


'P-339
Chen Pu—~in, V.B,. Lubimoi, P.K. Markov,

MeG. Shaffanova, E.N. Tzyganov

'ELASTIC PROTON-PROTON SCATTERING
AT 8.5 BEV

: 3706%;11;:1%1@& gRe
SACPHBIX HCCHNENOBaF "
| _BUBIMOTEKA |




Abstract -

Elastic P-P scattering is investigated at 8.5 BeV by the emulsion method. The emulrr
sion plates were exposed tothebeam of incident protons perpendicular to the plane of emul-
sion, 66 events of. elastic scattering 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. l) mb. The differential cross seotion up to 2 5 in the center—
Of—maSo system has been obtained. Near 0° it was found to be. greater than may be expeoted

from the model of a purely absorbing proton.
Introduction -

The study of elastie scattering of high energy particles is a oonvenient method for
investigating their structure. The optical model was first applied for the analysis of
neutron scattering on nuclei‘ l, Now it is widely used for the analysis of experimental da—
ta on elastic scattering of - mesons and protons on nucleons at the energies 1 BeV and
nigher!27201 . )

Under some simplifying assumptions several authorsIll 19§ . have reoently made the pha-»
se-~shift analysils of experimental data on elastic scattering of ﬂ-mesons and protons on
protons at different energles. It was shown that the available experimental results may be
accounted almost entirely for diffractional scattering. _

The study of elastic scattering of M- mesons and high energy protons on nueleons en—
counters some experimental difficulties. Firstly, the’ oross section is small (5 = lO mb);
secondly, the corresponding experiments require that very small scattering angles would be
recorded - (~ ~1° in the lab.system) At the same time inl2 2 20‘ the scattering events at
the angles up to 5° in the lab.system were missed._»

In‘21| the differential cross section was measured at the angle ;-2° in the lab.sys—

|2 3 slare‘

tem (E = 6. 15 BeV). Thirdly, the .scattering events on protons bound 1in a nueleus
difficult to identify since this requires a great accuracy in the measurements of angles.

In this paper an attempt is made to overcome thise diffioulties.



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
suoh a method of search is used the efficiency of recording the scattering events-at small
angles is insufficientl2l This concerns espeoially the events the scattering plane of
which forms a large angle with the emulsion planelsl.‘The azimuthal asymmetry is observed
by area—scanning if the emulsion is exposed parallel to its plane1221

It follows from the optical model that almost &11 scattering at 8.5 BeV is concentra-
ted in the angles <:3° in: the lab.system. Therefore,‘a'usual scanning along the track will
considerably distert the result. Besides it has a oomparable small velocity of finding the
events. ‘ R ‘

For studying elastic scattering at E = 8 5 BeV by the emulsion method it 1is convenient
to direct the proton beam perpendicular to the plane of emulsion pellicles and to area-scan

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

: perpendicular to the incident proton,‘i.e., in the ‘glven case practically it is lying in

'7nthe emulsion plane, the effioiency of finding the events appeared to be high and is inde~

“:pgndent of the azimuthal angle. The beam density in the perpendicular exposure may be in~

I23|. This increases the

creased some times if compared with that in the parallel exposure
velocity of finding the events. Moreover, by such a’ geometry it was possible to measure the
angle of the scattered proton with a great accuracy (-~ 3‘) ‘

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 omJ, 400//4 NIKFI-BR ‘
stripped emulsions, exposed to the internal proton beam of the Joint Institute synchropha-
sotron at 8 5 BeV. The beam was directed perpendicular to the plane of emulsion. '

An analysis was made to determine the hydrogen nucleus density in the emulsion. It

3 of the exposed emulsion oontains (2.90 + 0,06). 1022 hydrogen atoms.

turned out that 1 cm
The emuslion was area—scanned with an oil emersion objective under a magnification of

630 X in the central part of the plates 2 x 2 cm2. The mean density of the beam in this zZo—

ne was found to be (1. 97 + 0.05). 105 particles/cm . We have scanned 1.53 ch of emulsion.

* We agree to call the proton flying at a greater angle a reooil proton, and that
flying at a smaller angle to the direction of the primary particle a soattered one.



" To determine the scanning efficiency and the reliability of the results all the area .
was scanned twice. About 9000 starswere found 451 of them were two—prong. Those alike
elastic p-p scattering have been chosen out of two—prong stqrs. These events were divided
into two groups. ) . . L o

1. Events involving the "black" recoil proton ( 3 > 4, 7«wa«~ 40 grains/lqp/u{x)v_

. 2+ Events with a "grey" recoil proton ( 4> —i—- 3.2) ‘ )

The scanning efficiency in the first scanning ::rned out to be (68 7 + 2, 9)% for the;
events of the first group and (34.5 + 9)% for those of the second group. For the second
scanning these values were found to be (84.0 + 2. 6)% and (56 5 + 12 )% respectively,

) The efficiency of twofold scanning proved to be (95 + l)% and (71 + 9)% for the events
of the first and the second grounp respectively. Since further it turned 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 scaaner is able

to scan 12 mm2 for six hours that corresponds to 10 m of the primary proton tracks.’

-~
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Analysis of the Events and Methods of Measurements -

- To identify the events of elastic scattering on free hydrogen the following criteriaﬂ

were used: - ' ) . .

1) The relationship between the recoil proton range R and 1ts soattering angle Y sa~=
tisfies the kinematics of elastic scattering. ) e

2) The angle T 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)f‘s

-3) The relationship between the recoil proton range R and the .angle _HV
between the scattered proton and the direction of the primary proton must satisfy the ki—
nematics of elastic scattering. v 4 .

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

1f 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»the angles V and Y 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 prij:;
mary particles was 0.2° (Fig.1), the direction of the beam was taken as that of the inol™

dent particle. To determine this direction in the given point of the emulsion plate the



prcjections-cf the beam particle tracks on the x and y axes were measured in the emulsion
plane. : - ' ' ’ ‘ .

The axés x and y mere‘cthenkalong the marking lines |light marking| which were pa-
ralles with the“accuracy'0,1°M-'0.29f'The measurements in the given point were made on
37 plates. Due to distorticns these measurements in different plates fail to;give cne and
the same ih1ue‘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 of 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 of the dip angle gave the main error in the determination of the recoil
proton angle. On the average this error does not exceed 1° = 1. 5 except the events with a
short range of a recoil proton (R 4500/u ). '
The measurements ‘of the‘scattered proton angle #"were madefby'two methods.
1. The anglefbetween'the mean.direction of the beam particles and that of a scattered
proton was measured. This method yielded ‘the accuracy of the order of the halfwidth of the
beam, 1.e., O. 2 . : : '
; 2, In the vicinity of the scattering act at a distance of 20-30/u beam reference
track was ohosen which did not undergc an interaction. To determine the scattering angle

Y’ four measurements of the projections of the distance between the reference track and
the traok 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 u (the
thiokness of five plates)'and two after the scattering aot on the same basist The accuracy
of the measurements of the projections waSnvl/u.. This allowed to measure the scattering
angle with the aoouracy of 2' = 3. '

When determining ‘the scattering angle 'Y the contribution of multiple scattering
might ‘be negleoted. The error in the determination of the plate thiokness was also small.
To eliminate the aooidental errors simultaneous independent measurements were made with
respeot to three Teference tracks._'

One may determine.the angle of noncoplanarity E from these measurements if the direc-
tion of the recoll proton 1is knOwns'The'error in the magnitude"of I is mainly due to an er-
ror of the measurement of the scattering angle AY -and depends upon the magnitude of this

angle. Sov, for - ‘P= l°, A‘»-"—' 3%, "if A\f‘— s LIN

Out of 451 two-prong stars 170 were rejeoted as those not corresponding obviously to
. the seleotion criteria. In other oases the range ‘R 'and the angle of the recoll proton
‘were measured. All the measurements were made twioe. Then the measurements of the scattered

angle Y wére made using the first method. They were also made twioe. For a final iden-



tification of the elastic scattering events the measurements o£~the angle . ‘¥ were made
using the second method 1.e. wifn the accuracy.of 2'3°'. '

Jdentification of Soattering Events on Free Protons

one may  try tokevaluatevthe expected contribution of quasielastic-events which will
be recorded as scattering on free hydrogen. It is well—known12"'"',2.7:l that proton distribu~

tion in a nucleus by momenta 1s.close to

| | T T ,P:‘._
-~ Maer)dpdp,dp, = ,fXP(‘ f—tfé':““)

where P° corresponds to an energy of ~-20 MeV. The distributions of the projections of:
the proton momente along the coordinate axes (Fig. 2) will pe‘the,same. At this.Pogcor-'
responds to an energy of ~ 7‘MeV. ‘ ’ ‘ ) .

Let us censider how each of the three mqmentnm compenenets affects the kinematics of
elaetic scattering. The component. of the momentum ?x‘affects mainly the relation VR——‘P,
Pj ~ the relation R-AP,EE,violates‘the coplanarity. The. recoll proton angle - is
plotted in Fig. 3 agalnst 1its momentum. for 8.5 BeV proton elastic. scattering on a pro~

ton of the momentum P ='0, + 20 MeV/c, + - 42 MeV/c. In the 1ntervals (0 ZO)Mev and -
(0_42)MEV there are 20% and 40% of all quasifree protons oorrespondingly
< . RS

It can be seen from the Figure that it is possible to separate not less than 80%'0f
all scattering erents on‘quasi-free protons with the available accuracy of the measure~
ments of the momentum (3%) and the recoil -proton angle (1° - L5°);"In Fig. 4 1s shown the
dependence of the'noncoplanarity angle /.‘ upon'recoil proton momentum for ‘two va;ueS\of-
% in case-when the criterion R~¥ 1s fulfilled. It is seen that-using the ooplanarity
criterion it 1s possible to separate-independently 80% of the remaining quasi-elastic
events, o

In Fig. 5 the scattered proton angle 1s plotted against the reooil proton momentnm‘
for- the values Py ; 0, + 20 MeV/c. According to this criterion 80% of the quasielastio
events may be also independently reJected. Therefore, with the available aocuraoy of the
'meeeurements the ccntribufion of quasielastic events to the number of the identified
evente_will be ef fhe‘order'of a percent.

For each measured event the errors in meaéurements‘were evaluated and the events
satisfying the kinenatics within the limits of threefold errors were’ cnosen. In Fig. 6,7,
| -|-t| and |aV]. It is

seen from Fig. 6 that root-mean-square error in the measurement of the angle¥is -~ 1. 5°,

8 are given the distributions of these events by | A‘P



It can be also seen from the distribution of the chosen events by [- that the errors
in the measurements of the noncoplanarity angles ‘are estimated ‘correctly.

The distribution of events by | A‘Pl 1s 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. Scattering events on
quasifree protons having the momentum P are also shown in this Figure, since P does
not .violate the ooplanarity and violates the criterion R~Y rather weakly (Fig. 9 ).
A considerable part of these events’ belongs to the region la\] > 72 (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 1s possible to evaluate the ccntribution of qua~
sielastic and other background ‘events to the region of - | aY] 5,]2-. This contribution.
1s found to be -~2 %. o |

Experimental Results

66! events satisfy the selection 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 1in the’ centre-of-mass system for the
events'with the ang1e356.3°.71n the region 0% ~2.5%a somewhat‘less number of events 1s
observedtthan'in the neighbouring intervals. a

- This accounts for the. fact that some part: of thevevents with- the recoil ‘proton range
R <fio/u is missed in the soanning.. Therefore, for. the angle interval 0° - 2. 59 the cor=-
rection 3.4 + 1.2 1s introduced under the assumption that the differential cross section in
this interval 1g equal to the mean value of the differentlal oross section in the interval
) 2,5° —,6.30} The caloulations have shown that the contribution of the Coulomb interaction
in the differentlal cross:section for;angles :>'2;5°/o.m.s./ is negligibly small. To eva-
luate the effect of the Coulomb scattering in the angle interval 1ess than 2.5° much richer

statistics 1is necessary.:

Taking into aooount the contribution of quasi-elastic events, the missing of scatter-
ing events at small angles, the efficienoy of scanning, the general number of elastic scat-
tering events on free protons 1s found to be 73.9 + 9 1, Thus, the cross section of elas-
tic interaotion was '
R \5;, (84+11)mb.‘k
Aooording to the data of‘29| the oross section fer elastie scattering at E = 9 BeV

2

15 (10 + 4 )mb.



In Fig. 11 1s presented the differential cross section for elastic p-p;scattering in
the centre—of—mass system in the form of a hystogram.lThe curve 1 is .obtained by the re-

£119]

sults o « 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

| 8'. The curve 2-1s

dependence . of absorption coefficient upon the - radius is taken from
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 30 mb. 1301

The obtained differential cross section cannot be brought into agreement with the mo-
del of a purely absorbing proton. According to this model without taking into acoount the

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

) 2
d& ;{ﬁft_/
danrf., — 47
0

where k 1is the wave number of the colliding protons'in the center-of—mass‘system and 6;
is the total cross section for p-p interaction. For VG;'= 30 mb the differential cross
section under 0° is found to be 57 mb/sterad, while from Fig. 11 it‘is‘seen that in the
region close to 0° the differential cross section is considerably greater.

The agreement of the caloulations by the optical model With»the“experimental data 1is
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
segtions in the singlet and triplet states are different.'The researoh has been going on,
a more detailed analysis of experimental data will be made after the statistics is increa-

sed.
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Fig.l; Distribution of the projected ahgles of primary protons in an arbitrary

plane drawn through the axis of the beam.

Fig.2. The momentum components 6f the quasi-free protons with respect to the
- scattering plane; 1,2,3 are the directions of the primary and secondary protons.
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Fig.B. The recoll protoh angle W (the proton scattered at fthe larger'apgle) 15
' plotted against its momentum for different values of the quasi-free proton mo-
mentum component P, /0,420 Mev/c,+42 Mev/c/.
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Fig. 4. The noncoplanarity angle d» s plotted against the recoll proton momentum

for two values of the quasi~free proton momentum component PZA=;20‘MeV/c and
42 MeV/c. The rectangles show the experimental errors. - .
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Fig.5. The scattered proton angle Y (the proton‘scAttered at the smaller angle)
1s plotted against the recoll proton momentum for different values of quasi-
‘frée proton momentum component Py = 0 and + 20 MeV/c.
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Fig;6;‘ "’ ‘Distribution of elastic socattering events by 14Y |. AY 1s the differen-

“ce ‘between the measured recoil proton angle and that corresponding to its ran—
ge according to‘the kinematics.
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Fig.7. Distribution of elastic scattering events by r— IAT/ where J‘ is the non-
ooplanarity angle, and A(Y denotes its error. :
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Fig.8. Distribution-of events. by 1 A \V | selected on-the basis of the first

two criteria([R—Y| and coplanarity).
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- Differentdal cross sectlon for elastic p-p scattering at 8 5 BeV in the
c.m.s, Point-dash line in the Pirst 1nterva1 shows the value of the differenti—
al cross sectlon without any correction. The curves 1 and 2 are drawn according
to the optical model caloulations for a purely absorbing proton under different

' assumptions -about the dependence of the absorption coefficlent upon the radius.
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