gated into a flip-
flop by the compute signal. The flip-flop was clamped while the spark
chambers were firing. The clamp was removed and the output of the
flip~Tlop was used to generate a 17 volt, 0.76 msec. long pulse which
was applied to a small 3 volt lncandescent lamp. ‘1he light pulse from
the lamp fired an LASCR which acted as a switch for the display lamps
and caused the proper column and row to be punched on the card punch.

The reason for using the lamp - LASCR stage was to eliminate any
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ground connection to the long unshielded wires or ‘the display lamps
attached to the spark chambers. The nolse from the spark chambers
was never observed to set any of the storage flip-Iflops during the
couvrse of the experiment even though it was =~ 20 volts in amplitude on
some of the display lamp wires. All flip-flops were reset at the ernd
of the punch cycle.

A block diagram of the storage and display system is shown in

Figure XIV.1l.
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APPENDIX XV

Hodoscope System

The general properties of the system were that it required that one
and only one changed particle come from the target on each side, that
the Lwo particles lLogether wilh lhe lncldent beam direction be coplanar
to within zslSO,and that the 6 angles of both of the particles be
correct to within =5° of that for_g + p-—>e+'+ e or ﬂ+ + 1 . The
computation of the angles required = 100 nsec. The overall delay time
between the particles passing through the spark chambers and the peak
of the high voltage pulse applied to the chambers was = 450 nsec.

The overall layout of the scintillation counter hodoscope which
was used w0 selectively trigger on only those events with kinematics
appropriate for 5 + P —~eT + e—, ﬂ+ + 5 or K+ + K was shown in Filgures
3 and & of Chapter I.

The 6 trays were maae up of fifteen 1/4" thick 7.5" wide counters
and two 1/4" x 5" counters which overlapped giving 33 2.5" wide channels
by taking the single counters and coincidences between overlapping
counters. The inner tray located 6.5" from the § of the target used
straighv counters 13.5" long and the outer tray located at 22.2" frem
the ¢ of the target used counters which had a radius of curvature = 34"
s0 that the distance between the inner tray and outer tray was a
constant independent of ¢ for an annihilation taking place at the center
of the target.

Both the inner and outer counters had a single 6655A photo-
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multiplier attached to their bottom ends by a PVT plastic light pipe.

The ¢ trays were made up of nine 1/4" thick x 6.6" wide counters
and two 1/4" x 4.4" wide counters which were overlapping giving twenty-
one 2.2" wide channels. The counters were 80" long and a 66554 photo-
nmultiplier was attached to each end of the counter by means of a PVT
plastic light pipe. The anode currents of both tubes were added by
using a 180 St cablie from the anode of each tube to a BNC tee which was
attacked to the 9CJSL cable to the discriminator. The counters were
located in a vertical plane at 24.0" from the £ of the target. These
counters gave a mean pulse amplitude of % 1/2 volt into SO 's with a
distribution corresponding to = 8 photoelectrons for a minimum lonizing
particle passing through the center of the counter at 90°. For minimum
ionizing particles going through the end farthest from the photo-
multiplier and perpendicular to the counter the outer © counters gave
typically a distribution in pulse height corresponding to 10 photo-
electrons with a mean amplitude of = 1/2 volt into 90JL 's.

~ As an exampie of how the fast angle computer operated a calculation

of one of the 6 angles will pe described in detail, the other two
computers operatedin a similar manner. The circults in the fast com-
puter were dec coupled., Each of the counters of a Tray was connected to
a fast discriminator by 100' long 90JL cables. The fast discriminator
which was dec coupled gave a O -—>-1 volt 50 nsec. long square pulse
labelled (-) and a -3/4 —~»+1/4 volt square pulse 50 nsec. long labelled

(+) for each pulse > the discriminator threshold from the counter.
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Both the positive and negautlve oulpuls of the discriminator were
connected to a gated multiple colincidence circuit with 17 gates
(charnels) vhich took coincidences betwsen all adjacent counters and
added these on a coincidence sum bus, used the signal from counter
N-1 to veto the gate channel output for counter N, summed all the gate
channels on a bus, and gave a -1 volt 50 nsec. pulse from the
surviving gate channels. Twc fast discriminators were connected to
the coincidence sum bus, one with its threshold set to detect single
coincidences (Coine. > 0) and the other set to detect two or more
coincidences (Coine. > 1). Similarly twe fast discriminators were
connected to the channel sum bus with one set for single channels
(Ch > 0) and one set for greater than one channel (Ch > 1). The 17
channels were connected to the even numbers of a five bit binary encoder
with the 1's bit attached to the output of the (Coinc. > C)
discriminator. Thus the counter tray was divided into 32 channels with
even numbers corresponding to a single counter and the odd numbers
corresponding to a coincidence between overlapping counters.

From Figures 3 and 4 it 1s seen that the inner trays were labelled
s0 that chamnel numbers increase in a direction opposite to the direc-
tlon of travel of the E'beam and the outer trays were labelled so that
channel numbers increase in the direction of travel of the 5 bean.

The five bits of the inner encoder and the five bits of the outer
encoder were connected to the inputs of a 6 bit fast adder. The output
of the adder was then a binary number from O to 63 with the answer

32 corresponding to € = 45°, Actually the answer was proportional to
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¢ot 8 because of the layout of the © trays. The answers 23 to 38 were
decoded onto 16 gated flip-flops (which were gated by the reset pulse
to the encoders 85 nsec, after the compute pulse from the beam
electronics ) whose outputs were used toc drive one side of & 16 x 18
coincidence matrix with the other side being driven by the other ©
computer. The kinematics region occupiled by’E + p-—-e+ + e-, n+ + ﬂ—,
and K© 4+ K was then selected on this matrix.

; channel to the yﬁR channel with

the answer 3z representing coplanar events. The answers 31, 32, and

The $ computer fast added the {

33 were decoded onto 3 flip-flops whose outputs were connected to an
or circuit which gave the ¢ OK signal.

The final kinematics OK signal rcquired that the following (all
computers were gated by the -5 OK signal (compute) from the deam time
of flight electronies described above) combination of signals be

present simultaneously.

K =6, (Ch > 0) - 81n (Ch > 1) -« SR (Ch >0) - eORKCh>15-

GIL(Ch>O)-u (Ch >1) -8 (Ch>o)-eOL(Ch>1)-

IL CL

By, (Ca>0)+ F(h>13) - p, (ca>0)+ B (Ga>1)

CH (Coinc. > 1) - Sor (Coinc. > 1) - 6r. (Coinc. > 1)~

8L (Coinc, > 1) - ySL (Coine. > 1) « @%{ (Coinc. > 1) =
(K - matrix)
=N « (K - matrix)

and = ¢ (35, 32, 33).
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Figure XV.3 is a print out of one of the cot GR vs. cot SL
maetrices stored in the PDP-5 computer. The interface, buffer storage,
and program for the PDP-5 is descrived in Appendix XIII. The matrix
shown was obtained by triggering the PDP-5 on N « ¢ for 1.50 GeV/c
incident p's. The numbers are the number of events falling in that
particular bin for that particular ruan. The kinematics region covered
by this print out is identical to the kinematics matrix (namely fast

corputer answers 23 —»38 for both cot &_ and cot GL). The region

R
bounded by the black lines is the regicn which was selected by the
X = matrix requirement. The three curves represent the ideal

-+

. . " + - - .- .
kinematics for p + p—»x + 7w, K + K, and p + p respectively. From

the Figure it is seen that the outlined region has zero efficiency for

- ' + -
pp elastic scattering and 100% efficiency for = + m , K

T+ K , and

+ - : . \ + -
e” + e (which has the same kinematics as x' + x ).

The corresponding metrix for 2.50 GeV/c antiprotons is shown in
Figure XV.4, The n+ + % cross section for this momentum is smaller
Whan 1t 1s for 1.50 GeV/c and the x' + n  kinematics curve moves closer
To the 5§ kinematics curve so that the separation in the matrix is not
as clear. Tae selected region however has 100% efficiency for T
and K+ + X and zero efficiency for Eb elastic scattering based cn the
spaxrk chamber analysis of the n+ + 5 and K+ + K final states being
carried out_by‘Douglas Fong. |

The average detection efficiency for minimum ionizing particles
Tor each tray of counters was determined from s detailed comparison of

counters which gave pulses to trigger the event as recorded on the IBM
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card punched when the event was photographed to the ones which should

have given pulses according to the spark chamber film measurements.
The comparisons of four thousand events from Douglas Fong's

analysic give the following average efficiencies for each counter in

each tray.

Tray  Average Efficiency

8,y = -993 & .002
6., = -594 + .001
6oy, = 985 & .002
8op = +982 + .002

;ﬁL = .984 + .002

1

%

.975 + .003

Combining these efficiencies and taking intc account the effect
of the @ counter inefficiencies on the @ answer the overall hodoscope
efficiency is given by

“hodo T ¢ ¥ <€e)2

= t95 _'_" -Ol.
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APPENDIX XVI

Cerenkov Counters

The electronic discrimination between electrons and pilons was
accomplished by means of lead - Luclile Serenkov cuuntcrs.lg) There was
onieé such counter array in each side of the apparatus each having a
sensitive area of 92" long by 80" nigh.

Each counter array was made up of ten counters consisting of three

" thick UVT Lucite plates 9" wide x 100" long separated by 1/2" thick

UVT spacers 8" x 10" long at each end. This assembly was then bonded
together with PS-18 and each end was tapered to a 4 1/2" diameter wo
match the face of a RCA 7046 5" photomultiplier. Iach of the Lucite
plates was carefully polished and wrapped wita 1/4 mil Aluminized
Mylar. A 1/4" x 9" x 80" lead plate was inserted into each of the gaps
between tne three Lucite plates and held away from the Lucite plates by
means of slots in the thin (C.020") light-tignt stainless steel box
which enclosed the unit. The 7046 photomultipliers were attached to
each end of the unit by two bolts which passed through a bakelite ring
glued to the phototube with RTV-602 and through two Luclte “"ears" glued
to the light pipe of the unit. The optical joint between the light pipe
and the photomultiplier was made using a Dow Corning Silicone Compound
Nuber C-20057. The ten units were then mounted on a steel frame
suppcrted‘on four casters. The complete assembly weighed approximately
3 touns.

v
A Ttlock diagram of the Cerenkov counter electronies 1s shown in
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Tigurc XVI.l.

The anode pulses from each of the 7046's were addsd in two linear
12 channel mixers and the sumed outputs of the two mixers were added
in a two channel linear mixer., The signal from this mixer was delayed
by 40 nanoseconds and amplified. The amplified pulse was passed
through a linear gate which was opened by the compute pulse from the
beam time of flight electronics described sbove.

The gated pulse was attenuated by 1l0db and stretched by a delay
line pulse stretcher giving a 50 ns long output pulse. The stretched
pulse was amplified and divided by a distributor ﬁetwork to give the
prcper signal levels to drive the Cerenkov OK fast discriminatcr, the
TMC 1024 channel multichannel analyzer, and the 15 channel fast
analyzer which recorded the Cerenkov counter pulse height for each
spark chamber trigger.

Tae linearity and ‘gain ol the enllre syslem was checked by means of
a critically damped pulse with the same shape as the anocde pulse from
the 7046's from an SKL mercury relay pulser. This pulse was split and
one side was fed into one of the unused inputs of one of the 12 channel
mixers. Tne other.side was used to generate the necessary gate pulses
for the linear gate and the TMC analyzer. This procedure permitted a
cross coarrelation between TMC channel numbers, fast analyzer channel
numbers and the éerenkov CX discriminator setting in terms of the
voltage applied to the SKL mercury relay pulser. As a result all gain
curves, pulse height analyzer calibrations and éerenkov counter responsc

curves were in terms of SKL volts.
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The photocathode efficiency of each of the forty 7046 photo-
multiplier tubes used on the two trays of counters was measured and the
tubes were paired so that the average photocathode efficierncy for each
counter was as uniform as possible. The gain of each one of the
phototubes was adjusted so that the peak of the pulse height distribution
resulting from 1.25 GeV/c electrons normally incident on the counter
under study with two radiation lengths of lead in front of 1t was equal
to 22.0 + 0.5 volts (SKL) with all other tubes off.

The overall gain of each phototube was monltored by means of a
1" x 1" x 1/16" piece of NE102 plastic scintillator bonded to the light
pipe portion of the counter near the phototupe. This scintillator was
exposed Lo the 2.2 MeV electrons from & Srgo source mounted on a
soclenoid so that it could be moved behind a shutter during the
experiment. This source-scintillator combination gave a pulse height
distribution in the TMC of which Figure XVI.2 is a typical example. The
SKL veltage corresponding to the peak due to the 2.2 MeV electrons
passing thrcugh the scintillator in the pulse height distribution was
recorded after the gain of the tube was set as described above. The
peak was typically 25 volts. This gave a standard gain for the tube.
During the rur the gain of eaéh tube was checked once each week. The
maximum variation in gain was less than 4% for the course of the
experiment.  The high voltage applied to the photomultipliers was
checked dailly with g digital voltmeter.

The overall response of each counter array to electrons is given in

Flgure XVI.3. The energy, angle and point of impact of the electron beam
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on the counter array was matched to the kinematics of a typical
annihilation p + p ~e” 4+ e for 2.50 GeV/c antiprotons. The curves
in Figure XVI.4 are smooth hand fits to the experimental poihts. Only
the point at § = 0, 6 = 48° was obtained using the actual Pb plate
spark chamber as the initial radiator, the other points being obtained
using an equivalent thickness of the Al-Pb-Al sandwich material wnich
was used for the plates in the chamber.

An analytic-graphical theory of the response of the counter array
was developed Trom the data for the 2.5 Gev/c kinemwatics. The results

9)

of shower development studies of Heusch™ ‘ etal., were combined with &
gecmetrical factor due to the changes in the radiator and the detector
thickness and an experimentally determined correction factor to give
the final theory.

Figure XVI.3 is the calculated Cerenkov counter regponse for 1.50
GeV/c incident E'S on hydrogen giving e+ + e;. The points are data
obtained in a short check run at the end of the experiment and are seern
to agree with the taeoretical curves.

The average efflciency for detecting a pion from 5 + p-—>:+ + 1w at
1.50 GeV/c for one.counter array was = 0,25 for the discriminstor bais
used. during the experiment. For the bias used fcr the part of the
experiment using 2.50 GeV/c incident E‘s, the average efficiency for
detecting a pion from 5 + P —~a o+ r was = C.14.

The average elgctron efficiency was obtained by means of a Monte

Carlo computer program described in Appendix III, Section a. For all

angular distribution considered the efficiency for detecting both
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electrors was greater than .00,
A more detailed description of these Gerenkov counters will be

available in 8 CTSL Internal Report by R. Gomez when it is completed.
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APPENDIX XVII

Analysis of the Backgrgugd Contribution of ﬁ+ﬂ—nﬁo
to the e e Final State

The contribution of the x'x nx_ n = 1, 2,... Tinsl states to the
background of the e’e” final state was determined by scanning two
samples of the data for the e’e” final state. The sample taken from
the 2.50 GeV/c data was scanned for events which had one charged
particle and one distinguishable converting y-ray (>10 sparks) in each
Pbo chamber, The separations parallel to the beam direction of the
charged particles and the converted y-rays were then measured for each
of these events. In the sample taken from the 1.50 GeV/c data events
wnich had one charged particle plus one converting y-ray (>10 sparks)
were accepted slong with events with this configuration plus one extra
converting y-ray which was within 1.5" of the charged particie. This
later class was accepted because of radiative correction y-rays for the
eTe” final state. The separations parallel to the beam directlon of the
charged particles and the y-ray were then measured for these events.

Figure XVII.l shows a histogram of this separation for 211 events
(each event has two separations) cbtained from a sample cof the 2.50 GeV/c
data. This sample of data represents 1.9 x lO9 E'S incident on tae
liquid hydrogen target. TFigure XVII.2 shows this same histogram for 117
events from the 1.50 GeV/c sample for 6.9 x 107 5'5 incident on the
target. In Figure XVII.3 the expanded scale nistogram for the

separations from O — 1" in Figure XVII.1l is shown. From this figure it
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is seen that the minimum separation that can be resolved is 0.1" and
that the histogram is essentially flat up to that point.

In calculating the background to the e¥e” rinal state from this
source the probability that both y-rays ars within CG.1" of the charged

particles has been taken to be

(O.l X Nuber of BEverts in 0 ~» l”)Q
Total No. of Events

Po.1 =

(6.1 + 1.2) x 10°° for 2.50 Gev/c

i

(7.4 +1.7) x 107° for 1.50 gev/e.

PO.l for 2,50 GeV/c contains a correction factor = (1.3 )2 determired
from the 1.50 GeV/c sample to account for not including extra y-rays in
the original scan. One hundred of tne events used for Figure XVII.2
were measured with seven of the events having.kinematics within the 95%
acceptance range for the ee” final state. Combining this with the
above probability gives the overall probsbillity that an event of this
type will faxke the eTe” final state.

The results are

P 0= (5.7 7 20) x 107 ror 2.50 gev/e
and
I} _n
P+- 0=(5.27"0) %107 ror 1.50 cev/e.

The Cerenkov counter pulse heignt distributions for the events from the
1.50 GeV/c sample are essentlaliy the same as arc cxpccted for the

e+é— final state. As a result no correction due to the Cerenkov counter
pulse heights has been made in these probabilities.

Using these probabilities, the total numbers of tnese events, and
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the total numbers of p's give the erfective background cross sections
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