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Abstract 

_Elastic p-p_scattering is investigated at 8.5 BeV by the_emulsion method. The emul­

sion plates were exposed to tbebeam of incident protons perpendicular to the plane of emul­

sion. 66 events of elastic scatt~ring have been found. The contribution of the scattering 
" ~ ' ~ < • •• ' •• 

events on quasi-free protons and- of other background events is 2%_. The elastic scattering 

cross section was (8 .4 :!: 1.1) m_b. The differential cross section up to 2.5° in the center­

of~mass system has been obtained. Near 0° it was found to be grea~er than may be expected 

from the.model of a purely absorbing proton. 

Introduction 

The study of elastic scattering of high_ energy particles is a convenient method for 

investigating their structure. The optical model was first applied for the analysis of 

neutron scattering on nuclei Ill,_ N~w it is_ widely used for the analysis of experimental da­

ta on elastic scat1;ering of 1T- mesons and protons on nucleons_ at the energies 1 BeV and 

higher12-lOI. 

Under some simplifying assumptions several authors11l-l91 -~~e recently made the pha­

se-shift analysis of experimental data on elastic_ scattering of 1T- mesons and protons on 

protons at different energies. It was shown that the available experimental results may be 

accounted almost entirely for diffractional scattering. 

The study of elastic scattering of. 1T- mesons and high en~rgy protons on nucleons en­

counters some experimental d_ifficulties. Firstly, the cross seqtion is small (5 + 10. mb); 

secondly, the corresponding experiments require that very small scattering angles would be 

recorded (-1° in the lab.system). At the same time in1 2- 9 , 20'1 the scattering events at 

the angles up to 5° in the lab.sy_stem were missed. 

Inl 2ll the differential :c;oss ~ection w~s measured at the angle >2° in the lab.sys­

tem (E = 6.15 BeV). '!'hirdl~, the s_cattering even_ts on protons bound .in a nucleua1 2 ,:3,5lare 

difficult to identify since this requires a great accuracy in the measurements of angles. 

In this paper an attempt is made to overcome thise .difficulties. 
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Experimental Procedure 

In this paper the elastic proton-proton scattering is being studied at an energy 

8.5 BeV by the photoemulsion method. 

To find similar events the emulsion is usually scanned along the track. However, if 

such a method of search is used the efficiency of recording the scattering events at small 

angles is insuff1ci~nt1 2 1. This concerns especially the events the scattering plane ~f 
which forms a large angle with the emulsion plane1 61. The azimuthal asymmetry is observed 

by area-scanning if the emulsion is exposed parallel to 1ts plane1 22 1. 

It follows from the optical model that almost all scattering at 8.5 BeV is concentra­

ted in the angles <J0 in the lab.system. Therefore, a usual scanning along the track will 

considerably distort the result. Besides it has a comparable small velocity of finding the 

events. 

For studying elastic scattering at E = 8.5 BeV by the emulsion method it is convenient 

to direct the proton beam perpendicular to the plane of emulsion pellicles and to area-scan 

them. Since in most cases ~he recoil proton* has a small momentum and is directed almost 

perpendicular to the incident proton, i~e·., in the given case practically it is lying in 

the emulsion plane, the efficiency of finding the events appeared to be high and is inde­

p~dent of the azimuthB.l angle. The beam density in the perpendicular exposure may be in­

creased some times if compared with that in the parallel exposurel 2JI. This increases the 
. . . 

velocity of finding the events. Moreover, by such a· geometry it was possible to measure the 

angle of th~ scattered proton with a great accuracy (-J•). 

The above mentioned advantages of such a method are essential. It seems to us that 

this method may also be used at somewhat higher energies. 

This experiment has been performed with the stack of 10 x 10 x 2 cm3, 400;" NIKFI-BR 

stripped emulsions, exposed to the internal proton beam of the Joint Institute synchropha­

sotron at 8.5 BeV. The beam was direrit.ed perpendicular to the plane of emulsion. 

An analysis was made to determine the hydrogen nucleus density in the emulsion. It 
J . . . ·. ( . ) 22 turned out that 1 em of the exposed emulsion contains 2.90 t 0.06 .10 hydrogen atoms. 

The emuslion was area-scanned.with an oil emersion objective under a magnification of 

6JO X in the c.entral part of the plates 2 x 2 .cm2 • The mean density of the beam in this zo-

ne was found to be (1.97 :t 0.05).105 particles/cm2 • We have scanned .1.5J cm3 of emulsion. 

·----·---
* We agree to call the proton flying at a greater angle a recoil proton, and that 

flying at a smaller angle to the direction of the primary particle a scattered one. 

.... 
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To determine the scanning efficiency and the reliability of the results all the area .. 

was scanned twice. About 9000 stars were found, 451 of them were two-prong. Tho,se alike 

elastic p-p scattering have been chosen out of two-prong stqrs. These. events were divided·· 

into two groups. 
. . 'J . 

1. Events involving the 11 blac~" recoil proton ( '],,,,.!' 4, 7,.,,..,......, 40 grains/100 )-'- ) • 

2. Events with a "grey" reo oil proton . ( 4 >.- j"""~ >;.. 2). 

The scanning efficiency in the first scanning turned-out to be (68.7:!:. 2.9)% for the 

events of the fi:r-st group and (J4.5 :!; 9)% for those of the second group. For th~ second 

scanning these values were found to be (84.0 :!:. 2.6)% and (5.6.5 :!:. 12 )% res~e_ctively. 

The efficiency of twofold scanning proved to be (95 :!:. 1)% and (71 :!; 9)% for the events 

of the first and the second grounp respectively. Since further it t~ned out that .an_over.­

whelming majority of the found events (90%) belongs to the first group the scanning .effi-:- , 

ciency of the second group was not investigated in detail. On the average a scanner is able 

to scan 12 mm2 for six hours that corresponds to 10 m of the primary proton traq~s. 

Analysis of the Events and Methods of Measurements 

To identify the events of elastic scattering on free hydrogen the following criteria 

were used: 

1) The relationship between the recoil proton range· R and its scattering angle 'f sa­

tisfies the kinematics of elastic scattering. 

2) The angled between the plane of the tracks of the primary and scattered protons. 

and that of primary and recoil protons must be equal to zero (Coplanarity condition). 

·J) The relationship between the recoil proton range R and the angle '-P 

between the scattered proton and the direction of the primary proton must satisfy the ki­

nematics of elastic scattering. 

4) In the point of scattering there must be no recoil nucleus and (3~electron. 

If the recoil proton does not stop in the stack and its momentum determined by the 

ionization measurements .is known with a great experimental error one makes use of the 

relation between th_e angles 't' and If of the scattered and the recoil proton, which are. 

angles valid for elastic scattering. 

The recoil proton range R was measured, the error being not more than 5%. 

To determine the angle of the recoil proton it is necessary to know its direction and 

that of the primary particle. Since the half-width of the angular distribution of"the prit ·· 

mary particles was 0.2° (Fig.l), the direction of the beam was taken as that of the inci­

dent particle. To determine this direction in the given point of the emulsion plate the 
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projections of the beam particle tracks on the x and y axes w.ere measured in the emulsion 

plane. 

The axes x and y were chosen along the marking lines llight markingl which were pa­

ralles with the accuracy 0 .• 1 ° - 0.2°. The measurements in the given point were made on 

J7 .plates. Due to distortions these measurements in different plates fail to ·give one and 

the same value of the angle. The results of these measurements were distributed with the 

halfwidth about 1°. The mean value for the angle .shows the real direction o::f the beam in 

the given point. 

The direction of the beam was determined in 5 such points - at the edges of the wor-. 

king zone and in the middle. These values coincided within the limit 0.2°. The inaccuracy 

in the measurement o:f the dip angle gave the main error in the determination of the recoil 

proton angle. On the. average this error does not exceed l 0 
..;. 1.5° except the events with a 

short range o:f a reco.il proton (R .0::: 500 f'" ) ; 
The measurements ~o:f the scattered proton angle 't' were made by two methods. 

1. The angle between the mean direction o:f the beam particles and that o:f a scattered 

proton was measured. This·method yielded the accuracy o:f the order of the hal:fwidth of the 

beam, i.e., 0.2°. 

2. In the vicinity o:f the scattering act at a distance o:f 20-JOjU beam reference 

track was chosen which did not-undergo an interaction. To determine the scattering angle 

~ :four measurements of the projections of the distance between the reference track and 
~ ' . 

the track undergoing the scattering on the x and y axes were made in the emulsion plane. 

Two measurements were carried out before the scattering act on the 'basis of 2000 .}'- (the 
• 

thickness of fiVe plates) and two after the scattering act on the same basis. The accuracy 

of the measurements of the projections was ..:.1 _f(- • This allowed to measure the scattering 
· · · I I 

angle with the accuracy of 2 -7- · J. 

When determining the scattering angle o/ the contribution of multiple scattering 

might be neglected. The error in the determination of the plate thickness was also small. 
' . ~ ,-::_· . - .• . ' . ... 

To eliminate the aooidental errors simultaneous independent measurements were made with 

respect to thr_ee reference tracks. 

One may determine. the angle of nonooplanarity Q :from these measurements if the direc­

tion of the recoil proton is known•· The error in the magnitude of Q is mainly due· to an er­

ror o:f the measurement of the scattering angle Ao/ ·and depends upon the magnitud~ of this 

angle.so,:for 'r=.l0
, At-'.::J 0 ,1f A'f'=J•. 

Out of 451 two-prong stars 170 were rejected as those not corresponding obviously to 

the selection criter·ia. In other oases the range R and the angle of the recoil proton 

were measured. All the measurements we~e made twice. Then the measurements of the scattered 

angle 'I' were made using the :first method. They were also made twice. For a final iden-

_..; 
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tification of the elastic scattering events the measurements of the angle . "Y were made 

using the second method i.e. with the accura~y of 2' ~ J'. 

Identification of ScatterinG Events on Free Protons 

One may try to evaluate the expected contribution of quasielastic events which will 

be recorded as. scattering on free hydrogen. It is well-kno~n1 24-27I that proton distribu­

tion in a nucleus by momenta is close to 

.t .t ') . ( At +P:t +P, .exp- ~~ , 

where P 
0 

corresponds to an energy of ~0 MeV. The distributions of the projections of 

the proton momenta along the coordinate axes (Fig. 2) will be the same. At this P
0 

cor­

responds to an energy of- 7 MeV. 

Let us consider how each of the three momentum componenets affects the kinematics of 

elastic scattering. The component of the momentum Px affects mainly the relation R- 'f', 

Py - the relation R-'f', Pi- violates the coplanarity. The recoil proton angle "f is 

plotted in Fig. J against _its momentum for 8.5 BeV proton elastic scattering on a pro-

ton of the momentum P ='o, :!: 20 MeV/c, :!: . 42 MeV/c. In the intervals (0-20)M~V and 
there are 20% and 40% of all quasifree protons correspondingly. (0-42)~ c 

It can be seen from the I<'igure that it is possible to separate not less than 80% of 

all scattering events on·quasi-free protons with the available accuracy of the measure­

ments of the momentum (J%) and the recoil ·proton angle (1 ° - :1,5°). In Fig. 4 is shown .the 

dependence of the 'noncoplanarity angle f' upon recoil proton momentum for two values of 

P~ in case when the criterion R-~ is fulfilled. It is seen that·using the ooplanarity 

criterion it is possible to separate independently 80% of the remaining quasi-elastic 

events. 

In Fig. 5 the scattered proton angle is plotted against the recoil proton momentum 

for· the values PY = o, :!: ~0 MeV/c. According to this criterion 80% of the quasielastic 

events may be also independently rejected. Therefore, with the available accuracy of the 

measurements the contribution of quasielastic events to the number of the identified 

events will be of the order of a percent. 

For each measured event the errors in measurements were evaluated and the events 

satisfying the kinematics within the limits of threefold errors were onosen. In Fig. 6,7, 

8 are given the distributions of these events by I ~ 'f' I, r :.I tj:l ~nd lA 'PI . It is 

seen from Fig. 6 that root-mean-square error in the measurement of the angle~is - 1.5°. 
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It can be also seen from the ?-istribution of the chosen events by r that the errors 

in the measurements of th·e nonc·oplanarity angles are estimated correctly. 

The distribution of events by I A~l i& presented in· Fig. 8. The events with a stop­

ping recoil proton satisfying the kinematics by the first two criteria in the limits of a 

threefold root-mean-square error were chosen for this histogram.· s·cattering events on 

quasifree protons having the momentum Py are also shown in this Figure, since Py does 

not violate the ooplanarity and violates the criterion R:.._'f rather weakly (Fig. 9 ) • 
.,.. I 

A considerable· part of these events belongs to the region lt.'t'l > 12 (i.e. beyond the 

threefold halfwidth of the distribution) where there are no scattering events ·on free 

protons. By the number of such events it is possible to evaluate the ccntribution of qua­

sielastic and other background events to tlie region of I ll 't I ~ 12 •. This contribution. 

is found to be ~2 %. 

Experimental Results 

661 events satisfy the selec~ion criteria within the· threefold root-mean-square error. 

Only 2 of these events have a recoil proton emerging from the emulsion stack. 

In Fig. 10 is plotted the angular distribution in the centre-of-mass system for the 

events with the angle.:!;6.J 0
• In the region 0° - 2.5° a somewhat less number of events .is 

observed ~han. in the neighbouring intervals • 

. This accounts for the fact that some part of the events with the recoil·proton range 
0 . 0 

R <'lOJU .is missed in the scanning. Therefore, for the angle interval 0 -2.5 the cor-

rection J.4 :!:: 1.2 is introduced under the assumption that the differential cross section in 

this inter.val is equal to the mean value of the differential cross section in the interval 

2.5o ~ 6.J • The calculations have shown that the contribution of the Coulomb interaction 

in the differential cross section for angles ~·2~5°/c.m.s./ is negligibly small. To eva­

luate the effect of the Coulomb scattering in the angle interval less than 2.5° much richer 

statistics is necessary·. 

. . 

Taking into account the contribution of quasi-elastic events, the missing of scatter-

ing events at small.angles, the efficiency of scanning, the general number of elastic scat­

tering events on free protons isfo~d to be 7J.9:!:: 9.i. Thus, the cross section of elas­

tic interaction was 

OJ = (8.4 :!:: l.l) mb. 

According to the data o.fl 291 the cross section far elastic scattering at E ':' 9 BeV 
. ' 

is (10 :!:: 4 )mb. 



- 9~-

In Fig. ll is presented the differential cross section for elastic p-p scatte~ing in 

the centre-of-mass system in the form of a hystogram. The curve 1 is obtained by the re­

sults ofl 191. The optical model is used here and for the energy of a primary proton 

more than 5 BeV the refraction coefficient being considered equal to unity, whereas the 

dependence of absorption coefficient upon the radius is taken fromllBI. 'rhe curve 2- is 

calculated for the model of purely absorbing disk with a constant absorption coefficient. 

The total cross section for proton-proton interaction is assumed to be JO mb.IJOI 

The obtained differential cross section cannot be brought into agreement~with the mo~ 

del of a purely abso:;-bing proton. According to this model without taking into account the 

spins the differential cross section under 0° is obtained from the optical theorem 

.t 

(K~) 7jJT ' 

where k is the wave number of the colliding protons in the center-of-mass system and ~ 

is the total cross section for p-p interaction. For ~ = JO mb the differential cross 

seotion~under 0° is found to be 57mb/sterad, while from Fig. 11 it is seen that fn the 

region close to 0° the differential cross section is considerably greater. 

The agreement of the calculations by the optical model with the· experimental data is 

obtained if the refraction coefficient is assumed not equal to unity, i.e. the potential 

scattering occurs. The agreement is also obtained if we assume that the interaction cross 

seotions in the singlet and triplet states are different. The research has been going on, 

a more detailed analysis of experimental data will be made after the statistics is increa­

sed. 
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Distribution of the projected angles of primary protons in an arbitrary 
plane drawn through the axis of the beam. 
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The momentum components of the quasi-free protons with re.spect to the 
scattering plane; l,2,J are the directions of the primary and secondary proto~. 
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The recoil proto~ angle ~ (the proton scattered at t.he larger a?gle) is 
plotted against its momentum for different values of the quasi-free proton mo­

mentum component Px /0,+20 Mev/c,+42 Mev/c/. 
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The noncoplanarity angle (· is plotted against the recoil proton momentum 
for two values of the quasi-free proton momentum component Pz = 20 t.~eV/c and 

42 MeVjc. The rectangles show the experimental errors. 
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The scattered proton angle 'f1 (the proton scattered at the smaller angle) 
is plotted against the recoil proton momentum for different values of quasi­
free proton momentum componen1; Py = 0 and :t 20 MeVjc. 
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Distribution of elastic scattering events by lA~ I· A~ is the differen­
·ce :between the measured recoil proton angle and that corresponding to its ran­
ge according to the kinematics. 
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Distribution of elastic scattering events by r=fll1'f where 0 is the non·· 
coplanarity angle, and~ O denotes its error. 
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tiY Fig.8. Distribution· of events by I selected on the basis of the first 

two crit'3ria( /R- 'PI and coplanarity). 
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The recoil proton angle ~ is plotted against its momentum P2 for diffe­
rent values of the quasi-free proton momentum component P = o, + 1J7 MeVfc, 
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Angular distribution ot elastic scattering events for the angles <6.J0 
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Differential cross section for elastic p-p scattering at 8.5 BeV in the 
c.m.s. roint-dash line in the first interval shows the value of the· differenti­
al cross sectio_n without any correction. ThE!. curves 1 and 2 are drawn according 
to the optical model calculations for a purely absorbing proton under different 
assumptions -about the dependence of the absorption coefficient upon the radius. 
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