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ABSTRACT

Protons of the internal circulating beam of the Bevatron were scatterved

in a polyethylene target. Both scatiered and zecoil protons were detected by
scintillation counters at angles which define elastic proton-proton events, Aw
internal counter was located within 2 few inches of the beam to permit measure~
ments at laboratory scattering angles as low as 2%, Absolute values are based
on the calibration of the induction electrode that monitors the civculat ing beawn.
Total elastic cross sections obtained by integrating the differential apecira ave
17, 10, and 8 mb at 2.24, 4.40, and 6. 15 Bev, respectively. The superimental

angular distributions are consistent witk the prediction of a gimple optical model

with a complex index of refraction at ghowt range.
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INTRODUCTION

Measurements of nucleon-nucleon scatiering crozs sections have been
of great importance in the investigation of nuclear forces, The results of ex-
periments at bombarding energies below about 300 Mev indicate that the forces
between nucleons are attractive at ranges 2 1(3"1 cm but that 2 sirong repulsive
force exists between nucleons when their sepavation is scmewhat leas than

0‘13 cm. As the bombarding enexrgy is increased above the threshold for
meson productian {290 Mev) to about 800 Mev, the inelastic p-p scattering
cross meci‘.iomR . rigses while the elastic cross section remainsg nearly canstantod
The angular disiribution, nearly isotropic at energies below about 400 Mev,
exhibits forward peaking, reflecting the inelastic processes thol oceur within
a region of radius larger than the wave length of the colliding particles,

Rarita and Serbeta have shown that the differential elagtic cross-
gection measurements by Smith, McReynolds, and Srow sad the tofal cross-

=

section measurements by Chen, Lezavitt, and Shapiro {for bembazding protons
of 1 Bev are described fairly well by a "black sphere’
detailled phase-chift analysis by Rarit 34' shows that the uuz:*z action is certainly
considerably more complicated. Recent measure m,c_u,f ? made with cl

interaction, aithough a

2

O3

chambers indicate that the inelastic p-p croas section iz about constant at

&3]
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26 mb for bombarding energies from 1 to 5 Bev, and that the o
section at 3 Bev is somewhat less than at 1 Bev,
In order to obtain more detailed information aboul the struciure of the

12 distributions

nucleon and the interactions between nucleons, detailed angu

o

Work done under the auspices of the il TTmEniesion.
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at the high energies are needed. In this report we describe the meas ent
of the angular distribution of the elastic scattaring at cach of three o0

energies.

I. EXPERIMENTAL PROCEDURE

A, Proton Beam

The source of bombarding protons is the circulating beam of the Bev~
atron. The magnitude of the beam is measured by an induction-slectrode mon-
itor., The energy is determined by the valus of the magnetic field and the radius
at which the beamn strikes the target. The average energy is known to within
1%. In order to reduce pile-up in the electronics, the beam is spilled onto the
target for a period of 10 to 100 milliseconds. This introduces an enes PgY spread
in the beam amounting to about 4 Mev per millisecond,

B. Tarjgreta

The target of polyethylene or carbon was located in the upsiream end
of the west straight section of the Bevatron {Fig. 1). HEither of two locations
was used, depending on the scattering angie, Because the entire aperture of
the Bevatron is filled with beam at injection, the target was dropped about 6
inches inte the center of the aperture only after the beam had been accelerated
to the desired energy. The beam, which had been tracked at a radius outside
the target position, was then apilled slowly onio the target, Actual movernent
of the target was accomplished by a rotary solencid synchronized with respect
to the Bevatron acceleration cycle. In ovder to minimize background, one or

two nylon threads were used to lower the target. Figure 2 shows the targets
used in various parts of the experiment. The tavget illustrated in Fig, 2-4

is a 1/2-inch-high by 1/2-inch-diameter cylinder suspended on 2 single thread.

This was used in measurements at angles large enough s0 that both "scattered!

~and "recoil” proton could escape easily without serious acatiering. A carbon

cylindezr could be substituted to checlk t’imvbaekg:m;maﬁ due to events in the

has more trouble escaping frorn the target. To maintain propes orientation
with respect to the beam, two threads weve reguired io

shows a 3-by-1-by-1~-inch polyethylene targét with a 1-by-1/2-by-1/4-inch
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has been described by McMillan. = This "thick’ target wae used to calibrate
at each energy the external beam monifor (Fig. 1}, a two-counter telescope,

which detected chazged particles cmitted at 50° from the target.

C. Counters g

Protonz elastically scattered from protons in the target were detected
by scinfilla.tion counters, Each counter zonsisted of a plastic scintiliator viewed
by an RCA 1P21 photomultiplier with a lucite light pipe. Counters were located
ir the plane of tiie beam orbit both inside and outside of the beam centerline,

80 that both particles from a given protoen-proton scatteving event were detected.
Protona scatterad ocutward at laboratory angles of 10° ¢o 40° {Fig. 1) weze de~
tected by a two-counter telescope located ouiside a thin window (0, 060-inch
aluminum) in the outside of the Bevatron straight section, The fromt scintil-
lator of this telzscope defines an aperture 3 inches high and I inch wide, For
laboratory scatiering angles less than 10° a single counter {(¥Fig, 1) inside the
Bevatron straighit section was used, This counter could be rotated inte position
while protons were being accelerated in the Bevatroa. In this way the aperture
could be left frec at injection, but the scintillator could be located within a few
inches of the beam line after acceleration. Rotation wae accomplished by a
solenoid-operated compressed air cylinder., The photomultiplier was well
ghielded for operation in a peak field of 1500 gauvss., The counter was operated
at atmospheric pressure. The vacuum sezl was mnade on the outsids of the ro-
tating tube which moved the scintillator through 907 into the horizontal plane of
the beam. The scintillator as seen from the farget, was 1/2 inch wide by 2 inches
high by 1/4 inch thick.

The protons emitted at large angle {''recoil' protons) were detected by
a two-counter telescope. These protone smerged from a thin window (0,020«
inch aluminum) on the inside of the straight section at angles of from about
35° g0 90° from the target. The aperture defined by the front counter of this
telescope was 1 by 1l inch as seen from the targei. The front scintillator was
1/8 inch thick, thin enough to pass relatively low-energy protons. The rear
counter was las ge enough {2-3/4-inch diameter) o catch low-energy protons
scattered in the front counter. This telescope was mounted on a four-wheel
cari which could be driven in the horizontal plane by a zemeote~controlled sclayn

-

g a rack with a 66-inch radius of curvature about the target position,

alon
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A 2-counter telescope 24 fset from the target at 50° to the beam was
used as a secondary monitor. Each counter consisted of a plastic scintiliator
with lucite light pipe, viewed by an RCA 6199 photomultiplier. After calibra-
tion against the circulating beam monitor, this telescope served fo measure
the flux of protons siriking the target.

D. Electronics

A block diagram of the electronics is shown in ¥Fig, 3. The signal from
each 1P21 is amplified by Hewlett-Packard 460-4A distributed amplifiers and
fed with proper timing intc each of two fast-coincidence circuits. These were
either threefold or fourfold depending upon whether the ocutside telescope or the
single-flip counter was used to detect the forward scaitered preten. The resolv-
ing time was ordinarily set at about % 3 millimicrosecondes. A coincidence oc~
curred if particles went through both inside and ouiside counters with the timing
corresponding to an elastic proton-proton event, The ouiput of each coincidence
circuit, after further amplification, coperated a fast discriminator and was re-
corded on a Hewlett-Packard 10 Mc prescaler followed by a UCRL scale-of-1000
scalex.

After careful balancing of the two coincidence circuits, the delay of
the inputs from the ingide counters to one of the civcuits was changed by .iG'S
sec., This detuned circuit then recorded only accidental coincidences, and
provided a continual correction for accidental coincidences observed in the
other circuit.

Simultaneocusly, coincidences in the monitor telescope were recorded

on: another ascaler.

E. Scatterigg Measurements

The interaction of protons with matter at high energies is lavgely in-
eiastic. For thies reason and because a pelyethylene target containg relatively
little hydrogen, the number of elaastic proton-proton evenis measured was
very small compared with the total number of particles detected by each of
the scintillation counters. The size of the counters was dictated largely by
the geometry of the Bevatron tangent tank where the experiment was performed
and the need for "'good' geometry conditions at all times. Minimum counter
sizne was set by target and counter alignment requirements. With the chesen

gcintillator area of the order of 2 square inch, the singles counting rate reached
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the maximum tolerable level of abouf 16 per pulse when the circulating beamn
level was about 108 protons per Bevatron pulse.

With the need for keeping the counter area small vader a wide variety
of conditions under varyiag .acateeringg angles, a somewhat unusual method wae
uzed to determine the solid angle subtended by the couniers at the target.

The laboratory solid angle is given by the expression

AR = ABAG sin 6, ‘ (1)

where @ is the polar angie (or in this case the scattering angle) and Af and L¢
are reapectively the differential polar and azimuthal angles subtended by the
defining counters. In ocur case Ad was set by the inside {large-angle} defining
counter. In fact, we have Ad = hi/’pi and Af = w c’!‘"" o Where w and b are hor-
izontal width and vertical height, respectively, of the counters, p iz the per-
pendicular distance from counter to beam line, r is the distance from target
to counter, and subscripis o and i refer ¢ outside and inside counter, reapec~
tively, Since we have p, = r, ain ¢, Eqg. (1) becomes

. W_Bin @
ha © (33
R < 1 Z

i%o N 91

og . (2)

)

For each counter the dimension that did not define the solid angle was large
enough to accommodate all events that fell within the corresponding dimension
of the other counter, with allowance for finite target size, misalignment, and
multiple Coulomb scattering. This condition was readily achieved ip the vers
tical direction, since kinematically AT P - and the inside counters are in
every case further from the beam line than the oulside counters. The target
ie 0.5 inch high, Ah, = 1 inch, so that Ab = 3 inches {or 2 inches in the case
of the intermal rotating counter) is adeguate. In the horizental plane, the sit-
uation is complicated because for small-angle scatiering we have A6, » A0 .

- Therefore, in the makiﬁg of measurements, the inside counter is scanned in
angle by remote control. The resultant angular spectrum of counts must be
integrated to obtain the yield that corresponds to the solid angle given by Eq.
(Z')., This procedure has several advantages. The use of “ge»mi“,gemﬁm:ry
permits separation of elastic proton-preton scattering ivoma other events,
such as quasi-elagtic scattering {rom the carbon in the target, or many-body

3

events, which occasionally may produce ¢two particlea in dizections that core

respond to an elastic proton-proton event. Such background is roughly independett
o (=7 b3 &
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of angle and can easily be subtracied in the angular specirum obtained. In the
same way any electronic mismalch between the coincidence circuits appears
as a consatant background {positive or negative).

Figure 4 shows the angular spectrum oblained at 6.15 Bev for a lab-
eratory-system scastering angle of 5%, Data obtained with a pure carber target
aiso are indicated. There is apparently no background from the carbon of the
target. Figure 5 is a similar spectrum obtained for a scatiering angle of 3T
Carbon background is not shown,

F. Absolute Calibration

The importance of keeping counter geometry "'good" aad the fact that
low-energy (recoll) protons must escape from the target without serious mul-
tiple Coulomb scattering require that the target be "thin' during the rune when
the scattering measurements are made, Under these conditions, however,
each particle of the circulating beam makes (on the average) many traversals
through the target. An accurate estimate of this effect iz complicated by at-
tenuation, multiple scattering, and beam dymamics in the magnetic field of the
Eevatron., Since the yield of scattered events is proportional to the number of
bzam traversals of the target, an absolute measurement of the scatteving cross
saction requires a determination of this effect. In this experiment the use of
a counter telescope as a secondary monitor postpones £0 a separate expeviment
the problem of absolute calibration. The yield of clastically scattered protons
Npp into a solid angle AR from a thin target containing v protons per sguare
centimeter is Npp = nN{deo /dR)AQ, where N is the number of incident protons
and do /dQ is the cross section per unit solid angle for an slastic p-p collision,
From a target of the same material the number N of charged particles that
' are detected by a monitor telescope at 2 fixed location with respect to the targst
iz N e KnN, where K is a constant except for 2 dependence on the energy of
the beam, Hence, the monitor telescope serves as a convenient refevence for
cbtaining relative cross sections for different angles at the same energy. To
obtain absolute values K must be measured, This is done with the use 0f a
polyethylene target (Fig. 2-C) thick encugh so that N may be made exactly
=qual o the number of protons in the circulating beara. The idea is 29 followe.

The Bevatron beam circulating outside the target is steered intc the
lip. After a few passes through the lip the betatren oscillations are damped

cut, and the beam moves onto the target proper. A single pass through 3 inches
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of polyethylene causes the beam to lose so much ensrgy that the equilibrivm

orbit is displaced to smaller radius by several incheas. As it execuies betatron
oscillations about this new eqisilibrium orbit, the beam swings to its innermost
radius approximately on the gposite side of the Bevatron from the tavrget. Here

a clipper consisting of a copper block several inches thick iz plunged into the
aperture from the inside radius to within a few inches of the target radius,

This clipper intercepts those circulating protons which have passed through

the target once.

Because of multiple scattering in the lip and the small amount of the
orbit displacement per lip traversal, grazing passes through the target proper
may occur., Particles that pass through leas than the full target thickness pro-
~duce on the average fewer monitor counts, and their orbits are displaced rela-
tively less. Xence the monitor yield per cirvculating proton is a function of the
radius to which the clipper is plunged. This effect is shown in Fig. 6 for each
of the three energies measured. The width of the Yplateau' in each case is in
good agreement with the prediction based cn the calculated energy loss in the
target and the effect of Bevatron beam dynamics., The cester of each platean
was selected for calibration purposes, but the slope indicastes the magnitude of
the uncertainties involved. Thizs is the source of the large systematic uncertainty
in the experiniental results, and amounts to = 15%.

| Basically the accuracy with which the circnlating beam can be measured
is limited by the knowledge of three parameters: the length and the capacity
of the electrostatic inductfon elecirode and the shape of the rf structure of
the Bevatron beam. In tais case the uncertainty in the cim:elﬂing beam was
about = 5%,

A correction must be made for multiple traversals in the lip during
the clipper calibration experiment. The effective target thickness as seen by
the monitor telescope was increased by this eifect. For measuring the netes«
- gary correction the lip was made of plastic scintillator, as was the upstream
surface of the 'target proper. A measure of the relative activity induced by
the (31"z {ppn) C“ reaction in the lip and on the edge of the target itaelf gives
directly the number of traversals in the lip per single traversal of the target,

This number was found to be about two at each energy.



£. Cross Sections

Measured differential croes secticons are listed in Table I. As o result
of recalibration of the circulating beam weonitor, the corresponding values given
8 i : i
earlier should be lowered by about 9%. The total elastic cross sections may

‘be obtained by integrating the differential spectra. In this procedure it is con-

venient to use a value for the forward-scatiering croes section obtained by in-
terpolation and extrapolation from the total cross-section measurements by

cther groups. 1,56 We set

do) _fkoT\? o
&), 7 (3)

where k {8 the wave number of one of the interaciing pretons in center of mase,
T is the measured total cross sec'tion, and %‘% is the differential croas
section at zero degrees. More precisely, this "optical” relation gives a lower
limit on the forward-scattering crosa section, 9 but use of the egquality iz valid
for interactions dominated by inelastic processes. The integrated slastic cross
sections obtained in this way are 17, 10, and 8 mb at 2.24, 4.40, and 6. 15 Baev,
respectively, Figure 7 shows the resulis of this sxperiment together with other
measurements of the elastic and inelastic p-p cross seciions in the energy zange
0.5 to 6 Bev,

., Uncertainties

The uncertainties in the cross-section measurements may be divided
into two groups, systematic and random. The total effective random uncertain-
ties are included in Table I. The expressed uncertainty in the center-of-maes
angle is a reflection of about 1/4 inch uncertainty in the target position relative
to the counters. The effect of this uncertainty is most cerious 2t amall angles
and high energy, where the rate of changs of cross saction with angle is ap-
preciable. The random uncertainty expressed in the crogs-section measure-
ments is made up of counting statistics, angular fluctuations due to target ine
stability, variations in the average energy of the beam, and interpretation of
the background subtraction as indicated in Fig. 5. The uncertaintics due to
counting statistice and background subtraciion are impertant only at the larger

angles, where the crosa section is low. Target instability affects primarily
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Differential cross sections for elastic p-p scattering. The uncerta
pressed are random only, In addition, 2 systematic uncertainty of & 15% at

each energy applies. Integrated cross sections are given in the text.

, - Total
dg random
T 84 8 o ke statistice uncertainty
{Bev) {deg.) (deg.) {mb fsterad) { %0} (%)
2.24 5 14,7520, 3 20,8 2.4 5.9
8 23,6 20,3 AEYD 1.8 5. 4
10 29.2 %0.25 6.64 oL Al 9,2
15 = 44,0 20.26 112 2.0 8.7
20 57.6 20,33 0,428 2 14
25 70.3 20.4 0.255 0 T 13,4
35 93,5 20.4 0.1455 3.3 19,1
4.40 3 10,6 0.4 20.5 17 5.3
4 14,2 20.4 18.3 1.2 7.8
5 17.5 0,4 12.73 1.2 g
6 21.3 20,4 6,01 1.8 8,6
7 24,5 %0.4 2,96 2.1 11.0
8 28,5 20,4 1.99 6.6 11.7
10 37.4 0.4 0.473 7.1 13,4
15 . 53.2 0.4 0.100 1.1 29
20 69.0 0.4 0.0382 21 41
6.15 1.9 7.6 20.4 27.7 22l 10,2
A 11.6 40.4 24.6 3,1 9.0
4 15,2 20.4 Y 3,7 13.0
5 20,0 20,4 5,51 3,5 20
5 20.8 £0,4 3,06 7.8 23
6 23,6 20.4 1.31 15.6 24
7 27,6 20,4 0.651 7.0 45




the amall-angle measurements, Fluctuations in the average beam energy af-

fect the counter alignment through the {relativistic} dependence of the inclyied
angle upon bombarding energy.
In addition to the random uncertainties given in Table I and discuased

above, there is considerable systematic uncertainty at each energy. This
arises primarily from the uncertainty in the number of multiple and partial
traversals of the thick target used in the absolute calibration experiment. In
addition there is about 5% uncertainty in the calibration of the circulating beam
monitor, as well as smaller uncertainties appearing in correcticas applied for
eelf-absorption of the "thick" target used in calibration and for elecironic counte
ing inefiiciencies. The total aystematic uncertainiy is about £ 15% at each en-
ergy. It is apparent that measurements at different energies are not whelly
independent with respect to this uncertainty,

1iI. OPTICAL MODEIL

We have attempted to interpret the experimental results at cach energy
in terms of the optical model develeped by Ferabach, Serber, and Taylor Ag
A region of interaction between two particles mayv be described ia texmes of 2
complex index of refraction, with the real and irnaginacy parts producing phase
shift and attenuation, respectively, of the incident plane wave of the colliding
particles. If the index changes only slightly over the distance of a single wave-
length {W.K.B. approximation), then the incident wave may be consideresd as
a series of rays whose complex phase shift in traversing the region of inter-
action is a function of position. This iz approximately eqguivalen} ¢ the con-
dition that a large number of partial waves take part in the interaction. Alter-
ation of the incident plane wave implies elastic scattering, for which the ampli~

tude is given by

Lo
Y

1 i
£8) = k j {1+ ae {b} .1'0 {ko sin @) © pdp ,
0

where 6 is the scattering angle; p is the projected distance {rom the center of
the interaction measured on a plane perpendicular to the direction of one of the
incident particles; a and 4 are the amplitude and phase shift, respectively,
of a transmitted wave of unit initial amplitude and zero initial phase s:m:{t.., The
a and ¢ are, in gemeral., functions of p. From Ferabach et al. 19 the elastic

cross section is given by
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o
and the absorption cross section by
o 2
oa=aﬂj-{ﬁ~a“)pc§p., {6)

o

For the p~p interaction, this model is complicated by the presence of
spin and the identity of the interacting particles. Hven and odd orbitals, cox-
responding to the singlet and triplet spin states, respectively, do not interfere,
Analysis of the angular distribution in terme of Eq. {4) could be carried through
as a superpesition of noninterfering singlet and triplet distributions. If the
spin forces are unimpcrtént, however, and if the number-of c:can%:ri!:;t;;afs:ing partial
waves is large, the angular distributions from the singlet and triplet spin states
are identical. We have neglected any differences ia the singlet and triplet states
in the interest of simplicity and in order to minirnize the number of free param-
eters used in fitting the experimental resuits. Spin-orbit forces, which are
impoxtant in the lower-energy p-p interaction, 1 have been neglected. Some
justification for this is found in the detailed phase-shift analysis by ;‘-&arif:aé of
the results of Smith, McReynolds, and Snow at 1 Bev. s For the present we
neglect also incoherent elastic scattering.,

From the form of Eq. (4) the angular distribution is a function only
of k sin 0 for a given radial dependence of a and $. Figure 8 suggests that,
to a fair approximation, the radial "form factor" of the interaction may be in-
dependent of energy. | ‘

- From References 1 and 2 the value of o, iz 26 wb for encrgies near
2 Bev. From the recent Berkeley cloud chamber results we have
ao= 25,6 £ 3 mb at 5.3 Bev. 8 For simplicity we substitute p= 26 mb in Eq.
{6) at each energy, 2.24, 4.40, and 6. 15 Bev.

In order to obtain ¢, at each energy we have iif\eegrai:ed the differential
crosa section over all solid angle, using the relationship between forward scat-
tering and total cross section as an aid in extrapclating to zero angle, Since
we have §0) 2 x.%‘l'. o the total cross section, 0., = ¢
to the forward-scattering amplitude. We find ¢ _= 1723, 10 £ 2, and 8 & 2 mb,
at 2.24, 4.40, and 6. 15 Bev, respectively., These values vestricti a and &
through Eq. (5).

n‘r'e’&g gives a lower limit



The analytic forms of functipns a and ¢ were chosgen in such a way

as to make calculations according to g, (4) relatively casy. Sevex
were tried.

{a) Purely absorbing disk. ¢ = 0; a = const for 0 5 p <R;
a=0for p>R. The angular distributions calculated from Ex
by the dotted curves of Figs. 9, 10, and 11.

At 2,24 Bev, R =0.931 - 10°*% cm, 2 = 0.209;
at 4.40 Bev, R = 1,015 - 10723 cm, a = 0.444;
at 6.15 Bev, R = 1,072 - 10°*3 em, a = 0.530,

7 {b) Abm_orbinﬁ disk with short-range phase shift.
¢ = const for 0 5 p < Ry; $=0for p>R,; as= const for 0 Sp< Ry
a=0forp>R,. R, =0.6°10" cm, R,=1.2- 10" cm, 2a=0.653 atall
cnergles; at 2.24 Bev, ¢ = 1.35; at 4.40 Bev, ¢ = 0.810; at 6,15 Bev, ¢ = 0,600,
Thie is illustrated by the dashed curves of Figs. 9, 10, and i1,

{c} Tapered absovotion withv_fshort-«:r_aage phase shift,

{1 -a)= A1 - (p/Rz) ); ¢ = const for 0 € p < Ryi ¢ = 0 for p >Ry
A = const for p <R,; A= 0 for p >R,. R, = 1,41 10713 cm; A = 0. 50 ar all
energies. At2.24 Bev, R, = 0,564 ° 10-13 ¢, ¢ = 1.67;
at 4.40 Bev, R, = 0.521 - 10°"% em, ¢ = 1.08;
at 6,15 Bev, R, = 0,494 * 1013 cm; ¢ = 0.859. This is illustrated by the solid
curves of Figs, 9, 10, and 11,

The pronounced diffraction effects predicted by model {a) may be
softened somewhat if the strength of the absorption is tapered with p. However,
because of the high sensitivity of the elastic scattering cross section to the
opacity, {1 - a,z)B in the region of interaction, the amouant of tapering that can
be tolerated in fitting ¢, and o_ at 2,24 and 4.40 Bev is limited. At 6. 15
Bev, on the other hand, considerable tapering is possible, since o, le much
smaller than o a’ The gaussian taper used.by Beiexﬁkiﬁm in describing the
T p interaction at 1.4 er!_3 ie convenient for caleulation, and can be used
to describe the 6, 15-Bev results. |

At small angles the experimental results are fitted well by model (a).
At 2,24 Bev, R = 0,931, in agreement with the cloud-chamber measurements

. {4} are illustrated

Fud

at the Cosmotron, 2
Introduction of a short-range potential-lilke interaction in models {b)
and (c) brings the large-angle scattering at 2,24 and 4,40 Bev into much better

agreement with experiment. The {fit at large angles is rather sensitive to the



distribution. With the addition of a potential-iike core,

sible; and with model {¢) a smooth angular cistribution can be obtained even at
rather large angles. The measurements by Smith et al, ¢ are also in fair REgree~
ment with model {c).
The parameters volved in model (¢} may be made approximately en-
ergy-independent, but some latitude exisis in the choice of numerical values.
it is found that Rz may be changed by about & 10% fron: the value given, pro-
vided R! is changed in proportion; ¢ and A must be altered correspondingly
to satisfy Eqs. {11) and (12). The amount cf real phase shift $ required to fit
the experimental cross sections decreases somewhat more rapidly than would
be expectéd from a potential that is energy-indepetndent in the nonrelativistic
sense. Relativistic effects are probably very important, however, especially
at the higher energies. ' '
; The sign of ¢ is not given by the experimental results. That is, we
do not know whether the potential-like interaction is ativactive or repulsive,
Obgervation of the effects of interference with the Coulomb field could give the
-sign of 4, but measurements nmust be made at smaller angles than were feasible
in this experiment. The stréng_th of potentisl needed to produce the obeerved
& can be estimated by a semirelativistic caiculation and iz on the order of 2
few hundred Mev. Since with the present simplified model we can determine
only an effective potential averaged over several wavelengths, it is possible
that the nucleon-nucleon forces at small distances are quite singular. Several
such models with this chazacteristic have been proposed to explain m‘@iﬁﬂ: =proton

4, 1%
2 Recently a rela-

elastic scattering in the region of a few hundred Mev,
tivistic roodel of the nuclecn-nucleon and nucleon-zntinucizon interactions has
been proposed by Duerr and Teller, 18 véry strong short-range forces are
predicated in both interactions.

Neither  the experimental resuits nor the opticsl model employed
in fitting them e suificiently accurate to give the detailed shape of the radial
. dependence of ¢ and a. We may, however, define a mean-agquare projected
radius for the attenuation and phase-shift interactions propoeed; i.e., let
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From model (c) we sbtain (p} )1/? @ 0,37 107

Model (b) gives comparable vaiums,

Assuming that the interaction is epherically symmetricai, we may
calculate the mean-square radii for the phase~shifting and absovptive inge
action, €.

—
%12

~13 1/2

= 3/2 ;iz or (:E‘)l/z' x 0,45 « 10 em, (¥ ?}

It is of some interest to compare these values with the Stanford wiean-
urements of the electromagnetic size of the nucleon. For a number of aasumed
shapes for the distribution of the charge on the nucleon, Chambers and
Hofstadter' " obtain (?") /2 2 0,77 + 0. 0,10 - 10713
the values we obtain for (11}1/’2 and (r E/a

ern, intermediate between

IV, CONCLUSIONS

The high-energy elastic proton-proten scattering is at least partly a
diffraction effect arising from the inelastic processes that can occur, Usiag
the form of the optical model due to Fernbach, Serber, and Tayloz, k¢ we can
fit the small-angle scattering with a variety of models, The scatiering af large
angles is particularly sensitive to the model used, and a strong shori-range
potential-like interaction seems to account best for the ohserved distributions.
Urnfortunately the optical model is least accurate in describing the large-angle
scattering, partly because the requirement that a larpge number of partial
waves participate in the interaction is not well saiisfied for the short-range

interaction, In any case it seems to be impossible to account for the observed
' angular distributions on the basis of a purely sbeorptive interaction.

Other models that lead to considerabie large-angle scattering have
been proposed in connection with the c;t;paﬂ?iw:ﬁ'.ntési 7 -p sngular distributions.
A'thermal" model can account for the small isotropic component of the w1 =p
scattering at 1.4 Bev, = In the "thermal" model the colliding particies ave
imagined to stick together for a time duving which the phase becomes random

with respect to the initial phase. The angular distribution of particies

emitted elastically in this process is isotropic. Since the experimental p-p




angular distributicns decrease rapidly with ﬁrg"e at all three 3 £
measurements were made, the amount of incoherent scaties et be

A resonance in a particular angular-n—».'»:a:-r.;x@.:=.: tom state has been con-
sidered as a means of accounting both for the increase in the ~1s~“}3-;;_: ¢roas section
near 1.3 Bev, i and for the observed secondary maximure in the elastic w -p
angular distribution at 1 Bev. 12 The smooth angulay distributions ocbaerved

&

at all energies in the elastic p-p scatiering, on the other hand, suggest that
several partial wavea, at least, are important in determining the large-angle
scattering.

Because of the similarity of many of the inelasfic processes that occur
ia the v-p and p-p interactions, it is worth comparing the corresponding experi~
mental measurements in some more detail. Ae has been pointed oul, the in-
elastic p-p cross section is a nearly constant 26 mb for energies from 1 to 5
Bev., The measurements by Walker et al, 12 and Eisberg et al, 1 taken with
those by Cool et al. . give a similar value for the inelastic w -p ¢ross section
at 1.0 and 1.4 Bev., In the 4- to 5-Bev range, Bandiel et al. 19 find that the
total m -p cross section is about 30 mb, while cloud-chamber measurements
give aa/ae = 3.8 for the ratio of the inelastic to elastic w -p cross section.

Apparently the inelastic cross sections for the v ~p and p-p interactions are

b

o !

about equal and are nearly energy-independent.

The elastic cross section for the 7 -p as for the p-p interaction shows
considerable energy dependence at enevgies above 1 Bev, Furtherinore, the
angular distributions at | and 1.4 Bev can be interpreted in terms of a core of
strong interaction superimposed on a purely absorbing region of larger radius,
At energies above 1 Bev the clastic v ~p cross section is smaller than the p-p
at corresponding center-of-mass encergies. This may indicate that the effective
potential is relatively weaker for the » -p interaciion or that a large part of
the potential is velocitywdependent and decreases at higher velocitics.

Near equali?,y of the w_ -p and p-p elastic and inelastic cross sections

13,19

does not in itself require detailed similarity in the interactions. The small-

angle gcattering can be fitted by a variety of optical models. On the other hand,
more complete measuremenis of the large-~angle scattering at high energies for
both processes can give more detailed knowledge of the interactions, and of the

structure of the particles themaselives,
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FIGURE CAPTIC

Fig. 1. Experimental arrangement. 7T and T arve alternate i.-zaz

Sl and S2 are insidewradius scintilliation counfers on remote -

side counter, which can be rotated.
Fig. 2, Targets. (a) is of carbon or polysthylenz and is dropg:es;i'mz a single
uylon thread. (b) and {c) are of polyethylene and require two threads fox
orientation. The lip and front surface of (¢} are scintillators made of fevphenyls
loaded polystyrene,
f‘lg, 3. Block diagram of electrenics. &, ... §, ave sciatillaticn counters,
Cl,and Cz are identical faat-coincidence circul a3 Dj,, DZ’ Elsd Ui are faal |
discriminators. C3 is the cointidence circuit fozr the monitor telzscope
The A's are Hewlett~Packard 4604 digtributed amplifiersd, &5‘325 “»4"2“ ‘EC‘?}'
are scalars.
Fig, 4. Angular spectrum of coincidence, O1an * 5%, The accidental c:;-:ir.zcig
dence rate is subtracted from each point before plotting., The differential
cross section is obtained from the integral of thc smooth curve above the 9
background level, :
Fig. 5. Angular spectium, Giabim 38 i ,
‘Fig, 6. Monitor yield from thick farget, Curves zbove ''plateav’ show cal-
culated location at clipper azimuth of beam that has passed through tavget
once. The indicated width is the caleculated apread of the displaced bézm
~due to multiple Coulomb scattering ia the target, Valuves for the field-
~ gradient index, n = 0.6 and n = 0.4, have beeu = saumed in calculation of 7
the solid and dashed curves, respertiv- Ve : ' o
Fig. 7. Experimental proton-proton cross sections pa a function of proton ] |

bombarding energy. Solid squares arve {rom this experirpent; selid circles,

Reference 1; solid triangles, Refereuce 2; open circles, Heferende 5, solid
diamond i from this experimeni and Refsrence 6.

X | Fig. 8. Expevimental p-p differeutial elastic scattaving grege ¢ Becid Here
10’ pw
7 'J rential

ated forward a atfer-

kc is the center -of-roass wave numbay of eack collidgl w'

cxoss sections are centgr-oi-mand valus:
ing cross seciloneg are lower lizaiks obiaiaed from the Toptical” theoreni with
the help of the total cross gectivns given in Refevences 1 and 6. Uncertain-

ties are not shown,
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