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• Procedure 

The experiment was done by the technique described in/ 1/ and/ 21, Fig, 1 

shows the experimental layout, The internal proton beam multiply traverses the 

( CH2 )n target, about 10-
4 

g/ cm
2 

thick, Two triple telescopes ( S
1 

- S
2 

- s
3 

and 

S 4 - s 5 - s 6 ) employing scintillation counters are used for monitoring .The 

angular resolution of the experiment is 10- 3 -10- 4 rad, The recoil protons are 

detected by the photoemulsion stacks, The particles travel from the target to the 

-2 detector in vacuum, For the region of very small scattering angles ( 1 tl < 1,10 

( GeV / c)
2 

we used a 4-fold gelatine emulsion pellicles situated perpendicular to 

the direction of the recoil protons. The latter circumstance reduced to the minimum 

the error in determining the solid angle ( < 1%), and the use of the deluted emw

sions improved the energy resolution of the experiment by several times, In the 

remaining cases use was made of the stacks with standard emulsion pellicles 600 

microns thick which were situated perpendicular to the direction of the recoil pro

iens for It I < 4,10-
2 

Geif/ c 2
, as well as parallel the region· for I il > 4.10- 2 

Geiff c
2

),The recording efficiency of the tracks was 100 + g,
5 

%. 

Fig,_ 2a shows the range distribution of particles in the deluted emulsion for 

the angle ¢ • 87,5° at the primary proton momentum of 10,9 GeV/ c, The corres

ponding value of the squared momentum transfer of the recoil protons in elastic 

p -p scattering is I 1 ~ 5.10-
3 

(GeV /c) 2,The background consisting of the 

products of the proton interaction with the c 12 nucleus is about 80% of the effect. 

A thorough investigation of the background at differen_t scattering angle s allows. 

to take it into account with an accuracy of about 2%, Fig, 2b shows the range 

distribution of particles for the angle ¢ • 82,2° (for elastically scattered protons 
-2 21 2) . ol I t I ~ 5,10 Gef c , Here the background is less than 10

70 
of the effect, We 

showed in pape) 
2 

on the basis of the calculation al'"ic:t, indirect experiments that 

the contribution of quasielastic events will be negligibly s_mall, In· order to check 

this, a direct experiment was done with a target which diP-not contain hydr?gen, 

Fig, 2d shows the spectrum of particles going from this target at an angie of 

81,5°, The arrow indicates the place in the spectrum where the recoil proton peak 

from elastic p -p scattering would have been expected ( I tl 7,10- 2 GeJ/ c 2 ), 

ii the target contain<!d hydrogen, The analysis of the spectra obtained by means 

of this target has shown that the contribution of quasielastic events is negligibly 

small, It is ( 0,2 :! 1,5 )% of the number of elastic events in the peak, 

An investigation of elastk .P- d 
scattering was made by a similar method 

with the help of the deuteried polyetheJene targets, the deuterium contents was 
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93.1')6 and 95.0'}b. Fig. 2c illustrates the distribution of particles travelling from 

the target ( cn
2

) n at the angle ¢ • 86. 4°. The pronounced peak corresponds to 

the recoil deuterons from the process p+ d .. p +·d • The absolute values of the 

differential cross sections were obtained by measuring in the target of the induced 

activity of c 11 in the reaction c 12 
( p, pn ) c11 I 3 1 • For this purpose we investi

gated the cross section of such a reaction and the diffusion of c 11 nuclei from 

the ta.rge! 
4
/. By the working exposure the major part of c11 

nuclei doe~ not 

come to rest in the target due to its small thickness. ( ~ 1 micron). Therefore 

in order to measure the absolute cross sections the gauge experiments were pen. 

formed ( for each energy- twice) with a thicker target ( ~ 5,10- 3 g/ em 
2

) in 

which the correction for the c 11 
nuclei emission due to the recoil, momentum was 

~ 3o/o. The connection between the working exposure and the gauge one could 

have been accomplished by four different methods: two electronic telescopes 

which detect fast particles travelling from the target and an emulsion sta.~ in 

which a) the relativistic particles going from the target are recorded and b) the 

peak of the recoil protons ( or deuterons) corresponding to elastic scattering was 

recorded. It was found that the error in the measurement of the absolute value of 

the differential elastic p -p and p-d scattering cross section does not exceed 

7o/o. 
The measurements were made in several angular intervals (about 10) for 

each energy, the number of the detected elastic scattering eVents was ; 10
4 

and, correspondingly, the statistical accuracy in every angular interval was 

( 2,5-5 )o/o. In contrast to papej 5 / the target was essentially modified: instead of 

the capron strings holding ( CB.z) -film, the glass strings II 7 microns were used., 

Therefore, the correction for the admixture of the recoil protons from the strings 

were excluded/ 
21. 

To decrease the effect of the magnetic field of the accelerator on the part.\c>

le trajectory the whole channel was protected ~ the magnetic screen. A careful 

measurement of the magnetic field and its gradients and the calculation of their 

focusing effect on the recoil protons have shown that the appearing focusings do 

not cause any distortions which would exceed 0.2o/o. 

Analysis and Results 

This experiment confirmed the principal result of papej 5 / : in the small-

angle region the differential elastic p-p scattering cross section (without the 

Coulomb scattering) exceeds the cross section calculated by the optical theorem 

for the spinless particles. There are two possibilities of interpretlng this peculiari-
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ty: either we may consider that the scattering amplitude has a real 

may assume that the proton interaction in the singlet and triplet stl 

Let us point out that in order to describe the experimental data. sa 

the second case it has to be supposed, just as u/ 51 that the am1 

singlet and the triplet scattering have different angular dependence 

iour of the cross section is accounted for with· the aid of the ree 

scattering amplitud~ then, as will be shown below, it is not requir 

the angular dependence different from the imaginary part: the spec 

the small- angle scattering is naturally explained by the interferenc 

Coulomb scattering. Therefore, we are concerned here only with o 

of analysing the experimental data. 

The differential elastic p -p scattering cross section is ex~ 

of the nuclear ( A ( 0 ) • gR + ig 1 ) and Coulomb ( gc) scatter!~ 

the aid of the Bethe formula/ 6 / 

~(e)= g2+gi2(1+p2)+:a2g2 -2g la g+_2 _ __!l_fn~ J, 
dfl o R o R 137 Pe kau 

~re IJ is the scattering angle in the c.m.s., a = · ~ , {3 
.m A\v1 

introduced for describing a possible exceeding of the cross secti 

optical point and which is not associated with the real part, {:3 f 

velocity in the lab. system, k is the wave number of the protc 

a = 1.10- 13 em is the nucleon radius. For the region I i I < 0.2 

angular dependence of the amplitudes can be represented with a 

as 
2 

gi R (e) =/( du ) • exp [-~ 
• dfl opt 20 
j ~R 

2 
g 0 (O ) = 137 k fJ f 

1 2 ----or exp [ -· e fn 2 
2.e § 

I 

I· 

'!'he parameters a t p t e
1 

t e R characterizing the sea 

A B.f'e determined from the experiment. As far as it turned 

experimental error that e 
1 

= e R , then the final analysis of the • 

was made Under the assumption that el "e R" 

The results of the experiment are presented in Table I : 
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ty: either we may consider that the scattering amplitude has a real part or we 

may assume that the proton interaction in the singlet and triplet states is different. 

Let us point out that in order to describe the experimental data satisfactorily, in 

the second case it has to be supposed, just as in/ 5 / that the amplitudes of the 

singlet and the triplet scattering have different angular dependence. If the behav

ioj..ll" of the cross section. is accounted for with the aid of the real part in the 

scattering amplitud~ then, as will be shown below, it is not required to introduce 

the angular dependence different from the imaginary part: the specific features of 

the small- angle scattering is naturally explained by the interference with the 

Coulomb scattering, Therefore, we are concerned here oniy with one possibility 

of analysing the experimental data. 

The differential elastic p -p scattering cross section is expressed in terms 

of the nuclear ( A ( 0 ) • gR + ig 1 ) and Coulomb ( gc) scattering amplitudes with· 

the aid of the Bethe formula/ 61 
du 2 2 2 2 2 2 1 06 __ n_(O)=,,g +g

1
(1+pl+a g -2g lag+--.....!Lfn.,.:...,._ J, 

d" o R o R 137 f:Je kau 

u... 0 . th tt . 1 . th Re A (0) .-.,re 1s e sea er1ng ang e m e c.m,s,, a = ~ , 
. •mA\vJ 

introduced for describing a possible exceeding of the cross 

{3 is the parameter 

section over the 

optical point and which is not associated with the real part, f3 e is the proton 

velocity in the lab, system, k is the wave number of the proton in the c.m. s, 
1 

a e l,lo-
13 

em is the nucleon radius. For the region I t I < 0.2 Geif / c
2 

the 

angular dependence of the amplitudes can be represented with a good accuracy 

as 
2 

g (0) = .j (..A!!_ ) • exp [ 
I,R dO opt 

0 en 2 I 
Ji, 

2 
go <O > = 137 k fJ e 

201,R 

1 2 ----or exp [ -· 0 fn 2 
2.0 § 

I 

I· 

The parameters a , p , 0
1 

, 0 R characterizing the scattering amplitude 

A at'e determined from the experiment. As far as it turned out within the 

experimental error that 0
1 

= () R , then the final analysis of the experimental data 

was made under the assumption that 0
1 

"' () R, 

The results of the experiment are presented in Table J : 

~ 
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Table I. 

pc GeV -a llx=lip 
[:32 

2,78 0,17 + 0.07 18.1 + 0.6 -0.09 + 0.09 

6.87 0.26 + 0.09 9.4 + 0.2 o.o + 0,1 

8.89 0.20 + 0.09 7-8 + 0.2 0 

10.90 0.25 + 0.07 7.5 + 0.2 0.0 + 0.1 

It is seen from the Table, that throughout the investigated energy region the 

scattering amplitude has a negative real part ( the constructive interference 

is observed, i.e., the forces have a repulsive character). The diff:rential eros$ 

section for the proton scattering with p c •10,90 GeV is shown in Fig.3. 'The 

>'olid curve ( X 2 
a 10.9 for 11 degrees of freedom) approximates wel,l the 

experimental data by the Bethe formula with the parameters given in Table 1. 

If one tries to choose, by the Bethe formula in which 

curve passing through the experimental points, then 

a=O is fixed, a 

y 2 =141 at 16 degrees of 

freedom points out that the hypothesis a = 0 

other energies under investigation are similar, 

is not valid, 'The results for 

Papers/ 7 •8 •9 •14/ in which 

other methods were used, confirmed also the presence of the real part in the 

p-p scattering amplitude with a<() 

Fig. 4 shows the energy dependence of the real part of the scattering 

amplitude for p c > 1,5 GeV/ c, 'The experiments are in agreement with the 

results of the calculation of the real part on the basis of dispersion rela~ 

tions /l1, 12/ • 

'The parameter 
,. ,, is equal to zero within the experimental error. In 

other words, an exceeding of the cross section over the optical point is due 

to the real ;oart of the scattering amplitude. 

Fig, 5 shows the differential scattering cross sections at 2,78, 6,87 and 

10.90 GeV/ c, 'The curves approximate the experimental data by the Bethe 

formula at 10,90 GeV/ c (solid) and 2,78 GeV/ c (dashed). One can see that 

for the small momentum transfers ( 0,002 <It I < 0.14 Ge~ / c
2

) as well 

as for It I > 0,2 Ge~ / c 2 ( e,g) 13/ a shrinkage of the diffraction cone 

takes place). 'The corresponding slope parameters of the differential cross 

section and the interaction radii are shown in Fig, 6a. 

Fig. 7 shows the differential elastic p• d scattering cross section for the 

6 

• 

~> 

~' ," ,, 
~ 

,i_g.' .' 

,. 

r 

,; 

.. , 

I ~ 

proton momenta in the lab, system of 2,78, 4,67, 6,87, 8,89 and 10.~ 

slope parameters of the differential elastic p-d sc~ttering and the c 

values of the interaction<' radius are given in Fig, 6b, Table 2 pr• 

values of the total cross section for elastic p· d scattering, 

'I'able 2 

2,78 6.87 8.89 P GeV 
lab c 

a (p-:d) 10.6 + 0.7 10.0 + 0.7 11.5 + 1.5 

1Dt elastic 

Just as for p-p scattering, there is observed an excee< 

cross section over the optical point in the small- angle region. ·} 

lysis of the experimental data on p-d scattering will be made 

In conclusion we would like to thank the Director of the !

Physics Laboratory Veksler V.I. for providing the experimental f< 
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proton momenta in the lab. system of 2,78, 4,67, 6,87, 8,89 and 10,90 GeV/ c, The 

slope parameters of .~e differential elastic !>"<~ scc;i.ttering and the corresponding 

values pf the interactions radius are given in Fig. 6b. Table 2 presents the 

values of the total cross section for elastic p- d scattering. 

Table 2 

plab 
GeV 
c 

2,78 6.87 8.89 10,90 

~ (p-d) 
tot elastic 

10.6 + 0.7 10.0 + 0.7 11.5 + 0.8 11.5 + 1.5 

Just as for p-p scattering, there is observed an exceeding of the 

cross section over the optical point in the small- angle region. A detailed ana

lysis of the experimental data on p-d scattering will be made in another paper, 
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