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ANTIPROTON-PROTON CROSS SECTIONS AT 1.0, 1.25, AND 2.0 Bev
‘Charles A. Coombes

- Lawrence Radiation Laboratory
‘ . University of California
Berkeley, California

March 15, 1960

ABSTRACT

Thc antiproton=prulon interaction was studied at three en_en'giess
2.0,.1.25 and 0.98 Bev. Antiprotons produced internally in the
Be';ratron and channeled externally by a system.of bending magnets
and quadrupoles were selected from background particles by using
a gas C\llerenkov counter and scintillation counters. At the two lower
energies, an electrostatic-magnetic velocity spectrometer was used
to reject background particles. A liquid;hydrogen target was
completely surrounded by scintillation counters so that all charged

secondaries from the antiproton-proton interactions could be detected.
With the information obtained from these counters, the P-P total,
elastic, inelastic, 'and charge-exchange cross sections and the angular
~distribution of the elastic scatterings were obtained at each energy.

The total cross section was found to be 80, 89, and 100 mb at 2.0,

1.25, and 0.98 Bev, respectively. The inelastic cross section was

about two-thirds of the total cross section at each energy. It was
found that each of the partial cross sections was dropping off slowly

The results were. fitted by an optical-model calculation,

with energy.




INTRODUCTION

A de'tai'l'ed's:fcuay of the anfii)roton-»proton interaction at high

energies can yield considerablé information about the structure of
the nucleon-as well as more knowledge about nuclear forces. In the
experiment described here, antiproton-proton cross sections were
measured at 2.0 Bev., This energy is close to the highest energy
practieable at the Bévatron if present time-of-flight methods are used,
for the temporal separatlon of antiprotons from unwanted particles
w1th1n a reasonable distance becomes mcreasmgly small with energy.
It is 1mp0551b1e to go to a much higher energy at the Bevatron by any
Arﬁeth'od since the yield of antiprotons decreases rapidly with increas-
‘ 1ng energy and is expected to become zero at about 3 .Bev.
‘ " Measurements of the cross sections were also made at 0. 98 and
”1 25 Bev, The cross sections were measured at 0.98 Bev in-order
to be able to directly compare the results of this experiment with
‘ those of a similar experiment carried out earlier. 'The third run
was made at 1.25 Bev to help fill in the cross-section eriergy curves.
A fourth run had been planned.between 1,25 and 2 Bev, but this could
not be done in the Bevatron time allotted. ‘

Following the discovery of the antiprotoh, ! several experiments

£3, 4.5, -in which it was observed that antiprotons interacted

' wereldone
much more strongly with nuclei than protons did.

" The fi‘rst”meas‘ureme/nts of the antiproton-proton cross sections
were done by Cork et al. “ in the energy range of 190 to 700 Mev.

The results of this exper1ment which was done u51ng a 5-1t hydrogen

'
1

target and good geometry, were that the ant1proton proton total
cross section was about twice the proton-proton total cross section.
'fhese results were foliowed by those of Chamberlain et al. who
measured the antiproton-proton inelasti¢ cross section at- 450 Mev.
- They used a Cerenkov counter as a target and a difference method

- (H O-? 0,) to calculate the antiproton-proton inelastic cross section.




The geometry was.such that scatterings at angles smaller than 14

deg could not be measured. The inelastic cross. section obtained by
._'Chamber1a1n et al. 7 was about the same size as .the total cross section
obtained by Cork et al 6 for a-similar energy. Either the elastic-
scattering cross. section was very simall or an crror had been made

. in .one of the experiments. It has since been shown that the elastic-
.scatterivng. cross section is a substantial part of the total cross section.
Therefore, there is discrepancy between.the results of Cork et al.

and Chamberlain et al.  Recently Elliof et al. completed an experi-
rnéﬁt which _fneasured thé cross sections at the same energy. 8 If

. . their results are correct, ;che total cross séction measured by Cork

et al. was low, and the reSuits of Chamberlain et al. wecre high.

Measurements. of‘Lhe elastic antiproton proton Crass. section
.which showed. that elastic scattemng was a large fractlon of the
. total cross.section were made by Agnew et al., ? Goldhaber et al. 10
. a»vn.dl Coo_mbes et al. 11 The results Qf Coombes et al, also gave the
to);_als and partial (inelastic, charge-exchange, and elastic) cfdss
sections in the energy rangé from 133 to 333 Mev. .The angular
distributions of the eiastic scatterings were also obtained, and it
was shown that the avnti}‘)rotons were scattered mainly_in. the forward
direction. These results indicated a strongly absorptive interaction
with a radius of the order of 1.5X 10717 ¢ cm. ‘

Two of the theoretical attempts to explain the antiproton-proton
interaction are in good agreerr}ent with the abéve-mentioned experi-
mental results. One is the model of Ball and Chéw, who used the
Yukawa formalism and a potential that cbrrectly describes the
nucleon-nucleon interaction to calculate the different partial cross
sections, 12 They. as,s.ﬁmed that the annihilation interaction.is caused
by,the short-range absorbing core--a nucleon is considered to be a
complex structure consiéting of a central core surfounded bf a -pion
cloud. Each partial wave- that gets through the-centripetal barrier is

assumed to be attracted to the core and absorbed. Because the WKB



o

.ithe elastic scattering.at 140 and. 260 Mev.

-approximation was used to calculate the phase shifts and to estimate
: the probability of absorption of each partial wave,..the method.could
- not be used.above about 200 Mev.. .Fulco used the phase shifts

-calculated by-Ball and. Chew to ca'lcu-late;.the .angular-distributions .of

13

- The second theory that is in good agreement with.experiment is

;bhe advanced-by-Koba and:Takeda. 14 They. used a-'pproxvimately?the

same model of interaction as that of Ball and Chew, but took.a much

‘more ‘phenomenologicail approach. - While the results.of Ball and Chew

.much more general and.apply over a wide range of energies.. Their

"model will be discussed in.the. Conclusion-and.compared with the results

of the experiment described in.this paper.




ANTIPROTON BEAM
+ -The antiprotons were produced internally in the Bevatron, by the
primary. proton beam .and bent into the external magnet. channel by
' _{-t'hé ‘Bevatron field (see Fig. '1).. The radiofrequency structure of
the proton beam of the ‘Bevatron was removed by making-the beam
" pass through a thin foil which caused the protons,tdlose, a small
amount of their energy. 6 'This -loss.made the proton beam phase-

nnstable, and.as .a result the beam spiraled into.the target. - By this

.. 'technique, the secondary beam was produced uniformly over a

“‘period of 50 milliseconds. A different target was used at each ’
. momentum. - These largets. werc located.so that the negative particles
- s'elected by Lhe external eystem came off the target.in the forward
direction. As a result, the antiproton yield was al-a-maximum,; and
the apparent source .size was a minimum, - The targets were 1/2-in.
by 3/8-in. by 6 in. and were made of beryllium. '
~After emerging from the Bevatron, the negative beam was

steered into the following 8-in. aperture quadrupole, Ql’ by a
deflecting magnet, C1° By use of the magnet Cl. and by use of
different targets for each energy, it was possible to change momentum
without changing the position of the external magnet system. In the
vertical plane, quadrupole 'Ql focused the beam from the target on
a Z-in, slit at the enlrance to magnet M, while in the horizontal plane
it focused.the beam on an 8-in. collimator (not shown in Fig.. 1) at
the entrance to the quadrupole set QZ' Quadrupole Q1 was placed
as close to the-target as possible in order to obtainh the maximum
solid angle of acceptance. . The momentum spread in the beam, about
6%, was determined by the width of the horizontal collimator and
the dispersion produced by the Bevatron field.

After Q,, the beam passed though a 40ft-long velocity spec-
trometer of the parallel-plate type. 11. Croussed electric (E) and
magnetic fields (H) allowed particles of a certain velocity ([30=E/H)
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'Fig. 1. Experimental arrangement.” Here C,,C, and M
. are deflecting magnets. Quadrupole sets .Q, and Q2
“have 8-in. apertures; Q —Q7 have 4-in. apertures
' Counters A through F afe 4-by 4-by 1/4-in. plastic
scintillators used for time-of-flight measurement.
Counters G and H were 4-by 8-by 1/4-in.



to pass through with no deflection since the electric a.n._dArn.agnetic
-forces just canceled each other. Pa,rticleé with-different velocities
"were.deflected either up or down. . The spectrometer was.set to give
no deflection.to the antiprotons, while faster particles: (7™ mesons,
'K mesons) were detlected.vertically by an-amount that depended.on

".their momentum, .p, as shown by the relationship

2 .
y.= e’E ( L 1—.,) ) (1)

2ep PO B
. where "y ‘is the /distan_ce deflected A(mea,:s;ured at the exit of the
spectromeler and nc,glectiné secand-order terms), B -is the velocity
ol he particle whose charge.is .e, and £ is:the effective length of
the spectrometer. . Most of the fasler partiélcs-struck_the npper edge
of the slit at the entrance to M and were absorbed.or degraded
sufficiently so that they were removed from.the beam by.l the deflecting
magnet M. The spectrometer was used at 1.7.Bev/c and 2.0 Bev/c
but not at. 2.8 Bev/c, since at this momentum the amount the fast
particles were deflected was small compared to the beam width.

In the horizontal plane‘,'. the quadrupole Q2 acted as a field lens,
. redirecting particles of different momeunta toward the center of the
deflecting magnet M. Magnet M accurately determined the average
momeunluin selectcd and . undid mast of the dispersion .created by the

Bevatron field. .Thus, it was able to direct the particles.of different

momenta along the axis of the following iterated 4-in. -aperture quad:-. .

rupole. system (Q3 to Q7)°

The transition.(without appreciable beam loss) from the 8-in.
to the 4-in. quadrupole system was aided bsr several factors. Can-
celing the momentum dispersion at the deflecting magnet M minimized
the horizontal aperture required beyond that point, but in order to
- reduce the horizontal angular spread sufficiently, the. 4-in. quad-
rupole Q3A was .necessary. . Since the product of the angular

spread of the beam and the width of the beam is. a constant by
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.Liouville's -t‘hé'fore.‘ri;l, t};é-".bea'm width in the':hb"rizontal direction was
-increased by; Q3A .Thef'in_crAeas‘e did not reduce the transmission of
-the system.. The angular -spread in the vertical direction was re-
duced by the focusing in M :and i‘n, 'Q3'A°‘ e 3 .

. The 4-in. lenses were spaced as close as .possible.to permit
_the transmission of particles. with rather large angular.divefgences,
. but'the over-all length had to be sufficiently long so that the anti-
protons could be .identified by time"-eof-ﬂight. As a compromise be-
tween these .two conflicting requirements, a:length of. 88 ft was
“.chosen for the 4-in. ‘system. |

- The bending magnet CZ deﬂecte.d..the‘be:am. slightly in .order to

. :eliminate .positive charged protons produced by collisions .of the

mesons in the beam with protons in the walls of the quadrupole and
the Cerenkov counter.: At the hydrogen target, the beam cross section

¢ ..was. about Z_bY“Z- in.

’
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ANTIPROTON YIELD AT THE BEVATRON

.'I»‘a,ble..I‘ gives the yield of antiprotons, m mesons; and:K
mesons measured at‘the.end of the magnet 'chémnel. . No.corrections
have been made for coulomb scattering or. decay in.flight. For the
K's .the fraction.that decayed.in flight is.givcn.in the last column.
~-Some of:the particles counted as K's could '_ha.vé been. decay products
.that ‘de*ca‘.:yeduatvsuch. a small angle that -théy were transmitted by the
magnet system. . This.number was.small, since the energy available
in the center .of mass.is large fo,r moot of the degay pradicts,  and '
the products. can.come out at large angles., For pions, the number
of decays:in-whi»ch;theA decay product is -accepted by the system was
-large, since there is very li,ttl'e_é-e.nter-o[-xnéss encrgy.available to
the muons, . | |

The solid.curve in.Fig.. 2.comes.from. a phase-space.calcutation
for.the yield of antiprotons from 6.1-Bev pfotohs on protons :and

1
from 6.1-Bev protons on:neutrons:"

P+P~P+P+P+P (2)
P+N-P+P+P+N. ' .(3)
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Table 1

Beam characteristics. The momentum. band width was. £6%. All
quantities except P (protons striking the target) 'we;e“me,asurgd at
.the exit of the magnet channel and correspond to operation. with the
spectrometer off, No corrections have been made for deca-y_.‘in
flight. Operation. of the spe,ct'rometer»at 360kv rejects fast particles

by the factor shown.

Average. Solid = PB/P T /P P/n° K//n= Spec-
fornenturii = angle (10-12  (10-6 (10-0)  (+40%) trometer
(£3%) - (10-3 + 40%) £40%) : rejection
(Bev:/c) " sterad) ., ~ factor
~ ' o (£30%)
1.7 : 0.40 60 1.3 4545 0:028 3
2.0 0.33 60 1.2 485 0.015 2

2.8 0.50 .15 0.9 15£5  0.009 -
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The curve represents,the yield of antiprotons. per incident proton.on
the target, per unit momentum spread,. and.pér acceptance .solid
angle. . This curve is the sum of the curves for reactions. (2) and (3)
given by -Fulcol3. with the exception‘tha".t the yield given by Fulco
has been weighted according to the miomentum so that the yield is
‘per momentum spread Ap/p _rather than per unit momentum in-
terval (Ap). . The experimental points.in Fig. 2 are the number of
a,.ntipro’t%:ns per pion measured.in this and other exper,imehts, 6,11,12
: Differences.in‘..s.olid angles and in, momentum épread between different
experiments were cofr;péns ated for by using the a,.,nti'p,rotonepion ratio
rathevrjthan the absolute yield of ant’iproton-s, since the number of '
antiprotons-and the number of pions boulh depend on:-thesc quantities
in'the same way. To compare the experimental points directly to

the curve, we must correct the variation of the pion yield with,
momentum. Since. the pion yield does not appear to change by more
than a factor of three over the momentum range considered, 6,8,11
‘we can state that the phase-space calculation agrees with the experix:.:
| mental results within an order of magnitude. = For some of the experi-
mental points, the antiprotons were not produced in the forward
direction. The curves for the yields at different angles given in
reference 13 .were used to normalize these points to.the production
curve in the forward direction. Only experiments Lhal mmeasured

the yield at several momenta were considered, for in.this. way

.systematic errors would show up.
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Fig. 2. The number of antiprotons produced relative to the
number of pions produced at different momenta. The
open circles are the results of this experiment, The
solid circles are results of reference 8, squares
reference 11, and triangles reference 6. The solid
curve is the result of a phase-space calculation by.
Chamberlain et al. (Nuovo cimento 3, 447 (1956).
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GAS CERENKQV COUNTER

Since there were from 10,000 to 100,000 pions. for each
antiproton, a gas Cerenkov counter was used to help distinguish
the antiprotons from the pions. Figure 3 shows a cross-sectional
cut of it. It was made of an pion pipe 6-ft long by 5-in. diam. The
interior of the pipe was lined with highly reﬂecting anodized
aluminum. In the center of the cross were two plane mirrors which
reflected tho G“‘erOHI{dzf light intn lénses in each arm of the cruss,

Each of these lenses focused light from the mirror onto an RCA
6810A photomultiplier. The output pulses of the two photomultipliers
were added to give one output pulse. '

Bccauoc methane has a low 7 (and thus, does not cause much
coulomb scattering) and because it has a fairly high index of re-
fraction, it was used in the counter; The counter was tested at
pressures up to 400 psi.although in this experiment the counter was
run at 200 psi. At this pressure the index of refraction is-1.0060 ,
which corresponds to a minimum B of 0.994. Particles with
velocities less than 0.994 did not count'in the counter, while particles
with higher velocities did. A 1,2-Bev/c pion has this velocity; thus,
in this experiment all pions and particles whose masses are less

than that of the pion were counted by the counter.
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HYDROGEN TARGET

A thin-walled liquid-hydrogen,target“ was used in the
‘cross-section measurements (see Fig. 4). The hydrogen flask
was of 0.010-in, -thick stainless steel, 12 in. long and 6 in. in
diameter. In the evacuated space surrounding the flask was a thin
(0.003-in) copper heat shield held at liquid-nitrogen temperature.
'The outer vacuum wall, at room temperature, was made thin over
a4 large solid angle in the forward_dir,ectibn, so that antiprotons
'scattered at angles up to 60” iu the laboratory system caiild éscqw
without passing through much material. Finally, the target was
cons'grﬁcted in such a way that scintiilation counters could surround

: fhe whole structure.

ELECTRONICS

.Figure 5 shows a block diagram of the electronics used at
2.8 Bev/c; the electronics at the other momenta were similar. The
antiprotons were distinguished from the background particles by
.means of three fast (resoiution of 2)_(10'9 seconds) triple-coincidence
units whose output pulses were mixed together in-a slow (resolution
of 10_7‘ sec) triple-coincidence unit. In.two of the fast units, C1
and C,, the time-of-flight counters (1/4-by 4-by 4-in. plastic
scintillators with RCA C7264 tubes) were approximately equally
spaced over a 120-ft distance (see Figs.l and 4). These units had
a good rejection against two.particle accidentals, since two pions
going through two of the counters at the right time to. simulate an
~antiproton would notAgo through the third countercat the right time.
They also had a good rejection against a single fast particle being
considered as an antiproton, since the distance between counters
was large enough to distinguish the antiprotons from the other
pgrticles. The third unit, C3, had oné counter at the front of the

4-in, system and two at the end. Becéuse the distance between the
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Fig. 4. Liquid-hydrogen farget and surrounding counters.

The target flask of 0.010-in. stainless steel was
surrounded by a 0.003-in. copper heat shield and a

. 0.040-in. aluminum wall in the forward direction

(gasket details are not shown). Counters a,t, Q1
through Qg , R, through R,,, and S, T —

fhrbugh- 34 were plastic scintillation counters.

The lead was used to convert y-rays from 0 mesons.
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5. Block diagram of basic electronics used at 2 Bev.

“A through H are time-of-flight scintillation counters;

a, t, Q, R, and ‘S are scintillation counters that

" detected the interactions of antiprotons in hydrogen;

C, through Cg are coincidence circuits; D's are
discriminators; the triangles are amplifiers; M is
a multichannel circuit in which individual counter
pulses were mixed for display on an oscilloscope;’
and M'

. from the different groups of counters were mixed.

is a many-channel circuit in which sum signals .-
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first counter and the last two counters was quite large, this unit
had a vei"y good rejection against single fast particléé. It was

4' subject to twofold accidentals, since one particle going fhfough the
last two counters and another going through the first counter could
simulate an antiproton. The gas :(/Z\erenkbv counter was used in
anticoincidence in each of the units. The outputs of these units
were sent to discriminators and pulse shapers and then to the slow
triple-coincidence unit. .The output of the slow unit triggered an
oscilloscope and a scaler, and a pulse from it was considered to
mean an antiproton had entered the target. At the lower momenta,
the counters G and H were not used, because the distance from
A to F was enough to identify the antiprotons. Also, only two

fast triple-coincidence units were used.

‘The output of two of the fast triple-coincidence units were
mixed ogether in a fast coincidence unit (resolution of 10-8 sec)
in.order .to obtain a fast gate for each antiproton incident on the
hydrogen target. A multichannel coincidence mixer, M, made
coincidences between the fast antiproton gate and all the counters
surrounding the hydrogen target. The 40 gated-counter signals
were inserted at points along two transmission lines, and the signals
from the two lines were added together with opposite polarity so
that when the signals were displayed.on a Tektronix-517A oscilloscope;
positive and negative pulses alternately appeared. In order to have
a reference pulse, the antiprotbn gate was displayed on the oscilloscope.
It was also used to help'disting,ﬁis'h accidentals since, in general,
an-accidental gate pulse was smaller than an antiproton gate pulse.
The oscilloscope face was photographed on 35mm film moving at a
constant rate. The vertical position of the oscilloscope trace was
displaced a few millimeters after each trace so that as many as
10 antiprotons per Bevatron pulse could be photographed. '

Mixer M' formed all the possible coincidences between sum

sighals of the different groups of counters,. and the output of these
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coincidences :was sent to scalers. . Thus, the operation of the counters
-and.electronics was continuously monitored. Two monitors were
used to prqvide a check on the steering.of the primary _profon beam

- and the magnet channel. One monitor consisted of a threefold

counter telescope that looked at the internal target; it.moﬁit_ored '

the beam '"spillout'. A second coincidence between .countcrs E

and F monitored the channel flux.

TIME-OF  FLIGHT RESOLITION

In Fig. 6 the number of coincidences measured . is plotted as
a function of the amount of cable delay between the first and last
connters. ' The ordinate was normalized to a unit incident-pion
flux. At 2.0 Bev/c, the K -peak yield dropped off Lu d‘re‘asonably
“low level before the antiproton peak was reached. On the assumption
that the K~ curve at.2.8 Bev/c continued to dropcaff witﬁ cable delay
as the p curve did, and that it had the same general shape as at
2.0 .Bev/c, the curve was extended as shown by the dotted linc.
Since the extension of.the K curve is just over a factor of 100 below
the peak of the P -curve, the numberafcoincidences from particles
other than antiprotons was taken to be less than 1% of the number of
coincidences from P. This fraction would produce an even smaller
fractional error in the cross sections. The curve is narrower at
2.8 Bev/c than at 2.0 Bev/c since at 2.8 Bev/c the discriminators
were set. more critically. : '

The effectiveness of Cl’ CZ’ and .C3 can be seen from the
curves. Counter C3 levels off at large delays at its twofold
accidental rate. This leveling off does not mean that ‘C3 did not
contribute anything to the identification of the antiprotons; rather,

many of the K mesons were rejected by C,, but all of the K's

3’
were not rejected since sometimes a pion went through the first
counter just at the right time for the combination of pion and K" to

simulate an antiproton.
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Fig. 6. Delay curve for time-of-flight counters at

2.8 Bev/c. The curves labeled C;, Cz, and Cj
are outputs of threefold coincidence circuits. The
bottom curve is a threefold coincidence between
Cj,» Cp, and C,;. The ordinate is normalized to
the number of plons in the beam. The abscissa is
the cable delay between G and F at 2.8 Bev/c.
The point marked 7~ indicates the fraction of the
pions that were counted when the cable delay was
set for pions. -
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An estimate of the efficiency of the gas .C‘Igrenkov counter can
be ,obtainéd from the delay curves. - When the gas counter was not
used and the cable.delay was such that the system was .set to count
pions,.the point marked m was obtained. - When the gas counter was
used, the bottom point at 115 musec wés obtained. . This decrease
in counting rate gives an efficiency of 99.99% for the gas counter.
Since most, and maybe all, of the counts registered when the gas
.cougter was used resulted from K mesons, th,':' ronnter was really
more .efficient than 99.99%. Because of the Ferenkov couilter,
there were no background counts from pions. when the system was

tuned. for antiprotons.

DATA REDUCTION
The scanning of the film was made faster énd easier than in
previous experirnénts by the use of an IBM card puncher. 6,11
. Through use of the card puncher, the information contained on the |
photographs of the oscilloscbpe_traces was transferred to IBM
|caras. The IBM cards were mechanically sorted into many

different categories. .Using the card puncher,. a scanner could scan

as many as 1000 antiproton events per hour.
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DETECTION OF INTERACTIONS

The different types o':f'ahtiproton=proton interactions that can
-’take”place are (a) elastic scattering's_(‘o) inelastic scatterings
.’(pion production) (c) annihilations, and (d) charge exchanges.

To distinguish between these, one must consider many different
’ thmgs. ' 4

Since a;ntiproton annihilations usually give off many charged
and.neutral secondaries, elastic scatterings can usually be dis-
'tin-guisl;ied from annihi{lé,tio-n's by observing the number of,secondaries.
To distdingoish: annihilations from inelastic scattering in which pions
are produ,ced is, in general, very diffioult, since one must be able
to determine whether or not'an antiparticlé is present in the
:secondarles. o '

Elastic scattenngs can be distinguished’ by the fact that the
.two resulting part1c-1es -are coplanar and have a definite angular ‘
relationship. Thus, for an event with two secondarles, one can
.determ1nc whether or not it is a bca.ttenng by measur1ng the angles
" of the secopdarles and measurlng whether or not the two particles
are coplanar with the incident part1cle

Charge -exchanges can be’ dlst1ngu1shed from other events by
_ascertaining that no charged or neutral mesons are given off,

In this experiment, the hydrogen target was completely
surrounded by plastic scintillatién counters.(see Fig. 4) so that the
' rrumber of charged secondaries .could be measured. Also, the
counters were-arranged in such a ‘way that the angle of the secondaries
) -was well defined. - The counters were divided into five groups and
labeled'accordingly. All the counters were 1'/4.;=in, -thick terphenyl-
‘loaded polystyrene sheet with the exception of the a counter, which
was l-in. ‘thick.

S1nce about one-third of the pions produced are neutral, a

~1/2-in. mthick layer of lead was _plac'ed between the target and




-25-

counters 9, Rige and a.’: This:lead converted y-rays from the
neutral mesons—('rro - Zy), _ thereby 1ncrea51ng the detection
efficiency of the system for 1ne1ast1c events. The th1ckness used
was calculated to be the optimum for convertmg .Y-rays w1thout

‘ apprec1ably attenuatlng the charged particles. Lead was not used

to all angles, as-the material in the path of scattered ant1protons had
to be kept small to m1n1m1ze the number of scattered- antlprotons
that anmhllated in the Hldlej.ldl 5u11ound1ng the target.

The counter measured the fractmn of the antiprotons Lrais=
mitted, and_cor‘reséonded to a good-geometry detector \;rith which
the total cross section could be measuredo ‘ ‘ o

' S}lr»rnllnding the % counter were four ring counters called
s which measured the small-angle difi’erent1al—sc_atterihg CLuss
section. For @m event to be classified as a scattering intov s, one s
counter and no other counters were _seen. The excebtion to this rule
. wa‘s that pulses in B could occur with S5 and S 4 .since R over-
lapped s . For scatterings into s, the recoil protons were not
seen as.they did not have enon'gh energy to get out of the target.

The angle subtended by the a counters was such that the only
part1c1es that could be detected by a were inelastic secondanes
emitted backwards in the center of mass. Thus, a11 events with an
a count were cons1de1 ed as 1ne1ast1c events v ‘

. Through the use of the two sets of counters Q and R, it
was possible to define well the polar angle of the secondanes pa551ng
. through the counters. . Counter ‘R was broken up 1nto left and right
zones, and Q. was broken up 1nto up and down zones, Thus, the
~ quadrant through which any part1cle passed in g01ng through Q and
R was known., = ‘ _ L ]

The rec011 protons were seen for antlprotons that scattered
~into R. For an event w1th an. R count to be c1asS1f1ed as a

scattering,, the Q and R pulses had to be con51stent w1th two
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particles emerging. .Moreover, the two particles had to go through
opposite quadrants, and their 'rp.easur'ed»angles had .to be consistent
with a. scattering. 'If an event with observed secondaries did not fit
. the necessary ‘requirements to be a scattering event it was.’.considered
to be an inelastic event. ‘
. Events for. which no secondaries were observed were called

misses.and were considered to be.charge exchanges.
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'CALCULATIONS; UNCERTAINTIES, . AND' CORRECTIONS

A, . :'I.‘&)tazl V':.Cré Ss Se ctions

. The total cross section, d‘-‘T"’ .was obtained from the trans-
rmissivin with hydrogen in the target, t, and with hydrogen out, ’to’
1 to
o= S In "—— ., (4)
- N t.
: a i
where Na was the number of hydrogen atoms per square centimeter.
.If one takes.into account forward scattering into the trans-
mission counter, t, the total cross section has to be increased

‘ by an amount

Ao = (®+R%an, (5)

- where I and R are, respectively, the imaginary and real parts of
the forward.s_ca,ttering amplitude, and the integral is taken over the
solid angle subtended by t at the target. If the amount of potential
scattering is assumed to be small in comparison to the amount of
diffraction scattering, then .R should be small with respect to I,
and R can be.neglected.in Eq. (5). Because the large-angle
scattering cross section is small, and because the angular distri-
bution is.close to the black-disc distribution, the émou.nt of potential
scattering is probably small. Since the solid angle subtended by the
1t counter was small, no account was taken of the variation of 1 with
angle. In this approximation Eq. (5) becormes

Ag = IOZ AQ, , -~ (6)

where IO is the imaginary part of the forward scattering amplitude

and AR is the solid angle of t at the target.

Using the "optical theorem™", 16
o
L= L ‘ (7)
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‘we obtain, from Eq. (6) . o .
) A9, (8)

Ag =
4 T\

‘where '\ .is the wave:length of the incidént antiproton in.the.center-

of mass .system.,

B.  Inelastic Cross.Section
The inelastic .cross section, Oin is given by:

o 1 tao ‘ ‘
oiﬁ'= Azn . . , . (9)
’ N t_. B
a o al

where t_ .is‘tllle fraction.of the a.nt_:i-pr;_)toris Athat Vpas‘_se-d,‘,th.ro.uAglh'x the
target without undergoing .an inelastic.collision. - The subs.cripts i
and .o refer respectively to.data taken with hydrogen in and.out of
.the‘targét. ; | ) ‘

. Several effects have to be_,takeﬁ into account to obtain ta from
the experimentally observed:numhers. This fraction is. not simply
,g:iveri by S 3 : » e , C |
R t =1-N_, | o 10)

where ’Na is ‘thle frac@:ion of antiprotons whic'h‘ were observed to
produce inelastic events. Corrections have to be made for:
- (a) the detect.ionie‘fficiency, of (e a) of the counter system for
‘inelastic ‘events e
(b) the fraction of observed inelastic.events that were elastic
scattered antiprotons-that annihilated in counters.and.sent secondaries
.into other counters :(théreby appearing as a,n'ine'las,tic e_,vé,nt)..
‘fI‘he factor t, ,izsll.giver.x_by " '
.‘t.az‘. ;~Na/€‘a-’-’ o R (11)
l-ZAﬁ»Sn
where the term Z}AﬁSn is fraction of the elastic scatterings that

annihilated in the counters surrounding the hydrogen target.
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.C. Elastic Scattering Cros’s ‘Section

The elastic-scattering cross section, o, was given by

1
0= = (S, -5y, (12)

n

a

where ‘

S= = TR (13)

all

counkers

Here . 'sf-n, the fraction of the antiprotons that would have scattered
.into the nth counter if that was the only process possible, is related
to the measured fraction of antiprotons that. scattered into the .nth
n.mintér_. Ns' 0 by the relatiouship '
n
Ns4 :

. n z . '

N (1 + ~ + ,% -..1 Ng
s = —°n 2 Bt 5 gy

t, en‘(l_an)

Here AI.,1 is the fraction of '.ch'e scatterings into the nth c.ounter which
annihilated, and € is the detection efficiency of the nth counter.

The term ta in Eq. (14) corrects for the fact that if‘ an anti-
proton-annihilated, it could not also have scattered into one of the
counters, since it no longer existed. The Lerin e corrccts for
antiprotons that scattered through holes between the counters. The
term (lman) corrects for the fraction of the s',cattered antiprotons
.~that-annihilated in the counters.

Ng > o
- —n . 3 -
The term (1 N + > n+l N'al ), -which corrects for the

thickness of the target, is in effect a plural scattering correction.
- The origin of-this term can best be seen by considering a case where
scattering is the only possible reaction. In that case, s is given by

Ns
‘n =

+ £ > n+l st) + (15)

sn‘st (1 +
' n 2



and S .is given by ‘ N’én
C - §=2Zs_=Z (N (1+ 4. Z . N,
' ' R "2 7 475 n+l

NSZ‘

= Ng+ — (16)
S 2. ..
N

= Ng (14 —2)

C 2

Thus, .the scattering cross .section.is given by

e N N
_ 1 Si 4 ' So
o = L {NSi(l_+ ) - NSO(L.+—2——.,)} :
a - : :

N 2
' ' {17)

which is the .expansion of the exact formula for O, >

1-N

0, = RIS B , (18)
T Na l‘_NSi : :
. where N_. .is.small. Furthermore, the summation z N.. ‘was
. S. ) . ) A . Si
£=n#l
~on

always taken .over counters at angles larger than n. _
‘.Hence ‘the summation terms could be con81dered as- 1ncreaS1ng the
small-angle scattering for the following reason: . If an a.nt1p,roton was
scattered at a large angle,. the chance .of it scattering back into one
of the small angle . counters was sme.ll.
.The differential-scattering cross section, :Iiﬁo ,.Wwas.giveniby
do _ 1 °ni ~ °no
o N, o) {19)
n

where Q is :the .solid angle of the nth counter. If'% is integrated

over.the total. solid.angle,. the scattering cross section is.obtained.
Since it was.impossible ‘to.distinguish the a_ntiproton\from the :proton,
all events were classified according to the angle of the forward-
scattered particle. Thus, .the angular distributions obtained were
the sums of the forward .and backward distributions.

. The values used for An- and en are given in Table II. .It

. was assumed that they were energy-independent. Values for Qn
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Table II

Values-used.in cross section.calculations.
Quantities are defined in.the text.

N

“n 1 “2n Neni sno 2
s 0.98 0.97 10.00937 . 0.00666 10.0485
S, 0.99 .0.97 +0.00671 0.00217 '40.0720
3 | 0.99 ' 0.97 0.00584.  0.00237 0.0954
S, 0.99 0.96 0.00500  0.00094 0.1150
R+Q 100 .0.95 . 0.02349  0.00158 5.91

angle points is not shown.

i

and N at 0.98 Bev are also given, but the breakdown

wn of the large-
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_-D. Charge-Exchange Cross:Section

The charge-exchange cross section, O CE’ was' given by

'Nmi_ z . "-'N,’sni (lqen-) Nmo-z Nsn‘o(laen)

all a
. counters . counters
Oce ~ '
. A ) t
- ‘ . ai : : . ao

- (20)
where Nm' is the fraction of events without any counts in any of the

counters. . The summation terms correct for scatterings:that went

betweeén the counters and were counted as misses;. and .ta corrects

-for the fact that'if an: antiprot‘on' underwent. annihilation, . it. could .not

have charge-exchanged or be detected as.such.

“E, <Uncertainties -and .Corrections

" The ma1n uncerta1nty in all of the cross sect1ons, with the

exceptlon of the charge exchange cross section, was the statistical

‘ uncertamty. There were other sources of errors present, and the
4 ‘uncertalntles arlslng from these errors were compounded with the
‘statistical uncertainty by tak1ng the square root of the sum of the

squares of all the uncerté.inties

. When a part1c1e was. scattered at an angle larger than 150 deg

in the center of mass, it had a very low energy and was absorbed by
‘the target or surrounding material. .If this backward-scattered
' particle was an antiproton, its absorption would result in its annihila-

tion, -and this annihilation could not be disfinguished from a normal

annihilation. Thus, all antiprotons which were scattered at angles

larger. than 150 deg could not. be detected.as.such. From a low value

.. of the d1fferent1a1 scattering at large angles the correction for this

.effect/ was taken to. be less .than .1mb.




The possibility that some inelastic events were classified as
scatterings is .small for two reasons. A The most important one is that
the average number of secondaries from the inelastic events was
“‘large and the detection efficiency was high., The other argument
depends upon'..the good angular resolution of our counter sysfem.
From the angular distribution of one- and two-particle events that
were not classified as scatterings, an estimate was made of the
fraction of these events that sent secondaries at just the right angle
- to simulate a scattering. - From thc number of inelastic events vl
this type and the number of elastic scatterings, it was then calculated
‘that less than 5% of the scatterings were inclastic evento. 4

There was.an uncertainty in the number of charge-exchanges
because of an uncertainty in the number of missed elastic and inelastic
events. The estimate of the uncertainty in the number of missed
scatterings was obtained by aSSumlng that (l-¢ ) was 50% uncertain,

.S1nce the a counters counted only part1c1es from inelastic events,
1t was used to measure an upper limit on the detection eff1c1ency of

. the system for inelastic events. Any event that sent a pdrtlcle into
a also must have sent part1c1e s into the other counter 8 in order
to have conserved momentum. By measuring how often these' other
counters counted, we obtained a measure cf the detection efficiency
.of the system' for inelastic events; less than 1%. of the inclastic
events were misses. |

One partlcular type of event thd.t could have been mistaken for
a charge exchange event is

P+P-N4+N+m, | @
with the y-rays from the TTO coming forward and not going through
" the lead around the target. From the value for the charged-pion
production cross section estimated below and by assuming the neutral
pion.cross section'to be less 'we estimate that the error from this

effect is less than 1 mb.
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RESULTS

The results of this experiment are given in Table III
Figures 7 through 11 show theé\e"l;esults along with results from
.other experiments. The cross sections at 0.98 Bev agree reasonably
with the ‘high-energy points of Ellioff:éfal. 8 Each of the different
cross sections drops off slowly with increasing energy and approxi-
mately with the inverse first power of the velocity, with the exception
of the charge-exchange .cross section, which remains about the same.
- The cross. section for production of one charged pion. By

B+P >P+N+ o ' . (22)
or ' . A "
P+P+N+P+w . . (23) .
was .estimated to be about 6 mb at each energy. This_estirﬁate was
obtained. fr'om the number of detected one- and,two-parﬁcle events
_inconsistent with being a séatter,iﬂg or an annihilation. . The cross
section. could be larger than thisgestimat.e, ~since only events with
detected secondaries goinvg into the forward hemispher‘e were used.
Conversél'y,' it could be'less, since there could have béen other
events in which only one or two particles were seén in the forward
-hemisphere,' such as scatterings that annihilated in ~the‘countérs, .
anni'hilations in which all the particles were .n'ot .seen, and annihilation
into two charged pions with both pions coming forward. Considering
these effects and the data, we estimate that this cross section. might

be.in error as much as 3 mb in either direction.
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Fig. 7. Energy dependence of total, elastic , and
charge- exchange p-p cross sections. Results
of this experiment are indicated by open circles.
The solid circles are from reference 8, squares
from reference 11, open triangle from reference
6, and solid triangle from reference 9. For:
comparison, p-p and p-n ‘total cross sections are’
shown. The uncertainties are both statlsucal and
instrumental in origin.
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Fig. 8. Energy dependence of inelastic p-p cross

sections. Results of this experiment are indicated
by open circles. The solid circles are from
reference 8, open squares from reference 11, and

the solid triangle from reference 9.

The solid

square is the annihilation cross section from
reference 7. The curve is from the model of Koba

and Takeda (reference 14).
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Fig. 9. Angular distributions of the elastic scatterings
at 0.98 Bev. The zero-degree point was obtained
from the measured total cross section with the help
of the optical theorem. It is a minimum value, as
is predicted for a purely absorptive interaction.
The curves are from an optical-model calculation
described in the text. Indicated uncertainties are
statistical only. -
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Table III

Antiproton-proton cross sections

Kinetic

Total .

Observed

Charge-— Inelastic

Minimum Forward - Corrected )
energy CTross elastic cutoff scattering elastic exchange cross
(Mev) sectiori Cross angle correction " cross cross ‘section
(mb) section (deg c.m.) (mb) section section  (mb)
(mDb) : : - (mb) (mb) - '
0.98 10043 31 5.4 2 3342 st 6243
1.25 8944 26 5.7 2 2842 4%1 574
3 6¥2 4916

25+4

-3

-;0?-



4]

OPTIGCAL MODEL -

There is one very ﬁotice'able ,differen,ce between t}fe; high-
energy data of this experiment and low-energy data. At lpiav energies
.the inelastic cross section is about the same’ s1ze asuthe.e,l‘.ast_ic_
cross section, while at high ehergies Athé inelastic. cross section.is
twice the elastic cross section. Furthermore, the a,hgular distributions
at these high energies differ considerably from those obtained at low
energies. 11 Because of these differences,. it was felt that an optical-
model fit to the data would be appropriate. |

. The opt1ca1 model of Fernbach, Serber, and. Taylor17 was
used to fit the data., In this model the uxteractmn is described in terme
of a complex index of refraction, the real part producing the phase
.shift, and the imaginary part the absorption. For an .incident wave
.of unit amplitude and zero phase shift the ar:nplitude of scattering,

f(08), into an angle 0 is given by
a . . N
£(0) = k/ (1-2¢'9) I, (kp sin 6) pdp N (24)
; .

where p .is the projected distance from the center of.the interaction
measured on a plane perpendicular to the direction of the incident
i)article whose wave number is Kk, JO is the zero th-order Bessel
function, and a and ¢ are respectively the amplitude and phase
shift of the transmitted wave. Both a “and ¢ are functions of p.

The elastic and absorption cross sections are given_respectively'}by

a ‘
o, = Z'rr[. Il - a.e¢ 2 pdp - (25)
0 S '
and a , : :
o,_.= 2~1T/ (1-27) pdp . - -(26)
0 :

These equations are most easily solved by using the black-or gray-
disk models. Here, it is assumedthat ¢ = 0 and a is a constant,

ag out to some radius ' R and.is unity from R out to infinity. . This
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“model corresponds to a.disk of radius ‘R that absorbs (l-aoz) of the
particles.passing through it. It is said to be a brack disk if the total

absorption of particles hitting the-disk, a,, is zero. For this"

0
model, . Eqs. (24) through (26) reduce to
o , J,(kRsin6)
£f() = kR= ——m8Mm —— ) C(27)
kR sin 9‘
= (1-ap)® "%, (28)
and . : .. U
‘ 2, 2 ' ‘ C )
Gé’- (l'a-o ) T\’R: ’ . e e e ( 9)

where J is the first-order Bessel function. The solid eﬁrv'e‘s in
Figs. 9, 10 and .1l are a fit to the data by th1s model usmg the value
of the parameters given in. Table IV. Here ag ‘and .R were determ1ned
by ,the values 0. and o, rather than by finding the b.est fit to the
angular distribution. The value used for 0. was the sum of.the
inelastic and. charge exchange cross sect1ons, thus, the zero degree
point had to-bc thc same as obtained, from the total cross section.
Sin 6 was replaced by 2 sin §/2 in‘the calculations. -18<One,reason.is
that 2 kR sin /2 ‘always seems to fit the data better. Another reason
" .is for small angles -2 k R sin 6/2 reduces.to k R sin.6 so there
isn't any change, and for large angles where the theory is:not ‘as good,
2k sin 8/2 is a better parameter as it represents the momentum
transfer,. the quantity used in.most theories.

From the solid curves in.:F-igs. 9,10, and 11, one.can see
.that although the gray disk fits the small angle points, it g1ves too
sharp a cut-off. If a small amount of phase shift is added. (¢F O),
better fit can be obtained. For a good fit, the phase shift would have
to be such that it prodﬁced only a fraction of a millibarn of scattering
at large angles and about 3 to 5 mb at angles about the minimums in
the gray-disk.curves and.smaller angles. It does not seem likely that

the real scattering would have an angular distribution like this.
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_ The model that was used to obtain a good fit to the data was
- that of a perfectly black disk (a = 0) of radjus R surrounded by a
structure whose opacity falls off as a gaussian. This model can be

expressed interms of a and ¢ by

¢=09 a=0:0<Pf RO (30)
. -(e® - Ry
" $=0, (1-a) = exp| —————|e > Ry - (31)
Pa '

This model corresponds ,tob a nucleon with a black (absorbing) core
surrounded by a pion cloud that dde,s not produce a phase shift and
has an Aint‘:eraction density that drops off exponentially with the distance
from the core. The cross sections .are.then given .By placing _épnditions

(30) and (31) into kgs. (24) and (26) and iuLeglaLing:

6,= TR, S+ = mop 2 x (32)

1
2 , X N .
2. . /
o_=mTR 2 + -33 2 . . ©(33)
a 0 2

: The values of Po -and RO obtained using this method are given in
‘Table IV. From these values for Po and RO' f (A) was calculated
" for the different energies, and the resulting distribution is shown as
-the dashed curve:in Figs. 9,10, and 11. ,

For this model, the expression for £(6) can be broken up into

two parts,
£(6) = £(6) + £(6); . (34)

‘ O.r_1e part comeé fr'.om the b‘lé.ck, disk, _
’ R
0

lj‘ Jo (kpsin 8) pdp ' (35)

2 Jl (k R sin 8) :
k R A — : (36)
: k R sin @

£6);

1}
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Table IV

L RN

Values used for parameters in the optical-model calculations. . The

errors are derived from the errors in the scattering cross section.

Kinetic : ao C R - Lo R{) Ce L e p«o

energy ' ' -13 -13 -13

" (Mev) (10 cm), - (l0.""cm) . . (10 "Tcm)
0.98 = - 0.34+.03 ° ‘1.56#%.02 - © 0.73%.06 - 1.03+,03
1.25 . 0.37+£03 . 1,50£.02  0.61%.08 1.02.,03

2.00 0.38+.07 4 1.43:!:.,04/ 0.57%,17 .0,98+.07
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and one comes from the surrounding cloud,
R ) a - . . | . 5

: . (p - Ro ) .
f_(G)II =k JO (k p sin 8) exp —_—
, RO o ' PO b
. | (37)

To be able to integrate Eq. (37), we replace JO (k p sin 0) by its
infinite-series expansion (the method used here is taken from the

.methad used 1n 'W’atson for a similar 1ntegrall9). -Thus, wc havo

(-1)™ ( > k sin ge™ 2 5 A
: 1 2
f(2)y = exp <—) 3— p ™ expd £ dp .
- mi! T (rn+1) R p
0 0 :
(38)
After integrating by parts, one obtains
. - '
1 2 R 2 -1 1 . 2
‘f(9)n= - 'k Po cexp ( =) G { — kpo sin 0) m
2 p . ml 2
: 0 — :
m=0
m 2n
S 1 B
) = (—)
Lom T
n=0 0 .
(39)
which reduces to
(6)= X kp lexp- (L kop,sin6)? | (40)
> 0 2 0

for the case where RO is zero ,with no hard core. Egquation (39) can

‘be regrouped -and written as

‘ < 2
R
f(e)H = 12' k poz{exp[-(l/z k Po sin 0)2 + (..2_) ]
Po
oo R an n-1 . )
ST = (—) S YYD kp sin 6)% (41)
L n! {_ ot 0
=

n=
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For small values of 6 and for cases with R_ < Po? .the series’in

0

:Eq. /(40) converges rapidly, and only a small number of terms need

be considered. Even at large angles, only three or four terms had
to be considered at 1.0 Bev and 1.25 Bev, while at 2.0 Bev seven

terms were used. The value of the differential-scattering cross

section at large angles was never larger than a few tenths of a

millibarn, and since it was so small, it was not plotted in Figs. 9,

10 and .11. - In the calculations, sin.8 was replaced by 2 sin 9/2 for

. the same reasons as mentioned before.

An exponential fall with the first power of the distance might
be thought of as theoretically more appropriate than that of the
second power used above, since the first power is used in the Yukawa
potential. ‘It was not-used here for two reasons. One is that the value
of the fall-off parameter used in the Yukawa potential does not give a
good fit to the elastic and inelastic cross sections; . it is a factor of
3 or 4 larger than the value needed.to obtain-a good fit. The other
reason is that the calculations. of the angular distributions were much

mozre difficult. The above method could not be used, .because the

.series obtained by using this .method did not converge very rapidly.
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CONCLUSIONS

A model of a black disk surrounded by a structure whose
opacity falls .off exponentially with the pfojected distance from the
disk seems to fit the data fairly well. Since .the parameters involved

"were determined by the elastic and inelastic cross sections, the only
restriction placed on the angular distribution was that it should add

up to the total elastic cross section. Thus, the good fit'is more
significant than that of one méde by varying several parameters until
a fit is obtained. . By adding a small amount of phase shift (about

3 or 4 deg) the.calculated scattering could have been made to f{it the
data at large angles without appreciably changing the angular distribu-
tion at small angles. It should be pointed out that these distributions
are considerably different from those at lower énergies. In.the
energy range of 133 to 333 Mev, it was found that the angular distribu-

tions could be fitted by a perfectly black disc. 1 ‘At ‘500 . Mev, it was

‘also found that the angular distribution could be fitted by a black disk. 20

‘The change from a totally absorbing type of interaction at

- lower energies-to a partially absorbing interaction at energies used

in this experiment is not only shown by the angular distribution but

also by the ratio of inelastic to elastic cross sections. A total

absorbing interaction gives a one-to-one ratio of inelastic to elastic

which should be compared to the ratio of two-to-one found in this A

eixperiment. One possible reason for this effect is that at low energies

any antiproton that comes within the range of the pion exchange force

is drawn into the core and is annihilated, while at high energies the

force does not always act long enough to draw the antiproton into the core.
A model that gives fair agreement with the annihilation.cross

section is the model of Koba and Takeda. 14 'They considered.the

nucleon.to be made up of two parts--an absorbing core .surrounded

by a pion.cloud--and considered that an antiproton and proton

annihilate whenever their cores touch. In this model, the,radius.gf

interaction.is made larger because of partial absorption of each of the
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- partial waves, an effect that can be /interpreted as extendmg the

. _‘ distance that an ant1proton can be from a proton -and still. anmhllate

w1th it. The range to wh1ch it can reach is determined by the wave
' length of the antiproton in the center of mass /{ and the rad1us of the .

K core, Ro. The absorptxon cross sectlon, o'a.; is then g1ven by

o = ™ (R, '+/XY2 . | " | (42)
The solid curve in Fig. 8 is a plot of Eq. (42) for Ry .= 0.9 X 10'13,cm.
The high-energy points .may be above the curve because of pion '
‘production (inelastic scatte.rings), which this theory does not take into
‘account, Thus, in.order for the theory to fit the data, the pion
product1on cross section must be about 10 to 15 mb. A pomt in favor
‘of this argument is that it gives a productxon.cross section that is
constant with energy, a characteristic that is common to the proton- -
‘ proton and proton -neutron interaction, '
At high energies there is a general lack of theories to wh1ch
the results can be .compared, One of the reasons is the difficulty
involved in any calculation at high energies because of the. large
number of partial waves that need to be considered. Methods- 11ke
.that of the ' "Optical Model", wh1ch averages over all the part1a1
waves, must be used.
| -The most. noticeable characteristics about the cross sections
A are the large radius needed to fit them and the slow rate at which
they are dropping off with increasing energy. At high enex.'gi'es ‘the
annihilation.cross section should approach the size of the core that is .
expected fo have a radius equal to the Compton wave length of the -
proton. The radii determined by the optical-model calculations are
.much larger than the Compton wave length of the proton (about 0. ZXlO cm).
Large values for the nucleon radius have been observed in other

experiments. A radius of about 0.8)(10-13 cm was found in electron-

- proton scattering, 21 Measurements with high energy'protonszz' 23

: . 2 7 . " L
and pions give a similar size,
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