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NUCLEAR INTERACTIONS OF ANTIPROTONS
Donald V. Keller .

Radiation Labbratory
University of California
Berkeley, California

July 15, 1957
 ABSTRACT

Attenuation and total_ annihilation cross se(.:tionﬂs were measured
for 497 -Mev an‘tiprotons'invcident on HZO’ DZO', O.Z’ Be, Cu, Ag, and
Pb. In addition, cross sections for positive protons were measured
for all of the above materials under identical experimental conditi-ons
The H O, D O, and O results were subtracted to give the pp, Pn, and
pd attenuatlon and total ann1h11at10n cross sections. Within the 10%
statistical accuracy of this experiment, and within the accuracy of a
large é'orrection_'due to the fact that in the deuteron the neutron is

hidden partly by the proton, the: pp and pn attenuation cross sections

are the same, both being about 4 times larger than the pp cross sec-

tion at the energy involved. - The pp and pn total annihilation cross
sections are also equal, w1th1n the experimental errors, and represent
approximately 80% of thetotal attenuation cross sections. The poor-
geométry Cross se;tio‘ns for '02.’ Cu, Ag, aqd Pb were extrapolafed_to

zero solid angle to obtain the total inelastic cross sections. The ratio

~ of the total inelastic cross section for antiprotons to that for protons

seems to decrease as the atomic number Z increases (1.74 for OZ’

1.44 for Cu, 1.39 for Ag) indicating that the difference between the

antiproton and proton cross sections on complex nuclei may bé} due to
the interactions of the antiprotons with nucleons near the surface of
the nucleus. The ratio of the annihilation cross section to the total in-
elastic cross section is approximately 0.75 for the four elements in-

vestigated and seems to increase with increasing Z.
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INTRODUCTION

Immediatély followihg the discovery of the aﬁtiproton in 1955 at
the Berkeley Bevatron, 1 experiments were begun to study the inter-
actions of this new particle with ordinary matter. The first step in
this directi-oﬁ was a counter experinfle.nt2 (Run I) performed to measure
the attenuation of antiprotons in two elements, copper aand beryllium.
This preliminary experiment showed two striking features of the inter-
action of high-energy antiprotons with complex nuclei: an attenuation
cross section that was aPpr'oximately twice as large as that for posi-
tive protons, and a large probability for annihilation with one of the

nucleons of the nucleus. Several other experiments, involving both
5,6,7

3

counters and emulsions, have been performed; all have in-
dicated general agreement with these first results.

Moreover, a recent counter e)‘:pe‘rimem:fL was completed which
measured the total cross section for the antiproton-proton interaction
at several antiproton enérgiesa The result is a total cross section of
about 100 mb for the energies investigated. This cro‘ss section is very

startling when cofnpared to the total pp .cross section at the same
energy (500 Mev) of 25 mb. In the above experiment no attempt was
made to determine the pp anuihilation cross section. The measure-
ment of this ahnihilation,cross section was, therefore, one of the
primary’obje.ctives of our experiment. We wished to see whether or
not the surprisingly large total cross section was a direct result of
the ,annihilati‘honx procesé. In addit_ibn, it was desirable to know
whether similar results obtained for the antiproton-neutron interaction.
In order to r'nea.sure théf)'n cross sections, it is necessary to
perform a subtraction experim'ent--in our case DZO'HZO’ and make
vsubstantial corrections for the obscuration of the neutron by the
proton in deuterium. We decided to studjr the pp interaction by the
same method rather than by measuring the transmission of antiprotons

through 1iquid. hjrdrogeri as was doneinreference 4. While the method

chosen Yields less accurate results for the total cross. ‘se,.étion, it
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I. RUNI: ANTIPROTON INTERACTIONS
IN BERYLLIUM AND COPPER

A. Introduction

In this section we describe a counter experiment performed to
measure the antiproton attenuation both in copper and in heryllium.

Antiprotous, certified as to their nature by the system of counters
described in the f.ollowing section, were allowed to impinge on an
absorber. Two additional counters were used to determine how many
passed through the absorber. One of these counters was a scintillation
counter that was ‘se‘nsitive to all charged pérticles passing through it.
These chargeci particles were (a) '"'pass-through' antiprotons--by
which we mean those that failed to ‘have a nuclear interaction, or at
most werei scattered through an angle smaller than_-ec (where GC is
the half angle subtended by the counter at the center of the absorber)--
and (b) charged secondaries resulting from the annihilation of an.anti-

proton with a nucleon In order to deterrnine the cross section correctly,

" we had to recognize these charged secondar1es, because they would

otherwise simulate pass-through antiprotons and thereby cause ‘the
measured cross sections to be too small. For this purpose, we used
as a ''guard' counter a water Cerenkov counter that counted only those
particles with a,velocity greater than p = 0.75 B = —). Because the
incident antiprotons had a velocity of § = 0.75 before entering the
attenua_tor, ‘thejr were not ’counted in this guard counter. Therefore,
in order that a pulse in the detector counter will represent a pass-
through antlproton, we have added the stipulation that there must be
no count in the Cerenkov guard counter.

The ant1proton cross sections were compared with those for pro-

tons by an expenment: in which the currents in the analyzing magnets

(M1, M2) and focusing magnets (Q1l, Q2) were reversed. It was also

necessary to change the position of the target slightly in order to allow
the protons to pass through the fringing field of the Bevatron into the

orbit defined by the magnets and counters. For these runs the Bevatron
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allows a determ-inétion of the annihilation éross_.sections, as described
below. This involves one additional measurement; namely, that of the'
attenuation of antiprotons’by. liquid oxygen. The experiment (Run 11),
therefore, consisted of measuring the transmission of antiprotons
through three matgrlals—-DZO, HZO’ and OZ--and performlng subtrac-
tions to gain information concerning the pp and pn interactions. Be-
cause the annihilation process proceeds pr1mar11y through the produc- -
tion of mesons, v this method affords a convenient way of measuring
directly the annihilation cross section for these three materials. There
will nearly always be at least one charged annihilation meson produced
that is fa.st enough to radiate Cerenkov light in D, O, H O, or 02. The
procedure was to look directly at the attenuator mater1a1 with photo-
tubes, thus detectlng the Cerenkov light emitted by these annihilation
mesons, ' ’

We decided also to extend the previous experiments. with anti-

protons on complex nuclei to include measurements with copper, silver,

‘and lead. The plan was to obtain both reaction (or-total inelastic) and

total annihilation cross sections for these substances--the former by
measuring poor-geometry cross sections at two different cut-off angles
and extrapolating to zero solid angle, and the latter by a method similar
to that described in the previous paragraph. The target materials were

surrounded by a colorless 11qu1d in which the Cerenkov light from the-

annihilation mesons was detected by phototubes.

In Part I of this report we will describe briefly the initial experi-

ment mentioned above (Run I) in which cross sections for antiprotons

on beryllium and éopper were measured. Part II of this report treats
the experiments of Run II on the interactions of antiprotons with
nucleons a_hd antiprotons with éomp‘lex nuclei. The experimental de-

tails of Run II are discussedin Section II-C, and the data-reduction

methods are discussed in Section II-D. Section II-E contains the anti-

proton- nucleon results and discussion, and Section II-F contains the
results of the measurements of interactions of antiprotons with complex

nuclei.



"internal beam was accelerated to 1.1' Bev. There was no meson

‘contamination of this 1.19-Bev/c proton beam because mesons of this

momentum could not be produced by 1.1-Bev protous.

B. The Antiproton Beam

The antiproton beam used in this éxperirhent was the same beam
in which antiprotons were discovered,?’l. and is pictured schematically
in F‘ig.ﬂ 1. Ml and M2 are bending magnets to aid in the separation of
antiprotons from .the Huge pionv.background. Q1 and Q2 are magnetic
quadrupole. focusing lenses. -S1, Sz, and S3 ar.e oi'dinary scintillation
counters,. and Cl and C2 are’Cerénkov counters. These five counters
comprise the antiproton detecting apparatus, and the antipro.toné pass-
ing through‘ S3 are then allowed to impinge on‘a target. The energy of
the antiproton beam at S3 was 497+ 10 Mev, and the beam had a root-
mean-square angular divergence of + 30, wHich was due mainly to
multiple Coulomb scattering in counters Cl and C2. B

C. Expe rimental

Table I gives the specifications of the three counters 53, C3,
and S4. S3 and S4 were plastic scintii’lation counters, whereas YC3‘W8.S
the water Cerenkov guard counter mentioned earlier. At the suggestion
of Dr. Bruce Cork of this 1aboratory, C3 was placed directly behind
the a‘ttenﬁator.‘, rather than behind the detector 5S4, -thereby subtending.
a larger solid angle at the absorber and thus having a bettbe.r efficiency
for counting annihilation events.” Howeéver, by placing counter C3
between counters S3 and S4, we increased the amount of absorbing

material through which the beam had to pass. The copper equiv}alent '

of counter C3 (water plus tube and base) was about 22 g/cm2 Cu. In

order to correct for the attenuation in this additional absorbing mat-
erial, it was necessary to take data with the primary. attenuator out
as well as in place. It should also be noted that it was very unlikely

that an annihilation pion produced in the primary absorber could
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traverse the water. without having sufficient energy to emit Cerenkov
radiation in so doihg.

The three pulses from counters S3, C3, and S4 were displayed

- on ah oscilloscope trace and photographicaily recorded. Another

camera was simultaneously photographing the pulses from counters
S1, S2, and Cl. These latter traces were used only for recognition

of the antiprotons (as discussed in Reference 1). The traces of the

two filrhs were then correlated and _the S3, C3, and S4 pulses recorded
for an‘tiproton f:rac:_e»s° All double sweeps (two or more sweeps some-
times occured within the 50 msec duration of the beam pulse) were

discarded because their inclusion might introduce a systematic error.

Table I

Counter Specifications: Run I

Counter ’ Type Diameter Thickness Remarks
: (in. ) (in. ) '
S3 Plastic Scintillator . 4 | _
S4 Plastic Scintillator 7 0.5  Used onlyin
' : o copper experiment
S4 - Plastic Scintillator 13 . 1  Usedonlyin
: ‘ beryllium exper-
v - v iment
C3 - Water Cerenkov - . 1.5 3.5

.The extremely low couhting rate (anv average of one antiproton
evéi'y'IS min) limited our measurerﬁe_nts to only two elements; we have
chosen cbppe_r and beryllium. The 'th‘ickneés of the copp‘er‘_a‘.bs,orber
was 68 g/CmZ,, the beryllium 37.5 g/crnz°

A schematic drawing of the experimental arrangement is shown
in Fig. 2 for the copper geofnet'ry, and in Fig. 3, for th e beryllium
geometry. ' | ‘ ' .

The angle subtended by the pass-through countér S4 at the center
of the attenuator is converit;iona‘H‘y called the cutoff angle, Gc., How-

ever, the divergence of the incident beam and thel_thickness of the
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' COPPER

(ABSORBER e |
3 ) . — - ./ il
| l’:c—’:_ — — 1T
_ — — | ,
‘/ ' 12 7°
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C3

MU-10511

Fig. 2. Schematic diagram of geometry for copper measurement,
RunlI. '
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ZCOUNTER T
S3 : WATER COUNTER C 3

BERYLLIUM
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-

COUNTER S4—

MU-10747

Fig. 3. Schematic diagram of geometry for beryllium measure- =
ment, Run 1. : a
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attenuators introduced an uncertainty in the real cutoff angle, especislly
in‘the copper geometry. For this reason it was desirable to choose an
angle for Which the cross section is not ‘strongly dependent on GC Thus,
the cutoff angle was chosen larger than the angle at the first minimum

of the.diffraction pattern for protons, 'so that the detector S4 counted
nearly-all antiprotons that had suffered only diffraction and multiple
Coulomb ‘scattering. Heoce the quoted cross sections include only -
negligible amounts of diffraction scattering. . This has been verified by

calculation. In Figs. 2 and 3, the incident divergent beam is shown

‘with dashed lines, and the rms angle & of multiple Coulomb scattering

is iodicated. Thsoutoff ahgles were GC =12.7° for copper and f)c = 18°
for beryllium. _ ‘

An incide_nt particle must always count in.S3. In the remaining
two counters, C3 and S4, there are only four possible differerit com -

binations of responses These will be labeled (C3, S4),(C3, S4)

A(C3 SZ) and (C3 S4), where a bar 1nd1cates that the correspondlng

counter did not count.

" For the purposes of computing cross sect1ons we interpret these

four possible combmatlons of responses as follows

(1) We will assume that all (C3, S4) events represent pass-

‘through particles. Indeed, pass;through particles cannot count in the

Cerenkov counter, C3, but will count in the detector S4. This com-
bination. of counts could also be obta1ned however, if an interaction
occurred in which only slow secondaries were produced in the forward
earlier, such an event 1s unhkely, nevertheless, the assumption made
above may result in a low value for the attenuation cross section. .
(2) and (3) We will assume that all annihilations produce a fast
charged part1c1e B >0.75) 1nto the cone of acceptance of counter C3.
Thus we 1nterpret the events (C3, S4) and (C3, S4) as representing

annihilations. This allows us to estimate the partial cross section for

annihilation.
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t+ (4) combination (C3, 54) is interpreted as an event in which

“an.antiproton was scattered tvhr:ough an angle GC, without giving rise to

fast charged secondaries into the cone of acceptance of C3. Of course,
these events again may ﬁot give a true value for the scattering vcros_s '
section, because this particular combivnation (C3, S4) could also result
from annihilations in which no fast charged particle is produced in the
forward direction and no charged particle traverses S4.

In summary we list the four types of events and théir interpreta- -
tions: . ' _ |
| (1)@ (C3, -S_4)--a pass-through particle,
(2) (C3, S4)--an annihilation event,
(3) (C3, STL)--an vanv"nihilation event‘,
(4) (C3, S4)--a scatteringl event,

For measurement of the attenuation cross section for protons the

above interpretation of the events was altered. Protons of 497 Mev are

too slow to count in €3. Except for single-meson production, the protons
cannot produce fast charged particles that count in C3. In fact, the very
absence of counts in C3 when protons were attenuated lends strong 'sup—.
port to the assumption that counts in C3 were due to annihilations when

antiprotons were used.

D. Results

In Table II we have surrimarized the number of events of each type,
together with the cutoff angle.  The data were taken with the absorber in
and out for both prOtons and antiprotons.

The formulas used for computihg the total attenuation cross section
o and the statistical standard deviation Ao are respectively:

. " | .
fn 2 : (1)

Z| -
-

-and.
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1 /1 1 1 1 Tasy
Ao== e (2)
- N I IO | Iv. IQ
where IO and Ib are the numbers of incident particles with the absorber
in and out.respectiifely, I'and I' are the numbers of pass-through
particles with the ‘abs‘orber in and out respectively, and N is the
thickness of the attenuator in atoms/cmz. If we let Ian(and I;r) be the

number of annihilation events équ_al to (C3, S4) + (C3, S4), then the

partial cross section for annihilation, O is given by

6- = _1_ /n 'IO (Ib B Ialln) } (3)
an N (IO-Ian) 16 ' :

IO, I, and Iarare also summarized in Table II. The resulting

cross sections and statistical errors are given in Table IIIL.

The errors listed in Table III represent only standard deviations

due to counting statistics. It was not pdssible to obtain better statist- v

ical results because of the low codnting rate. Some of the partial cross

sections listed in Table III may not be very meaningful because of the

large statistical errors.-

A possible source of error, other than statistical, may be

annihiiation eventsiin‘which‘tvi'o'fa_st, charged secondary passes through

C3. This effect would indicate that the partial annihilation cross

sections given in Table III are too low, but would not affect the mear

~sured total-attenuation cross sections as long as there were no.slow

charged secondaries passing through counter S4. As it is very unlikely
that a slow, charged particle can get through counter C3, the latter

possible source of error should have very little effect on the total atten-

" uation cross sections. -For the copper experiment, counter C3 subtended

‘an average solid angle of w steradians at the absorber. Crude kinemat-

ical estimates indicate tha’t‘prbbably no more than 20% of the annihila-
tions fail to produce a fast, charged particle into this solid a‘ngle. On

the other hand, in the beryllium experiment counter C3 subtended an
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Table II.

Experimental results. - Run I. I, is the number of in-

cident particles,

Iis the number of unattenuated part-
icles, and Iari is the number of annihilated particles.

Attenuator Incident Cutoff S4 C3 S54C3 S4C3 S4C3 I I Ia'n
Particle Angle : :
(deg)
8in. Be P . 18 26 32 16 17 91 26 33
none P 18 43 5 4 60 43 12
"8in. Be p' 18 518 392 914 519 -
none p’ 18 619 76 4 701 621 -
3in. Cu P 12.7 44 40 16 58 158 44 74
none 5 12.7 51 6 5 - 66 51 9
3in. Cu p' 12.7 447 448 - - 895 447 -
none p’ 12.7 211 45 - - 286 211 -
Table III

Cross-Sectionresults. Run I.. The quantity ¢ is the meas-

ured attenuation cross section; o

is the partial cross

. Sl o1 es : n
section for annihilation. The errors shown are standard
deviations due to counting statistics. '

Attenuator Incident- Cutoff g Tan o_
Particle angle (10~ 2'4cm2) v(_lO_' 24cm2) ___Ii
‘('deg) .. : | . crpf
8 in.. Be v 18 0.3650.059  0.17+0.06
8 in. Be = p 18 0.178%0.013 2.05 + 0.36
3in. Cu. F 12.7  1.58 0.22 1.05£0.22 |
3in. Cu  p' 12.7  0.7800.069 2,02 % 0.33
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average solid angle of only w/2 steradians. In this case counter C3
may have feiled to detect about 30% of the annhilation events. There-
fore, the values quoted for the cross sections for annihilation represent

lower limits.

E. Discus sion

For both copper and berylhum the measured cross sections for

ant1protons are twice those for protons within the statistical error of

+ 15%. For copper w1th 9 = 12.7 , aﬁ =158 £0.22 x 10_24 cmz.
o_=0.78 £0. 069 x 10 'mz, For beryllium with 0. = 18° ‘
P 24 2 -24 2 The

‘p_=0365i-0059x10 ,Cm,O'p 0.178 £ 0.013 x 10~ cm .

attenuation cross section for berylhum (365 £ 59 mb) can be compared

to a recent measurement of the total p p - Be. cross section, 484 + 60 mb,

determined in a good—geometry;experlment. Th_ese'results seem to in-

dicate a very small elastic cross section compared to the inelastic. The

'_ann1h11at1on Cross sectlon we obtained is 170 + 60 mb, so there may be

a considerable number of 1nelast1c events of the nonann1h11at1on type,

although, as mentioned earlier, this anmhllatmn cross section may be

4

somewhat below the true value. The cross section we obtained for pro-

tons on copper is about 14% greater than that obtained by Chen, Leavitt,

' a.'nd»ShaLpiro18 at Brookhaven (0.68 x le_ZécmZ) with a similar geometry

at a somewhat higher energy (860 Mev).v Our‘bery,ll'i'um cross section

for protons is almost 37% greater than that obtained at Brookhaven

(0.130 xv10-24cm2), This appareot discrepancy could be due to the

- differences in energy and is geometry between the two experiments.

- The results of this experiment show two features of particular
inter‘est' |
a) The attenuation cross sections of antiprotons in beryllium and

copper are approx1mate1y tw1ce those of protons
b) The most probable inelastic event for antiprotons in beryllium

and copper is annihilation with a nucleon.
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II. RUN II: ANTIPROTON INTERACTIONS
WITH NUCLEONS AND COMPLEX NUCLEI

A, Introduction

The purpose of the first part of this experiment was to meas-
ure both the interaction and the annihilation cross séctions for anti-
protons on protons and neutrons. The method employed was that of
measuring the cross sections of antiprotons on water, heavy water,
and.liquid oxygen. The DZO and HZO results were then subtracted,

giving information about the Pn interaction. Similarly, sub;rabting

_the O results from those for HZO gave information on the Pp inter-

actlon

To obtain statistically significant cross sectmns for the anti-
proton-nucleon interactions in a subtraction experiment such as th1s,
we must measure the cross sections in DZO’ HZO’ and OZ to a fairly’
high degree of accuracy. Even with the greatly increased antiproton

béam intensity obtained in this run (norrﬁnally, 300 antiprotons per hr),

 this required a large amount of Bevatron time. However, this dis-

advantage of the subtraction experiment Wasllarg‘el'y compensated for
by the additional information that could be obtained; namely, the total
annihilation cross sections. ' |

Emulsion experiments7 have shown that the antiproton-nucleon
annihilation-process proceeds primarily through pion production. This
affords us a convenient method of detecting antiprotoﬁ annihilations
In nearly all annihilations some charged mesons are produced that are
relativistic and will thus em1t Cerenkov light in pas sing through H O,
DZO’ or OZ' Also some of the y-rays from neutral mesons produced
in the annihilations will. be converted in the attenuator material, re-
sulting in relativistic electrons that emit Cerenkov light. The pro-
cedure use‘d in-detecting annihilation events was thus simply to look at
th1s Cerenkov light in the attenuator itself. The target was a light-
tlght container. filled with D O, H O, and O in turn, viewed from the
top by a layer of nine photomu1t1p11er tu.bes° The thréshold velocities
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for charged particles producing Cerenkov light in H2’O> (index of
refraction n = 1.33), DZO (n = 1.33), ‘and 02 (n=1.22) are B = 0.75,
0.75, and 0.82, respectively. Hence the antiprotons themselves
(B = 0.68) will not produce Cerenkov light in these substances, while
mesons resulting from annihilation will. We hax;e, therefore, a 4w

geometry detector of annihilation events. This Cerenkov counter c**

is shown in Fig. 4.

In order to measure the cross sections for antiprotons on copper,‘
silver, and lead, we altered thé target-Cerenkov counter slightly, A
container of similar size and‘shavpe was constructed, but included in
the bottom were slots in which were placed the target materials. This
container is shown schematically in Fig. 5. In this case the counter,
labelled C*; was filled with methyl alcohol (CH3OH)_,' This material

was chosen as the Cerenkov radiator because of its low density

(p =0.80 gm/cm3) and its index of refraction of 1.33 (velocity thres-

hold for' charged particles of B = 0.75).
As in Run I, the pass-through antiprotons were detected by a

scintillation counter located some distance behind the target, C*or

% . .
C ). This counter detected all charged particles passing through it.

These charged particles were (a) '"pasg-through! antiprotons (see
Section I-A for the definition of a pass-through antiproton),\ and (b)
charged secondaries resulting from the annihilation of an antiproton
with a nucleon. However, events of type (b) would be accompanied by

a count in the target counter, C**and hence no confusion should arise

as to which counts in the scintillation counter repre sented?pass-through
antiprotons. During the actual experiment, two such pass-through

scintillation counters were used simultaneously. These were S2 and

83, with cut-off angles of 20.5° and 14.3°, respectively.

Again the antiproton cross sections were comparéd with those

for protons by an experiment in which the currents in the magnetic

selecting channel were reversed. It was necessary to change the
position of the target in the Bevatron slightly and to adjust the currents

in the first part of the magnetic channel to allow the protons to Vpass.
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through the fringing field of the Bevatron into the orbit defined by the
magnets and counters. For these runs the Bevatron internal 'beam
was,éccel_erated to 1.1 Bev.. There was no meson contamination of
this 1.175-Bev/c external proton beam, because mesons of this -

momentum could not be produced by l.1-Bev protons.

B. The :Antiproton Beam

The intensity of the antiproton beam used in Run I was approxi-
mately one antiprbton every 15 min. In order to perform this sub-
traction experiment, it was imperative that this intensity be increased
fnany fold. This was accomplished,by revising the mass spectrograph
used in Run I so as to accept particles emitted into a larger solid
angle at the Bevatron farget, and also to accept a momentum interval
of £+ 4% instead of only ¢1% as before. This new system is described
below; the antiproton beam intensity was incr_éased by a factor of about
80. ‘ |

The magnetic channel used to select thé-antiprotons in Run II is -
shown schematically in Fig. 6. The antiprotons produced in the 6-in. -

" long carbon térget in the Bevatron are bent outwards by the fringing
field of the Bevatron. A smali rﬁagnet (D) was placed as close‘as |
possible to the structure of the Bevatron in brder to guide the negative-
ly charged beam into the remaining segments of the magnetic channel.
The current in this magnet was then varied until the intensity of the
negatively charged particle beam was .a maximum. Upon emerging
from the magnet D,> the l.Z-Bev/c-antiprotons entered a magnetic-
quadrupole focusing lens, Ql, with an 8-in. —diamet(er aperture, which
focused the antiprotons at thbe center of a second, smaller, 4-in. -
focus.ing quadrupole, L. Between these two quadrupoles a bending
magnet, M, defl_ected the abntiprotons by 14° . The lens, L, served
as a field léns to focus particles’ lea\}ing Ql.onto the entrance aperture
of the last lens, Q2. At the exif end of L was pla;ced a counter F1l

(to be described later) in which the antiprotons were reduced -
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in momentum to 1.175 Bev/¢ because of ionization-energy losses. The
second half of the magnetic channel was, therefore, tuned to this »
slightly lower momentum and consisted of a further bending of 18.8° in

M2. The 1.175 Bev/c antiprotons were then focused upon F2 by another

"8-in. quadrupole lens, Q2.

The momentum \of the antiproton beam at F2is 1.175 Bev/c with
a spread at half maximum of £39%. This corresponds to an energy of
565 + 35 Mev. The horizontal-and vertical- intensity distributions of
the beam at F2 are shown in Fig. 7. These graphs were obtained by
measuring the charged-particle coincidence count1ng rate between a
scintillation counter placed at Fl and a small explorer counter near F2,
as a function of the horizontal and vertical positions perpeﬁdicﬁlar to
the beam at F2. The horizontal width of the beam at ¥2 was consider-
ably less than that at F1, because the ''chromatic aberration' of the
latter half of fhe magnet system was adjusted to comperisate for that of
the first half. Ionization energy loss in F2, Cl1, C2, and Sl reduced the
mean energy-of the beam to 497 Mev upon leaving Sl. - The diameter of
the beam at this poiht, defined by counter S1, was 4 in. The beam
leaving S1 had aroot—mean-scjuar_e angular divergence of * 3° due main-

ly to multiple Coulomb scattering in ¥2, C1, and C2.

C. Experimental

1. Attenuators

As explained earlier, H O, D O and liquid oxygen were chosen
for the subtraction experiments. The thicknesses (in atoms/cm ) were
nearly the same because the same container, C** was used for all three.
This thickness was chosen to give an at.tenuatien of approximately one- .
third for antiprotons, based on an assumed c‘r‘oss section of tWice
geometrical. Table IV gives some of the pertinent properties of these
liquids, inc‘luding the thicknesses in atorns/cml2 in the target container,

Cf* Some of the factors included in the choice of these substances were

" density, index of refraction, transparency, amount of hydrogen contained,

availability, and the ease with which they could be contained.
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The elements in the complex-nuclei experiment‘were copper
(a repeaf of the measurements ovf‘Run I by a slightly different method),
silver, and lead. A thickness of 3 in. was chosen for the copper ab-
sorberﬁ the silver and lead were 2-in.-thick. ‘ These thicknesses were
as large as possible counsistent with a negligible amount of loss due to

the multiple Coulomb ‘scattering. This is diséussed further in sections

II-C2 and H-F1.

Table IV

Characteristics of Attenuator Materials: Run II

Material Thickness Density 3 Index of - Av. Energy of

’ 1 (Atoms/cm”) (gm/cm”)| Refraction Beam at Center
(Mev)
DZO 0.910x 107~ 1.105 1.33 457
H,O 0.915 x 10°* | 1.0 1.33 457
O2 1.170 x 1024 ' 1.142 1.22 : 457
Cu 0.644 x 10°* | 889 - 411
Ag 0.296 x 10°% | 105 - 431
Pb 0.1678 x 10 11.34 - 436

2. Geometry _
The half-angle subtended by the pass-through counter at the

center of the absorber is conventionally called the cut-off angle, GC‘.‘

- The divergence of the incident beam and the thickness of the attenuators
introduces an uncertainty in the I"e.al»cut-off‘angle, especiallby in the ex-
periments with the heavy elements. The smallest cut-off angle was
‘chosen larger than the angle of the first diffraction minimum for protons
on oxygen. Because of the divergence of the antiproton bea;m, it was
necessary to make the ’smalle‘st cut-off aﬁgle slightly larger than dictated

by this criterion. The angle at this first minimum is given by ~061 )\/R,
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where \ is the wave length of the incident antiproton, and R is the

radius of interaction of the target nucleus as seen by the incident part-

icie {a lower limit for R i§ obtained‘from '\{ ointera‘ct‘./ﬂ)' Because
antiprotons have larger interaction cross sections than protons, R is
larger and \/R smaller for antiprotons. Thus bdth pass-through
coﬁnters intercepted nearly all antiprotons that had suffered only dif-
fraction scattering and multiple Coulomb 'scattei’inga The two cut-off
angles were 14.3° and 20.5°; these remained constant throughout the’
ex'periment. _

As mentioned above with regard to the heavier elements, mul-
tiple Coulomb scattering became important and limited the thickness“
of usable attenuators compatible with these cut-off angles. -

A schematic drawing of the experimental avrrangement is shown
in Fig. 4 for the p-nucleon experiments and in Fig. 5 for the pP—complex-

nuclei experiments.

3. Counters

Table V lists the characteristics of the components of the
apparatus used in Run II. Fig. 6 shows the positions of the counters
used in separatihg‘ the .antiprotons from the large pion background. F1
and F2 are velocity-selecting Cerenkov counters described by Fitch.
These counters, which consist of liquid-styrene radiators.(inde'xpf »
refraction "= 1,543) viewed by one-RCA-6810 phbtom‘ultiplier ‘tube, detect
charged particles in the-velo'city range 0.65 £ 3 <.0.86. Particles with
a slower.velocity do not emit Cerenkov light in styrene, and the Cerenkov
-light from particles faster than B = 0.86 is totally internally reflected i
and, hence, not detected by the photomultiplier tube. About 10% of the
Aparticles with a velocity g‘re.atér than B = 0.86 suffer an interaction in
the radiator, the secondaries from which give rise to Cerenkov light
,that reaches the photomultiplier tube. F1 ard F2 hence have a rejec-
tion efficiency of only about 90%. Counters C1 and CZ are also Cerenkov
counters. C1 consists of fllu.or_ochemical radiator (C8F160’ designated

0-175 by Minnesota Mining and Manufactorying Co.) with an index of
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refraction of 1.276, which counts only charged particles with § >0.78
and he‘.ﬁcé will not detect the antiprotons but will detect the pi mesons.
C2 is a special counterlo (the same counter as C2 in Run I,' but with a
lucite instead of a qtiartz radiator) that detects charged particles in the
véry'narro:rv velocity range 0.74 <B < 0.77, with a rejection efficiency
for faster particles of 97%. | Finally, Sl is an ordinary scintillation
counter 4 in. in diam which detects all charged particles passing"
through it. This counter defines the size and divergence of the anti-
proton beam incident upon the target. Thus counters F1, F2, Sl, and
C2 are placed in coincidence with each other and in anticoincidence
" with C1 to detect an antiproton. The actual electronic method of
selecting the antiprotons is described in the next section..

Counter C** has been discussed briefly in Section II- A and con-
sists of a rectangular sté.inless steel container 10.75-in. long.
When it was filled with D-Z.O or HZO’ the liquid level was about 0.5 in.
above the faces of the nine photomultiplier tubes that were suspended
from .t_he top cover. With liquid oxygen, the liquid level had to be kept
‘sli_.ghtly below the tube faces, otherwise the tubes»\ﬁould not respond -
properly. In order to collect as much of the Cerenkov light as pos.sible,
the sides and bottom of C**were lined with shiny 1-mil aluminum. foil.
Counter C is similar to C‘, but has slots of dimensions shown in
.F1g. 5 in the bottom for insertion of the copper, éilver, 'or'lead atten-
uators and contains methyl alcohol as the Cerenkov radiator.

‘The remaining two counters, SZ and S3, are plastic scintillation
- counters. Counter S2 was 0.25-in. thick by 14.75 in. diam and is viewed
by eight RCA 6655 photomultipl_ievr.s symmetrically placed around the
periphery. The signals from the eight tubes were added toge\ther and
then suitably - amplified. S3 is 1 in. thick and 13 in. in diam and is »
viewed from the side through a long Lucite hght p1pe by a single RCA-
6810 photomultiplier tube.
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Table V

Characteristics of componenté of the apparatus: Run II

T Bevatron t.argetf _ _

F1 _ Cerenkov. counter of styrene (C6H5CH:CH2) with 2.5% ethyl
bromide (C,H.Br); p, =1.54; p=09lg cm”>. Diameter
3.88 in. by 2.31 in. thick.

F2. . Same as F1 except diameter 2.5 in,

Cl ' Cerenkov.co’unter of.Fluorochemical 0-75, (CSFléO); |
pp = 1.276; p = 1.76 g cm_3-; 4 in. square by 1.5 in. thick.

C2 . Cerenkov counter of lucite (polymethyl methacrylate);
pD = 1.50; p=1.18¢g cm™3. Diameter 2.37 in. by 4.25 in.
thick. . )

S1 Plastic scintillator counter 4.0 in. diameter by 6,62 in. -thick.

E © Area occupied by apparatus _and counters for the various '
experiments. '

D Deflecting magnet 18 in. long.  Aperture 12 in. wide by 5in.
high. 3.2° bending. - |

Ql, Q2 Quadrupole focusing magnets of 8-in. aperture.

M1, M2 Deflecting magnets 60 in. '1ovr'1g. -Aperture 12 in. w,‘i.de by.
7 in. high. 14° bending and 18.8° bending respectively.

L Quadrupole focusing magnet of 4 in. apérture.
Cf* ' Atte'ﬁuator and Cerenkov counter filled with DZO’ HZO’ or O2°
C* : Slotted Cerenkov counter of i‘nethyl alcohol (C_'H3OH)._
S2. - Plastic scintillator counter 14.75 in. diameter by 0.25 in.
» thick. |

S3 Plastic scintillator counter 13 in. diameter by 1.0 in. thick.
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4. Electronics and Photography

Figure 8 shows a block diagram of the electronics employed in

this experimeht.,_, _Counters" F1, F2, and S1 were placed' in coincidence

"with each other and in anticoincidence with C1 by means of a fast coin-

9

cidence circuit which has a time resolution of about 4 x 10” ’ sec.

Counter C2, the velocity-selecting counte"r, consists of 3 photomulti-
. . . . . 10 : -

pliers looking at the same lucite Cerenkov radiator.” It was required

that at least two out of the three tubes count in coincidence in a special

coincidence circuit. The outputs of these two coincidence circuits were

fed to a third coincidence c>'1rcuit (AB) with a time resolution of about
2 x 10-8 sec. The resultirf"é coincidences r.ep_resented what might be
called "electronically-defined' antiprotons. ' |

However, in addition to the outputpulses from antiprotons which
registered.a coincidence in AB, some out.p.ut pulses from AB were found
to be caused by‘ accidental coincidences due to mesons. In order to
recognize these accidentals, it was necessary to photograph the pulses
from the various counters. The pulses from counters F1l, F2, and C1
were delayed and then displayed on the top trace (No. 1) of a 4-beam
oscilloscope tube, pulses from counters S1, and C**on trace No. 2, and_
pulses from S2 and S3 were recorded on trace No. 3. - Trace 4 was not
used in this part of the experiment. The output from the AB coincidence
circuit was used to triggér the bscilloscope, which was being continuously
photographed on linagraph-pan 35-mm film. ' ‘

When positive proton croés sections were measured, it was not
necessary to look at pulses in the C**counter because annihilations do
not take place. Furthermore, there was no meson contamination of the
proton beam as explained in Seétion II-A. “This lack of contamination
allowed us to measure the cross sections electronically by use of two
additional coincidence circuits, YES and NO, shown in Fig. 8. Counter-
S2 was placed in coincidence with the output from AB by means of the

YES circuit, and S3 was put in coincidence with AB by means of the NO

circuit. The oﬁtpu_ts from the YES and NO circuits were fed to scalers
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that registered the number of incident protons that also counted in S2
and .S3, resbectively, A check on this electronic measurement of the
cross sections for protons was made by photographing proton events in_

the same manner as the antiproton events.

5.; Procedure

The Bevatron internal prot_dn beam was accelerated to full energy,
5:8 to 6.3 Bev. The internal be'an;1 intensity used was approximétely
2.to 3 x 101-0 protons per pulse.,_- The number of accidental coincidences

were reduced by 'spill.ing the internal circulating beam onto the carbon
target over as long a time as was possible——usually from 80 to 120 msec.
This was accompli:shed by steering the full energy beam repeatedly
fhrough a thin aluminum foil near the outer radius of the Bevatron orbit.
The degraded beam then became phase‘-u.nstable and spiralled into the
carbon target over a period of time determined by the rate at which the
initial beam was steered into the foil. The resultant proton beam striking
the carbon target had an energy range from 58 to 6.3 Bev.

The internal proton beam striking the carbon target was monitoréd
by means of an auxilliary sy.stem of two counters in coincidence aimed
roughly at the target and about fifteen feet away from it. We thus had a
continuous check on the uniformity of the internal beam Which was being
spilled onto the carbon ‘ta‘rget. The electronic apparatus was gated on at
the beginning of the beam spill-out and gated off at the end, about 100
msec latér. |

AIn.order to obtain antiproton-nucleon cross sections with a statis-
tical accuracy of about % 10%, it was neées sary to take the data for DZO’
HZO’ and 'OZ until nearly 10, 000 antiprotons were incident upon each of
these materials. The three absorber materials were cycled through
several times. .In addition, be]cause some of the annihilations in C**may
result in small C**pulses and hence in a slight inefficiency in detecting
annihilations, th»e data were taken at ‘several gains for thie counter Cf*ln
particular, the OZ data were taken at an input voltage to the photomultipliers

.of 2050 v, the HZO data at both 1900 and 2000 v, and the DZ‘O data at
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1900, 2000, and 2100 v. The data with copper, silver, and lead in the
slots of C* were taken at voltages of 2000 and ‘2200 v. In addition, data
were taken at 2000 and 2200 v with no attenuator in the slots of Cﬂz.
Finally, with the delays in the counters unchanged, the magnetic
channel was tuned for a 20% lower mass than that of the antiproton by
reducing the currents in the magnets binO%. The events that now re-
sulted in AB coincidences (see Figs. 9 and 10) were photogfaphed. None
of these acvcidental events could be interpreted as antiprotons upon
examination of the photographed oscilloscope sweeps. Hence, we be-
lieve that, for the accuracies of this experiment, any contamination of
the events accepted as antiprotons is negligible. |

AN

D. vReduction of Data

1. Film Reading

- Figures 9 and 10 show examples of 6°of the inany types of
events recorded on the film. The top trace in each event shows from
left to right pulses from F1, F2, and C1. The second trace shows
pulses from S1 and C**and the third trace shows the pulses from S2,
and S3,‘ respectively from ieft‘to right. The individual events are
described in the figure legends. The occurrence of an antiproton in-
cident on fhe attenuator C"tor C*) is indicated by the presence of‘Fl,
F2 and S1 pulses, and the absence of the C1 pulse.

In reading the film, the data recorded from each event were the
pulse heights (in mm, as measured on the screeﬁ of the viewer, ) of
the pulses from counters C1 and C**and the existence or nonexistence
of pulsés from S2 and S3. Only those events were accepted that had a
pulse for F1, F2, and S1, although’éll events were recorded. In addi-
tion, it was required that no spurious pulses (mainly due to extraneous
mesons passing through the system) occur within a specified distance
of any of the "normal'' pulses. Thus an event of the type shown in
F1g 10b would be .rejected. These strict criteria were adopted. to

avoid bias in the reading of the film.
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Fig. 9. Examples of oscilloscope traces. In each example, the
top sweep shows pulses from left to right of F1. F2, and °
Cl. The second trace shows pulses from S1 and C**, and
the third sweep S2 and S3, respectively, from left to right.
Example (a) shows an antiproton that annihilates in C#** as
indicated by the large C¥** pulse. The second (b) and third
(c) events show antiprotons that do not annihilate, the first
simply passing through both S2 and S3, and the second
being scattered out of S3 (14.30) but not scattered out of
S2 (20.5°). : 7 '
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Fig. 10. Examples of oscilloscope traces. In each example the
top sweep shows pulses from left to right of F1, F2, and
Cl. The second trace shows pulses from Sl and C¥*, and
the third sweep, S2 and S3, respectively, from left to right,
Example (a) is a meson accidental as identified by the large
.pluse in Cl. Event (b) shows two antiprotons occurring
during the same Bevatron pulse. Event (c) shows an anti-
proton incident upon the system of counters, with a meson
following closely behind.



-35.

2. IBM-650 Analysis

The daté recorded by thve>film readers was punched on standard
80-column IBM cards. All pulse heights greater than 9 mm were punch-
ed as 9 mm on these cards. The cards were then p‘roc‘essed by the
IBM-650 magnetic-drum data-processing machine. The :IBM—650 was
programmed to discard all events not acceptable under the criteria
mentioned above. , - _

In order to make a pulse-height analysis of the coﬁ_ﬁts_in cH*
each acceptablé event was classified accord_ing' to its pulse heigh’t in C**
and according to whether or not the particlés couhted .ir} S2 and S3. 'Ihé
values of the pulse height of _C*“range from zero through nine--10 values.
Thefe are four possible permutations of the two pass-through counters
S2 and 83: S2S83, S253, S2S3, and 5253, where S2 means S2 counted,
"and S2 means that S2 did not registevr' a cbunt. - Hence, each acceptable
event was placed by the 650 calculator into one of these 40 ”b0xeAs“ It
is then easy to plot the pulse- height distribution of C *for example’ for

all events. that either do or do not count in S3.

3. Notation

An antiproton incident on the attenuator C**must always count in
S1. The total number of incident particles (equal to the number of |
counts in S1) will.be called IO° For the purpose' of computing cross
sections, the following notation will be used:
(a) .IO—th‘e number of incident particles on the attenuator or thve
total number of acceptable events.
(b) Ian—thevnu:mber,of annihilation events
(c) I(ZOO)—-the number of '"'pass-through'' particles as defined
in Section IV-A, with a cut-off angle 6. = 20.5°. This equals
the number of nonannihilation events that count in S2.
(d) i(140)fthe number of pass-through particles with a cut-off
: angie 0C= 14.3° This equa‘I‘s. the number of nonannihilation

events that count in S3.
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(e) Ian(ZOO)—the Qumber of annihilation events in which a
charged particle counts in S2.

(f) Ian(14°)¥the number of annihilation events in which a
charged particle counts in S3. ‘

(g) Ian(>200)—the_numbe_r of annihilation events in which no
charged particle counts in S2. »

(h) Ian(>140)—the number 6f_ annihilation evénts in which no.

. - charged particle counts in S3.
We have the f_ollowi.ng obvious relations:

= ' © ©20°) = ; ° >1 4° '
Ian Ian(ZO ) + Ia.n( 2.0 ) Ian(14 ) + Ian( 147), (4)
Ian(ZOO) +1 (200) = total number of counts in $2, and (5)

Ian(l4o)v +1 (140) = total number of counts in S3. (6)

4. Interpretation of C**pulses

The problem at hand is to determine from the data the quantities
IO’ Ian’ 1(14°), and 1(20°). This is not quite as simple as it might
seem at first glance. The difficulty arises in interpretation of the small
C*’f)ulses.' There is no obvious pulse height for Cf*for which one can
say . all pulses greater than thislvalue represent annihilations.and éll _
others represent nonannihilation events. Indeed; this is not éven what
we expect. Emulsion da’ca7 have indicated that some annihilations occur
in which no fast c'harged particle éscapes the nucleus; either all fast
charged particles resulting from the annihilation are absorbed by the
nucleus, or the annihilationproceedsthrough production of only neutral
pions. Both of these types of events will result in no pulse in C**except
for those cases when the y's from the neutral pions convert in the
attenuation, in which case we may get small pulses ih c** Furthe.r,
small C**pulses are expected to result also from annihilations near the
end of the attenuator Cf“where the path length for the resulting fast,
charged mesons may be so short that very little Cerenkov light is emitted.
Thus we conclude that a few annihilations will give small pulses in Cf%

and some of the annihilation events will result in no pﬁls‘e in C’.**
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" Let us approach the problem from the other direction and ask if

small C**fmlses can be produced by antiprotons that merely pass through

_C** suffering no nuclear interaction. This is best answered by studying -

’

the pulse-height distribution of C**pulses when positive protons are in-
cident. Figure 11 shows examples of these pulse-height distributions

for protons at two different input voltages oncﬁ?or('c*?illed with DZO"

- We notice that a few small pulses occur in C** (The few large pulses.

observed are probably due to meson production.) The momentum of the
proton beam was lowered to 1.059 Bev/c, well below the .Velocity at
which protons begin to make Cerenkov light in DZO‘ Approximately the
same number of small C**pulses are present (Fig 12), probably indicating
a small amount of scintillation. Similar results were.fouﬁd With the
other radiators used in C**and C*, HZO’ 02, and‘met.hyl alcohol.

We may conclude that only some of the small pulses in C**repre—
sent annihilations, and that some annihilations are included in the events
with no pulse in C.’.'»” H&Weve_r, this dilemma is not unresolvable. To

determine the correct number of annihilations, we plotted theé number of

events with a _C**pulse height greater than a given value versus this

 pulse-height value (see Figures 13 through 16). The points of this curve

represent the infegral of the pulse-height histogram from the right. We

have included in this plot only those C**pulses‘ that are large enough to

‘assure that they represent annihilations. This procedure was followed

for the events that counted in S2 (and separately for events that counted

in S3),‘ and also for those events .thét did not count in S2 (and separately
those not counting in S3). The problem of the small C**pulses does not
arise in events that do not result in a count in the .forv;/ard counters (see
Figs. 14 and 16, for example), because ohly a small fraction of these
events are nonannihilation events so that a negligible number of pulses

due to scintillations are encountered. For this reason, the integral-bias
curve for these events also includes those events with very small C*’i)ﬁlses,
and no difficulty is encountered in extrapolatirig to zero C‘**pulse height

to obtain accurately the total number of annihilations (including those

with zero pulse height in C*f in which no charged particle is detected

- _throt >
in the pass-through counter, Ian( vGC).‘
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Fig. 11. Pulse-height histogram for 1.175 Bev/c protons on D,O
at C** voltages of (a) 2000 v, and (b) 2100 v. 2
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Fig. 13. Pulse-height histogram for 1.175 Bev/c antiprotons on
D.O with 2000 v on C*%, - Only events in which S2 counted are
included. The solid curve is the integral of the histogram
from the right, and only the large pulses for C** are in-
cluded so as to assure that only annihilations are included.
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Fig. 14. Same as Fig. 13 except that only ex}_ents in which S2
did not count are included.
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Fig. 16. Same as Fig.. ‘15 except that only events in which S2 did
not count are included. :



-44-

A similar procedure was followed in tréating the events in
which a particle Wés detected in the pass-through counter. B.e'_cause'
these events include all the pass-through particles, some small C**
pulses will be dué tc_) scintillations as explained above, and, hence;
the points on the integral curve for small C**values are not reliable
and not included in the plot. To aid in extrapolating to zero 'C”pulse
height, the assufnption was made that the curve shape should be simi-
lar to that for the annihilations in which no forward parti‘cle is detected.
This is identical to assummg similar pulse-height distributions for c™
for those annlhllatlon events in whlch there is no forward charged pro-
duct: and for those ann1h11at1ons in wh1ch there is a forward charged
product. It may be argued that this assumptlon is not strictly valid,
becaﬁse‘those annihilations taking place near the end of the attenuator-
AC’:* which may give rise to small pulses in C’:xare more 1ike‘1y to send
a charged particle through the pass-through counter because of the
greater subtended sblid angle. However, this effect is thought to be
small enough.to justify the: method ernployéd, so that the extrapolated
method gives‘very nearly the correct total number of "forward!"
annihilations, (9 ). Examples of the histograms and extrapolauons
are shown in F1gs 13 through 16 for C° f111ed with D,O.
The total number of annihilations is obtained through application

an _
particles is obtained by means of equations 5and 6, I (20°) = the num-

of equation 4, I = Ian(OC) + Ian(>.9c)' The number of pass-through
‘ber of counts in S2 minus Ian (200), and I (140) = the number of counts
in S3.-minus Ian (140)° It is very important 1?0 recognize that‘ for the
HZO'»’ DZO’ and O2 experiment? a very large fraction_of the counts in
the pass-through counters actually represent pass-through antiprotons
as defined earlier, and that Iat; (QC) is only a small fraction of these
counts. Therefore, even if a considerable error were made in the
value of L (6 ) obt.ained by the above extrap‘oiation method, it woﬁld
affect only very slightly the value of the total cross section, which
lnvolves only IO and I (9 ). In fact, the number of ann1h11at1ons that

~send a charged product forwa_rd into S3 is only about one-third of the
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total number of annihilation events so that'Ian is not 'greatly affected b?
an error in Ian (149), The same considerations hold for S2.

The data taken at the various C**voltages"has been treated sep-
arately, as required by the extrapolation method used. Table VI sum-
marizes the results of these extrapolations, listing IO’ 1 (1'4?), I (260),
Iém (14 ), and I an (200) for each attenuating material, DZO; ‘HZ‘O,
and O at each C *voltage. Table VI also contains the extrapolation

results for copper, silver, and lead.

Table VI

Experimental results, Run II. is the number of in-
cident particles, I(14 ) and 1(200? are the numbers of
pass-through part1cles into the forward cone of half-
angle 14.3 " and 20. 5° respectwely I is the number
of annihilations and I__(14°) and I (268) are the num-
bers of annihilations in which a chal.'lrged product is
detected in the forward cones. :

¥ or o A o SN )
» . . :
Target C \mﬂtage I0 I(14 )_, I(207) Ian | Ian(14 ) Ian(ZO )
D,0 1900 3288 1467 1522 1538 . 320 518
D,0 2000 5961 2590 2684 2916 . 668 1090
D,0 2100 1521 658 714 737 157 237
H,0 1900 3539 1772 - 1844 1523 307 505

H,0 2000 - 5377 2663 2767 2382 . 516 825
o, 2050 6717 3500 3667 2760 704 1000
Cu' 2000 84 298 ~ 305 520 75 140
Cu. 2200 1067 330 346 © 660 130 192
- Ag 2000 791 350 357 401 67 127

Pb 2000 939 424 444 443 97 . 115
Pb 2200 887 373 410 - 422 70 110
Methyl 2000 . 750 544 564 155 34 - 54
alcohol B : : o '
(slots

empty) :

Methyl 2200 350 241 241 95 31 41
_alcohol ' '

(slots

empty)
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E. Antiproton-Nucleon Cross Sections

1. Formulas and Results

The formula for the attenuation cross sections O'(GC) for DZO’

HZO’ and O2 at a cut-off angle GC is:

I, Ie)) 4, 1

. : . ' It
1 0 1 0 1 fn "0
o(6.) = [ In ey T T NI T N T )(7)

0 . c c

‘where I0 is the number of incident particles, I'(OC) is the nu-m,bér of
pass-through particles as defined earlier, and N is the thickness of
the attenuator in a’coms/cm2 (see Table IV). The primes refer to data
that would have been taken with C**empty--i. e., background data.

This background data was not taken because there wa‘é only a very
'small amount of material in the beam, other than the»DZO, .HZO, or
OZ’, and the error vincurred in assuming I“(BC) = IO is, therefore, small.
In calculating the antiproton-nucleon cross sections, the DZO’ HZO’
and ’OZ results are subtracted, and hence this background effect very
nearly subtracts out anyway. The error introduced by this simplifica-.
tion is discussed further in the following section. The 'DZO’ HZO’

and O2 cross sections were, therefo»r’e, caiculated from the equation:

The formula for the standard deviation AU“(OC) due to counting statis-

tics is:

: /2
1 /1 1
Ao'(6)= -y - (9)
_ c N\I(O-c-) IO ) .
and the combined errdr Ao '(G.C-) due to counting statistics and extra-
polation errors is given by

- 1 1'“ 1) ar, Ve .1/(210)
. . - ~ns
a0l6)= § (mr)' W) ¥ <1(9C
ot
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where dI s is the nonstatistiéal uncertainly in 'I(GC), i.e., the estimated

uncerta1nty in the extrapolatlon The total annihilation cross section

..O-an and 1ts error are given by (again neglectmg background effects)
o = __l In Io : |
an © N U TL (11)
, 1 2 1/2  (12)
and Ao = 1 J 1 1 n ' ns | '
an Nﬁl IO_Ian I0 / I0 - Ian//' :
L i

where dI_ is the estimated possible error in I, dueto the. . -
ns
extrapolatmn .

Once the cross sections for antiprotons on D O, H 0O, and OZ.
are determined, the measured antiproton-nucleon attenuatmn and
anhihilation Cross sectioris c__(0), o__(an), "o__-'"(0_), "o__'"(an

| ' 75pl0d » Tpplan) "op, ") (an)

PP pn.
are given by:

05,00 = 3 [072%6) - o7 (0)] 3
o_ (an) = l [GHZO(an)’— oo(én)] . (14)
PP -2 - >
CACREE I Dzo(e ) - o72%0 )] (15)
"O.I;Dn"(atllx:_% [U.‘Dzo(an) - O-HZO(a_n)] X a (16)

The quotations are pla'ced on ',.'O'I_)’n” to indicate that no correction has
yet been made for the sh1eld1ng of the neutron by the proton in the
deuteron. We also have for the antiproton-deuteron cross sections:
1 Dzo
2 [o :

95al6c) = 3 6)-0%01 . an
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1. Do o . o

L16P2%0G0) - ¢%an)]  (18)
The cross sectlons for antlprotons on D O, H O, and O are

listed in Table VII. Because the results for the d1fferent values of

S . Yl
high voltage on C  are statistically the same,_ these results were

cornbined. and - are also given in Table VII. The resulting antiproton-

~proton, antiproton-neutron", and antiproton-deuteron cross sectibns

are given in Table VIII.
The cross sections for positive protons on D 0O, H O ~and O
are included for compar1son in Table VII, and the resultlng PP, POD,
and pd cross sections in Table VIIL Because protons do not annihilate,

the uncertainty in extrapolation of C**

pulses does not exist, and the
errors listed are standard deviations due to counting statistics only.

It should be mentioned that the proton cross sections were obtained

_both electronically and photographically and, although the statistical

errors in the latter case are large, the two methods gave consistent

results. The proton cross sections were measured to provide (a) a

check on the experimental method, and (b).a direct compariSon of-
antiproton and proton cro’ss sections under-identical experimental
conditions. - These cross sections agree favorably with those measured
elsewhere 8 ‘We see that the antlproton cross sections are in all.

cases much larger than the correspondlng proton cross sections.

2. Errors .

The errors on the cross sections 1isted in the Tables include
only standard deviations due to counting statistics and the estimated
errors in .the extrapolations 'VIt is pointed out here again that the

uncertalnty in the extrapolatlons 1ntroduces only a small error in the

cross sections. Any error result1ng from contamination of the anti- -

‘proton beam is con51dered neghglble because accidental mesons. could

not produce the correct arrangement of pulses required of an ant1—

~proton (see the discussion in Section C-5). Inaccuracies in 1nterpret_ing
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Table VII

Attenuation and annihilation cross sections for anti- -

protons and protons in D,O, H,O, and O,.
antiproton energy is 457
attenuation cross section and On

ev.

cross section (in mb). .

Average

0(6 ) is the measured

the annihilation

- Blair. 12

Target| _’C**voltage (7(140) 0(200) T .n 0'('140)—0(200)
' = T — = - '
P P | P P 2
D,0 1900 | 883x21 | 85121 |- 69718
D,0 2000 | 917+16 877+17 743%15 |
D,0 2100 | 882+33 1 837+32 733429 ‘-
H,0 1900 | 747+22 71821 | 621+18
H,O 2000 | 77116 73116 644+15
o, 12050 | 55610 29242 |51710 | 246%2/453£9 |  39+3.2
D,0 combined |902+11 | 40042 . 86211 |337+2|721%11 39£4.9
data for : ' ‘
various
voltages v _ o
H,O 763£12 | 34322 - 721%12 [295+2(630%11 42431
Table VIII .. N
Antiproton-nucleon cross sections at 457 Mev, jusing
DZO—HZO—O2 subtraction. (in mb).' »
Target o (14°) o (20°) o o (14°)-0(20°)
‘ — ¥ — T - —
P P. P P 2 P
proton 104+8 2521 | 10248 24%1 89+7 2 +4
"neutron" 708 29x1 70+8 21+1 46 =8 04
(neutron¥ °F 11088 321 1088 231 748 0+4
deuteron  [174%8 542 | . 172#8 45+2 | 135%7 26
"'neutron: = deuteron - proton
(neutron)“°"" = corrected for shielding by proton in deuteron according to

Errors here do not include errors involved in the correction.
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the pulses on the film contribute:a negligible source of error.’ This has
been checked by a rescanning of portions of the film,

It should be mentioned that because the ‘antiproto'n data at 20'.,50 and
at 14,3dwer_e taken simﬁltaneously (particles Vcounting‘ in S3 also regis-
tered a count in S2), the error in the difference between the two cross
sections 0(1_40) an.c.i.o' (ZO‘O) is quﬁe small. - The formula for the error
in this difference is: ' _

N S ]1/2

N " 1(140)  1(20°) (19]

Al o (14°) - ¢ (20%)] =

The quantity [o (14°) - ¢ (20°)] and its error are given in the last col-

umn in Table VII for DZO’ HZ"‘O’ and 02, and in the last column in

Table -VIII for the pp, pn, and Pd cross sections.

» In order to avoid any'error in N due to the bulging of the thin win-
dows at the ends of the targetC the length of CMwas measured when full
of H O. The densities used in calculatlng N are (in g/cm ): H O,

p=1. 000 D O, p= 1.105; and O - p=1.141.. The D O used in th1s
experiment was analyzed c‘hemically' and feund to be-mofe than 99.5 %
pure. | ,
vA,smal_l error is made in calculating the cross sections according
to formula (8). No correction has been made for the attenuation of

antiprotons in the material at the ends of the C#*container——the equiva-

lent of about 0.5 gm/cm2 of copper for the annihilation of . The

cerrect formula for c’alcula“cing the cross section for DZO’ HZO' or OZ
is
1 IO , I :
o= xfr T T (1)
0 X .
where the primes refer to data that would have been taken with C,‘mf

empty (see the discussion in Section II-E1) and N is still the number of

vatoms/crnz of absorbing material in C** Thus in the subtraction to ob-

tain the P-nucleon cross sections, the error made would be zero if
there are equal thicknesses in a.'toms/cr’n'2 in the D 0, H O, and O

This is eas11y seen from the formula for Uip:
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1 6 (1Y 19\
o = = in ny 1, (20 I
%5p T N <‘1’/}3 <1'> N, <1,: K'J
'D,0 ,0\"0 H,0 H,0l00,

: I\ -1 ' :
<—1£—I ZQ-TQ>"‘- - <§ ln—Ig> +<%I - % >2n-§—:-'(20)
» DZO‘ - HZO DZO , HZO 0 .
This is very nearly the case for the D O- H O subtraction where ND o
=0.910 x 10 24 atoms/cmZ and NH o- 0.915 atoms/cmz._ The err»orzls
slightly larger, but-still'negligiblez,_ in the case of the HZO_ OZ subtrac-
tion-where NO = 1.170 .atoms/cr.nz, especially if one remembers that ‘
because there 2'is only ab'out' 0.5 gm_/cm2 of copper eqﬁivalent in the
beam to preduce this background effect, {n (IO/I) is very nearly zero
anyway. v
 Finally, the cut-off angles, .‘ ecl, were chosen large enough so
that the measured cross sections are not influenced by the presence of
either diffraction scattering or)mﬁltiple Coulomb scattering.
The estimated error in the ‘f)—mi_cleon cross sections due to the
effects discussed above(except the statistical an'd extrapolation errors)

is £ 1% and is not included in any of the tabulated figures.

3. Shielding Corrections

The pn crose sections obtained as above from a D O—HZO sub-
tractmn do not represent the free neutron cross sections. This is _
because of a shielding of the neutron by the proton in the deuteron so that _
the measured cross sections are too low. .Crlauber11 has calculated the
magnitude of the correction to the p.roton—neutron cross section for this
shielding effect, and this correction can be applied to our antiproton

results.  The corrected cross sections for antiprotons on neutrons,

agr)lrr(e ) and (TCO r@n)',' is given in terms o_f the Pp cross sections:
corr | 1 | :
~ {9 ) = - "o (6) (21)
n c l-co__(6 n - C B
P Bp0c) PR
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: c'orr(an) - i 1 ng_ "(an) . {(22)
pn | 1-,c0§nhn) - pn o

"The constant c is given by . (' > /2r , where r is ‘the dis-
tance between the neutron and the proton in the deuteron, and the brackets
denote expectation value. This function, wh1ch behaves asymptotmally
for large neutron-proton separation as l/r ,- remains finite for small r;
however, its form is not well known at small r. Therefore, c is
evaluated from proton cross section data, 8 and has the approximate value
7.32 x 10_3 mb 1. Inserting the experimental values for‘ 0'.'§p(140),‘ .

~p(zo")v, and 0 (an) of 104, 102 and 89 mb, respectively, we obtain
correction factors of 4.2, 3.95, and 2.87, respectively. These correc-
tion factors are extremely large, ‘and almost certainly incorrect for |
reasbne discussed below. A similar correction must be made to the
pn measured cross sections. The correction factor is 1. 10--much
emaller in this case because O’I_)p is replaced by the nlueh smaller gpp.
. This experiment did not measure app (ineé. }; hence, the correction
factor for o n was taken from Chen et al. _

The shielding correction for antiprotons is uncertain in several.
respects.‘ First, the deuteron Wa\}e function af small distances is not
well known. Second, in the calculation of the shielding‘ effect (Eq. 21 and
22) it was necessary to assumeba "black-sphere model for the nucleons.
In the light of our large ann1h11at10n cross sections compared with the
total cross section, th1s assumptlon is probably reasonable. Th1rd,
however, it was also necessary to assume that the neutron-proton sep-
arations in the deuteron'are much larger than the interaction range of
the incident particle. 1 our large pp cross section (104 mb) ifmplies a

‘range of interaction of about4 104 x 107" cmz'/n, or 1.8 x ‘1'0—1-3 cm.

This range probably cannot be considered small enough to justify this

assumption The above correction, which is valid for small interaction
ranges, deviates widely from the correct function when the radius of the
deuteron is smaller than the range of interaction (see especially Fig. 1

of ref. 11). Because of the large range of interaction of the antiproton,
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- we must use the more general formulas of Glauber (Eq. 20 and 22 of

Re 11) to calculate the correction to the cross sections. In practice,
we used the data of Fig. 1 of Glauber with an interaction range of
1.8 x 10° 13 cm, and the Hulthén wave function to numerically integrafe

his Eq. 22.  The result is that our measured cross sections must be

_increased.by about 37 mb.

Blair12 has calculated the deuteron shielding effe(it‘on_the antipro-
ton-neutron cross sections in the impulse approximation assuming the
Hulthén wave function for the deuteron, but without assuming a small
rénge for t'he antiproton-nucleon interaction. This correction is, there-
fore, probably more reliable than the Glauber correctidn as given above;
although it still suffers from the assumption that the anfiprotonfnucleon
interaction can be represented by a black absorbing disk. Blair presents
his results in the form of plots of o'§ (true) - O'_p (apparent—measured)
versus O'p (apparent) for several values of o__. Again we use 05 (6 )

to evaluate o true(e ) and o__(an) to obtain o true( n).

Pn . . _ .
"true'' values are given by: Uﬁntrue(ec).:o_n eas(ec) + 38 mb so that
true true 0, _ ‘ _ meas
O'pn (14 )— (207) = 108 mb and cr}.m (an) = Upn (an)

+28 mb = 74 mb, These corrected pn cross sections are listed in

The re su1t1ng

Table VIII.

With this shielding correction to the Pn crogs sections, the cross
sections for Pp and pn appear to be nearly equal both in the attenuation
and annihilation cross sections. It may be that o;pp(a.-ﬁ) is lower than
0‘._.p(an), but this has not been demonstrated statistically by th.e present -
experiment. The annihilation process for antiprotons on protons may
proceed either through the isotopic spin state (I=1, Iy= 0) with a cross
section 04 Or the isotopic spin state (I 0, 13—0) with a cross section. 0'0
The Pp system is in each of the two isotopic spin states with equal:
probablhty The pn system, however, exists only in the isotopic spin
state (I=1, I3=--1) and thus annihilates only with a cross section oy »
Obviously, equal annihilation cross sections for the pp and Pn systems
are allowed in the isotopic spin formalism only if oy is equal to 90
However, the accuracy of the experimental cross sections must be

considerably improved before we may conclude that oy is equal to 04
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4. Total Antiproton-Nucleon Cross Sections

At this point let us compare our results to a direct measurement

- of the total Pp cross section recently performed at Berkeley. 4 This

was a good,—geometry experiment in which the total pp cross section

" was measured for several antiproton energies by observing the trans-

mission of antiprotons through liquid 'hydr'ogen.. No attempt was made
to obtain the annihilation cros.s' section, and a comparison with positive
prbtohs was not made. The result for 450 Mev antiprotons is 99£7 mb.

Because the'm_easurement was done. with good geometry, the correction

for the forward elastic scattering is small (é,bout 2 ’mb), and is included-

in the above value. This value is only slightly higher than our total
annihilation cross section, 89+7 mb and is about equal to our attenua-.
tion cross section obtained at ''poor' geometry, 108+8 mb. ‘

. It is customary to -obtain estimates of the total cross section by
adding a correction to the measured cross section for theffo‘rwai'c;l
diffraction scattering into the finite (and in our case large) solid angle
subtended by the pass-through counters at the target. On\evmethod is
to extrapolate our two meaSur.ed cross sections to,zervo solid‘angle.
waever, with méasurements at only two angles, we would have to
make a straight line 'e_xtra"pol-a_t'idn, and this assumes a constant, differ-
ential scattering cross section per unit solid angle from 09 to thé‘
largest cut-off angle used, 20,5 'This assumption would pfobably be
quite inaccurate, as the diffraction s'éattering is almost certainly
peaked forward. This type of extrapolatiori would thus Igive a value
lower than the correct total cross section. In fact, within the statistics,
we obtair.i the same value for the cross sectiori for the two cut-off angle s
used in this experiment (4.3 and 20,5}y showing very little diffraction
present at these 1.a‘rgeA angles. Our measured crdss sections thus re-
pfe sent. more nearly the tbtal inelastic cross sections for the pp and pn
interactions. ' |

.~ Our measured cross sections show a.very large probability for
the annihilation of an antiproton and a nucleon. He_rice,' it may be

reasonable, as a crude approximation, to picture the nucleon, as seen
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by the antiproton as a black disk of area surrounded by a grey region
of undetermined size. 'Ihen one would expect, because of the shadow
scattering of the black area, that the total cross section would be at
least t§vice the annihilation cross section. However,Abecause the
nucleon may not be entirely black to an antiproton over an area this
large, one can not ‘say specifically that the total cross section must be
at least twice as large as the annihilation. This can be understood by
a glance at Fig. 2.2 on page 322 of Blatt and Weisskopf, 13 which is a
plot of the lower limit of the elastic scattering cross section for a '
given reaction (for our considerations, the annihilatibn) cross section.
From this diagram it is seen that for the elastic scattering to be v.
appreciably 'smaller than the annihilation, the nucleon must appear
quite tr.ansparent to the antiproton. In this case it would be necessary.
to postulate a rather large grey sphere to account for the large amo'un't’
of annihilation. The correct pictureA is probably somewhere between
these two extremes abnd will require further experiméntal investigation.

A model of this form--a black reg1on of arb1trary size surround-—
ed by a potential--has been used by Koba and Takeda 14 to calculate
annihilation and scattering cross sections for the antiproton—proton
collision. These author.s find that a large annihilation cross section .“\’ -
can be obtained by postulating a sufficiently large black central region, ~
and that the scattering 'cross section may be either smaller or 1arger than
the annihilation cross section depending on the 1nteract1on potential
outside this black central region. This outside potent1a1 appears not
to .influence greatly the annihilation cross section if it is attractive,
and to reduce Oon if it is repulsive.

If we assume that the antiproton annihilates with a nucleon only
‘when they approach close enough for the cores to 6ver1ap, then we
obtain a core radius of about(l/Z)W = (1/2)\]%‘7;: '10—27cm2/1r

= one-half of a ''radius of annihilation” = 0.85x 10_1 cm. This-'"core

-radius' is four times the proton Compton wavelength, . This is very
nearly equal to the size of the proton. charge distribution measured at

Stanford. 14 Because the size of the nucleon core is generally attributed
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to the recoil of the nucleon uponv emission of pions, the core radius .
' ' 13 15
cm. )

should be about.equal to the proton ComII)ton wavelength (0.21 x 107
16

5. Conclusions

The inelastic cros_\s\‘séction for 450-Mev antiprotons incident on
prbtons is 104 £ 8 mb., anci the total annihilation cross section is 89 £ 7
mb. The corresponding pn cross sections, after a correction for the
shielding effects of the two nucleons in the deuteron is made, are 104 = 9
mb, and 68 + 10 mb. Thus the Pp and Pn interaction and annihilation
cross sections are the same Within the limits of this experiment, and
annihilation is the most probafole inelastic event that can befall the
antiproton in collision with a nucleon.

It is difficult to reconcile these results with a recent measure-
ment of the total pp crosé section of 97 + 4 mb at a similar energy. In
particulai' a study of the diffraction scattering of antipro‘t'éns on nucleons
would be of great interest. An important experiment aiohg this line
would be the measurement of the transmission of antiprotohs'throughp
liquid hydrogen as a function of the cut-of f éngle defined :by the pass—'
through countér, from the smallest angles feasible to the large angles
of this experiment. This wduld check both the good and the poor geom-

etry results given above, and also give information on the region be-

tween them.

F. Cross Sections for Antiprotons on Compléx Nuclei

1. Formulas and Results

Because of the considerable amount of extraneous absorber-in
the beam (methyl alcohol in C*) when the antiproton cross sections
were measured on copper, silver, and lead, it was necessary to take
data with no absorbers in the slots of C*. To compute the relevant

cross sections, we again use the formulas

- 1 o )
7(0,)= § 4o 1'(£C) el W
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The results for antiﬁrotons on copper, silver, and lead are
shown in Table IX. Also included are the oxygen cross sections given '
in Table VII. Again, for the purpose of cdmparison, the corresponding
proton cross sections were measured, both electronically and photo-
graphically, and are also included in Table IX,

The 14.3° cross section for lead, for both antiprotons and protons
is placed in parenthesis because it may be affected by som_é mﬁltiple
Coulomb scattering. The value in parenthe_sis.has been corrected for
this multiple scattering as folldws:..- I.f a fraction 1-F of the beam is
lost by multiple scattering, the actual transmission is II/FIO, instead
of the observed I/IO. This results in an apparent increase of o=
(l/N)Il nF in the correct cross section, where N is still the thickness
of the lead absorber in ‘atom’s/crhz. The magnitude of F is difficult to
- calculate because of such complicating factors as (1) a broad incident
beam, (2) a divergent 'incidef;t beam, and (3) nonuniform illumination
of counter S3 (see Fig. 3). Sternheimer17has calculated F as a fuﬂc-
tion of two variables Ty and Y where Po is the radius of a uniform
circular beam, which may be divergent, divided by the radius of the
pass-through counter, and ry is a function of the experimental geom-
etry and the rms scattering angle. Assuming a uniform beam, we
obtain a value for F of 0.99, resulting in ¢ __ = 60 mb for the 14.3°
results. The correction for 6, =20.5% is negligible, as is the multiple-
Coulomb scattering correction for all other attenuators used in this
series of experiments. Subtracting this ¢ value from 7 oy (14°) =
2910 + 222 mb results in o, “°"7(14°) = 2850 + 225 mb. The multiple

Pb
scattering correction is the same for protons, so we must also lower
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_ " Table IX
Antiproton Interaction Cross Sections in Complex Nuclei (mb)
. Element Ep 0(140) 0(200) Ton g arp arp
(Mev) P pt et P P pt +
g P %an
o 457 556410 29222 | 517£10  246%2 | 45329 | 590£12 34024 1.74+.04 1.36+.04
Cu 411 1240482,  719#5 |1220488 6404 | 1060461 (126091  880%10 1.44%.11 1.19£.10
Ag 431 16304170 10526 |1640£183 92446 | 1500£157]1635+188 117012 1.392.16 1.09%.17
Pb 436 29108222 1722422 | 26804254 1461£10| 2010:182 (3005275} (1845240 | (1.62+.16)  /1.49+.20)"
(2850£225)" (1662%50)

to zero 6 .
c

#
corrected for multiple scattering

Tsée text Section F-2 for explanation 6f the data in parenthesis.

0 is the total inelastic cross section obtained by extrapolation of U(GC) vs 2n (1 -cos Gc)
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+ , ' , . ‘
the apbp (140) from 1722 £ 2 mb to 1662 + 50 mb. These corrected

values are listed in Table IX below the directly measured values.

2. Errors

The errors given in Table IX represent standard deviations due
to counting statistics compounded with the estimated error in extra-
polation to zero C* pulse height as explained in Section II-E1. " In the
case of'the 14.3 lead attenuation cross section an error of about * 2%
must be inc\luded because of the uncertainty of the multiple scattering
correc_tion,. Because the thickness of the lead absorber may affect
O'Pb(14o), all quantities in Table IX involving this cross séction are
placed in parenthesis. _

- The error in the extrapolated)cross section, 0. (the inelastic -
cross section), is only slightly higher than the errors in the measured
cross sections. This is because the measurements a,t,14.30 and 20.5° are
not independent, and the error in the difference [0(14°) - ¢(20°)] is
quite small." '

Other possible sources of error are discussed in Section II-E2

and are negligible compared to the large statistical errors.:

3. Total Absorption Cross Sections

The attenuation cross sections given in Table IX are the cross
sections for all interactions removing antiprotons in the incident beam
~ from the solid angle defined by the cut-off angle OC, 'To obtain the
total absorption cross section 0. wWe must add the cross section for thg
production of secondaries other than those resulting from annihilations,
which are detected in the pass-through counter but not detected in C*-
These secondaries are mainly inelasticaliy scattered charged pa_r"cicle.s.
and have the effect of reducing the measured cross sections even at our
large cut-off angles. The total aBsorption cross section can be obtained
from the measurements at the two poor geometries 6. =14.3° and.'&é;ZQ,So
by extrapolating to zero solid angle to eliminate these charged secondaries.
This is done in Fig. 17 for the antiproton cross sections and in Fig. 18

for the proton cross sections. Because we have experimental cross
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Fig. 17. Antiproton-nuclei attenuation cross sections versus
included solid angle at the pass-through counter, The extra-
polated value is ¢ ., the total inelastic cross section.
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sections for only two solid angles, we must assume a linear extrapola-

tion. This is identical to assuming an isotropic distribution of charged
secondaries in the solid angles considered. The extrapolation lines

have nearly zero slope, implying very few charged secondaries, so

thattheeffect of this assumption is probably quite small. We note that

the slopes of the straight lines are much greater for the protori cross
sections than for the antiproton crosé sections. This is expect'ed in
view of the large annihilation cross sections for antiprotons, i.'e. , the.
most probable 1ne1ast1c event that can befall the antiproton is annihila-
tion, so the number of charged nonannihilation secondaries-is relatively
small, while, for the protons, the only inelastic pfoce sses"are non-
annihilafidn and, hence, will cause a greater décrease of the measured -
cross sections for increasing solid angle. o

Table IX g1ves the values of 0. obtained and also the ratio of
O'an/a for the elements O Cu, Ag, a.nd Pb. It is seen that in all
cases, the reaction cross section is mainly due to the annihilation

process.

4, Discussion

"The copper cross section for 90 = 14.3° obtained in Fhis exper-
iment (1240 + 82 mb) does not disagree with the less precise value
obtained for nearly the same energy antiprotons in Run I at a cut-off
angle of 12° (1580 * 220 mb). This measurement of the annihilation
cross section for copper (1060 + 61 mb) agrees well with the previous
result from Run I (1050 £ 220 mb). Also, our antiproton total inelastic

Cross- sect1on measurement for lead (3005 :l: 275 mb) can be compared

. with a prev1ous measurement,(2330 + 650). Finally, our positive

proton cross sections compare favorably with those obtained at

‘Brookhaven with a similar geometry and at a somewhat h1gher energy.

It is customary to define the radius R of the nucleus as seen by

«

 the incident particle by the equation

o_ = ﬂR2_= n(a trg A1/3)2

. (23)
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where o _ is the reaction cross section and r, is a radius parameter.
In Fig. 19 we have plottedm versus A /3 for the experimental
Va_lues of o for antiprotons incident on O, Cu, Ag, and Pb. These
points have been fitted by the least squares method to a straight line.
The slope of this line is Ty the radius parameter. Omitting the point
for lead (about which there is some doubt) the value of Ty thus obtained
is 1.29  0.08 x 1071

tion cross section for antiprotons and for the proton reaction cross

cm. Similar plots are included for the annihila-

sections. The results for the respective sl.opés are 1.29 + 0.08 and
1.31 % 0.01 x 10713

The nuclear radius appears to be nearly equal with these three methods.

cm, where only statistical errors have been included.

The finite intercepts of 1:he»0'rp and o,, curves shop.ld probably be
associated with a ‘'finite size' for the antiproton.

The ratio of the absorption (total inelastic) cross section for
antiprotons  to that for protons is seen to decrease from 1.75 for Qxygén
to only about 1.4 for silver. This may indicate that the difference be-
tween the antiproton and the proton cross sections is due to interactions
of the antiprotons with nucleohs near the surface of the nucleus. The
large'r the nucleus, the more the effect of the surface is "'washed out''.
This is because the diffuse edge of the nucleus has approximately the

19

same thickness for all nuclei (with Z > 6), and therefore its area
increases rbﬁghly as the nuclear radius, While the area of the central
region of the nucleus increases much faster(as, the square of the radius)

_ To understand this surface effect of the nucleus, let us consider

a ""'I‘a;dius of interaction' for the antiproton-proton interaction. This is
permissible because the wavelength of the interacting particles is smaller
than the ''radius of interaction'. This radius is obtained (see Section
II-E4) from O't/n . In view of the uncertainties in obtaining a value
for o, from our measured cross sections, we will instead consider a
"radius of annihilation'' for the P-nucleon system. Because of the
closeness of the two cbros,'s_ sections, Gppian)= 89 £ 7 mb and ornén)i 78 + 8
mb, we consider only o_(an)and set on = ﬂ/89 X 10-27cm2/11 , Where

now r_ is our ''radius ofp_annihilation", We find ron T 1.68 x 10~ l3cm,
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and we would expect an antiproton and a nucleon to an‘nihilate when they
approach to within this distance. This is the same magnitude as the
internucleon spacing at the center of.nuciei, and, hence, explains the
nearly complete opacity of the nucleus for antiprotons. Because this
"annihilation radius'' is much larger than the radius of interaction of

the proton—n»ubcleon system = app/n = 0.89 x 10—13cm, we expect the
diffuse surface of the nucleus, where the density of nucleons is small,

to interact more strongly with antiprotons than with protons.

6. Optical-Model Interpetation

In the optical model, the antiproton inelastic cross section, 'O‘r,
is related to an average antiproton-nucleon cross section, ¢, and to the

d':énsity of nucleons, p(r) (where p is a function of the distance from the

center of the nucleus).” For 0. to be a function of ¢, both the wave-

“length of the incident particle and the antinucleon-nucleon range of inter-

action should be smaller than the internucleon separation. As discussed
above the latter condition does not apply in the central region of the
nucleus, and we expect this region to be bpaque to antiprotons. How-

ever, itis the outer edge of the nucleus that we expect to be important

in the determination of the reaction cross section for antiprotons, and

in this region the nucleon dehsity decreases so that the condition is
more nearly fulfilled. "

The formula for the reaction cross section, 0., can be easily

-derived following the method of Fernbach, Serber, and Taylor. 20 ‘As

the incident particle wave passes through the nucleus, it is exponentially
attenuated with an absorption coefficient K(r)=7 p(r). ‘The density dis-

tribution p(r) expresses the size and shape of the nucleus. The total

. attenuationiis obtained from an integral of K(r) along the antiproton

path, s, through the nucleus at an impact palfamenter b. The total in-
elastic, or reaction, cross section is then the probability of interaction

integrated over this impact parameter b. From the accompanying sketch,
2 ' :

- we see that r~ = s2 + bZ, and therefore: l
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!

fo) oo | '
o_ = Zﬂﬂ l-exp [- fK ((sz +b2)1/2)ds 1} bdb (24)
: o : -0 : o

In order to evaluate this integral and obtain a value for 0., we
must first choose an appropriate nucleon derisity’ distribution p(r).
Because or is only a function of p(r) and ¢, the hope is that for an
assumed p(r), our measured vallues of 0. will determine an average
antiproton-nucleon cross section that can be compared to the experi-

mental values. | Commonly chosen density distributions are .

(1) a uniform density p(r) = Py T <R (25)
=0C r>R, .
(2) 2 modified Gaussian density p(r) = pz/{exp [(rz—cz)/Z%] +1},
| (26)
and (3) a Fermi density | p(r) = p3/{exﬂ(r—c)/Z2] +1 1.
(27)

The uniform density is generally considered only a first approximation,
while the Férmi distribution gives the best agreement with the shape of
the -charge distribution for the nucleus as obtained in the FStanford electron-
scétteri_ng expefiments'. 19

Calculations of 0. made as described above yield values that are
too low for all of the above density distributions and for any reasonable
valb‘bth_.‘.‘_e_:s_ of . The reason for 'this is that we have neglected the effect of

‘Z;ﬁhé,_zf-'finite range of the force acting between the antiproton and the nucleon.

I‘he effect of this finite range is-to spread out the effective density

distribution (making the nuclear surface somewhat more diffuse) and thus

to increase the calculated cross sections.
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By assuming a Gaussian form for the Fermi density distribution
at large distances from the center of the nucleus, Drellzz has been able
to obtain a formula for the ratio of 61' of antiprotons on nuclei to o

for protons on nuclei:

Urp ' a ﬁ‘-nucleon
Tr s s 2 g gBonucleo
Urp ' A p-nucleon

where a iis a constant depending on the shape of the Gaussian used. .
This formula gives fairly good ag'ree'ment with our measured reaction
cross sections for values of Ep’-nucleon of about 150 mb. However, we
note that the value of o _ is not a very sensitive function of 7.
Goldhaber23 has been able to include the effect of a finite range
by using a Woods-Saxon poteniial to represént the nucleus. He finds
that our large reaction cross sections are obtainable by this method.

- Perhaps a more straightforward method of inéluding the effect
of the finite range of the antiprotonénucleon interaction is the method
proposed by Williams. 24 If we assume only two-body interactions,
each nucleon of the nucleus will contribute to the absorption coefficient
K an amount that is proportional to the ellementary cross section 0,
and which is a function F of the distance between this nucleon and the

)

incident antiproton. Thus the ith nucleon contributes Ki( ‘?-?i\) =TfF(l_r>--¥i

and. the total contribution from all nucleons, obtained b‘y summing, '}s
K(r) = zl"‘., o F( F_?i |) or passing to an average over the positions of the

nucleons in the nucleus: _
"K(r) =IJ'0" F(‘?—?“I) p(r') d3?' =0 pe(r) o . {(28)

where pe(r) =fF p d3?' is an "effective'' nucleon density, and p(r) is

the actual density of nucleons in the nucleus. In order that we have

: fped3_r = A, F must be normalized according to fF'(x) d3x =1,

The antiproton experiments did. not yield any information on the
form of the density distribution p(r). For the purpose of evaluating Eq. 24,
we will therefore use the smoothed, uniform Fermi distribution which

best fits the nuclear charge distributions obtained from electron scattering
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experiments by Hofstadter at Stanford. 19 This form of the charge

density is given by

(29)

Po
p(r)= - Ir-c¢
exp [Z ]"‘:1
1

and describes all nuclei by a uniform central charge density which falls

off smoothly at the edge. In this distribution, c is the radius parameter

‘equal to 1.08 A1/3, and Z1 =t/4.40, where t is the surface thickness-

the distance in which the density falls from 90% to 10% of its central

value--and is essentially counstant for all nuclei with Z > 6 with the value

t= Ar90 10
distribution has the same shape and size as this charge distribution

=2.4 x 10° 13_crn° We will assume that the nucleon density

with the single exception of the parameter Po which is eas11y evaluated
from fp(r)d ¥ ='A = the number of nucleons in the nucleus.
For the functional dependence of the antiproton-nucleon mteractmn

F, we have chosen a simple square-well:

3
_ r <r
4 r03 0
F = (30)
o r2rg '

The square-well range ro, was calculated from the experimenfally mea-

sured antiproton-nucleon cross section

_ _ ’ -26 2 : .
(roz‘JU_ _ J 10.5x 10 cm -z 1.8x10_13cm).

™

The first step in the calculation was the numerical integration of
the formula for the effective nucleon density distribution Pe (r) using
Eq 28. The numerical 1ntegrat10n was carried out on an IBM- 650 data
processing machine. Figure 20 shows as an example of the resulting
effective density distributions the curve obtained for the silver nucleus
together with the unmodified Fermi density distributibn. It is seen thatl

the Fermi dens‘i'ty is only slightly modified by the square-well interaction.
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off smoothly at the edge. In this distribution, c is the radius parameter
equal to 1.08 A1/3, and Z1 =t/4.40, where t is the surface thickness-
the distance in which the deﬁsity falls from 90% to 10% of its central
value--and is essentially constant for all nuclei §vith Z > 6 with the value’
t= Ar90- 1(')=2.4 X 10-13
distribution has the same shape and size as this charge distribution

cm. We will assume that the nucleon density

with the single exception of the parameter Po which is easily evaluated
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For the functional dependence of the antiproton-nucleon interaction,
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The.square-well range r, was calculated from the experimentally mea-

sured antiproton-nucleon cross section

= -26 2 - ‘
- ‘}‘1 - J 195x10 em . ;g4 10 Bem).

™

The first step in the calculation was the numerical integra‘tion.of
the formula for the effective Anucl‘eon density distribution p_ (r) using
Eq. 28. The numerical integration was carried out on an IBM-650 data
processing machine. Figure 20 shows as an example of the resulting
effective déensity distributions the curve obtained for the silver nucleus
together with the unmodified Fermi density distribution. It is seen that

the Fermi density is only slightly modified by the square-well interaction.
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The density distributions obtained were then inserted in Eq. 24,
and the numerical integration performed to obtain the antiproton-nucleus
reaction cross sections 0. These calculations were made for the four

elements for which experimental cross sections have been obtained,

‘oxygen, copper, silver, and lead. The calculations of o evaluated

for 4 values of the elementary antiproton-nucleon cross section G are:
89 mb (the measured pp annihilation cross section), 105 mb (the
measurgd p-nucleon inelastic cross sectio'n),. and 150 and 200 mb. The
calculated values of 0. are listed in Table X, together with the experi-
mental reaction and annihilation cross sections. In Fig. 21 the cal-
culated values of 0. for ¢ = 105 mb are plotted versus A1/3. The
experimental values are also shown.

From Table X and Fig. 21 we see that the cross sections obtainedv ,
from the unmodified Fermi distributions are too small, as was mentioned
earlier. The values of 0. obtained from the square-well dependence
for F for an elementary cross section © equal to the measured value of
105 mb. are in remarkably good agreement with the experimental values
of 0. (with the exception of that for lead, where the experimental value
is somewhat in doubt). ‘

In conclusion, .we remark that the calculated values qf o, are
quite insensitive to the values of @ employed. This is because most
of the nucleons are located in the central ,r’e_g'ion of the nucleus\that is
alreadyblack, and the entire change in o must be due to those few
nucleons on the s_urface’ of the nucleus. In addition, the calculated o
are not very sensitive to the range Ty of a square-well antiproton-

nucleon interaction for ¥ because the density distribution is modified

“only siightly ariyway. However, the experimental inelastic cross sec-

tions are easily obtainable by this straightforward modification of the
usual optical model if we employ a square-well antiproton-nucleon inter-
action with a range deduced from the experimental elementary cross

section. ~
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