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SUMMARYDATAONSMALL-ANGLE p - p AND 

P -d SCATTERING AND THE REAL PART OF 

THE p-n SCATTERING AMPLITUDE IN THE 

l-10 GeV ENERGY RANGE 

Tables are given for the differential cross-sections 

of elastic p - p and p - d scattering in the 

l-10 GeV energy range, also refined data on the mag- 

nitude of the real part of the amplitude of p - n 

scattering in the l-10 GeV energy range after an 

increase of statistics. The magnitude of the real 

part of the p - n scattering amplitude is cal- 

culated on the basis of the Glauber deuteron model. 

The experimental results are compared with predictions 

following from the dispersion relations and with 

relations for the scattering-amplitude derivatives for 

the point t = 0 flowing from the general principles 

of quantum field theory. The real part of the 

P -n scattering amplitude obtained in the reported 

experiment is compared with n - p charge-exchange 

dat,a. 

In this paper we report the results of a study of proton-deuteron 

elastic scattering at energies of 1, 2, 4, 6, 8 and 10 GeV in the /t/ 

range from 0.003 to 0.2 (GeV/c)2. The differential cross-sections were 

measured in the internal beam of the JINR synchrophasotron with a thin 

target ( < 1 p) of ordinary or deuterated polyethylene and the apparatus 
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that we had used earlier to measure the differential cross-section of 

elastic p - p and p - d scattering. 1,2,3 Recoil particles were 

recorded. Elastic p - d scattering events were reliably distinguished 

from instances of quasi-elastic scattering wherein the deuteron dissociated 

into individual nucleons. 

The differential cross-section was measured with a statistical 

error of M 3%, while the absolute accuracy was 7%. Tables 1 and 2 

(at the end of the text) give the differential cross-sections of elastic 

p - p and p - d scattering. The region of small scattering angles, 

where interference of the Coulomb and nuclear scatterings plays the most 

important role, affords the most information for determining the value 

of cy 
pd ' 

the ratio of the real part of the nuclear amplitude of p - d 

scattering to its imaginary part. Analysis of the elastic p - d scattering 

data obtained has enabled us to calculate that 

Re A d (0) 
opd = Im A pd ('1 ' 

As was done in our analysis of the elastic p - p scattering 

data, the differential cross-section is approximated with the expression: 



( do (1) 

, (1) 

where A 
pd 

and A 
C 

are the nuclear and Coulomb amplitudes of the 

P - d scattering, and p is a coefficient describing the overshoot of 

the differential cross-section, near O", above the optical point, not 

due to the presence of the real part in the p - d scattering amplitude 

or to the Coulomb amplitude. For the amplitudes we adopted the following 

analytical representation: 
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Im Apd(t) -I/ ( dd: 1 b=rP [K 0; + $1 

. 

b) Ri Apd (t) P\/ (+--- .+, a exp [ W  ( b, t + c .i*i 1 6) 

c> 

d) 

AC (1) = - 
ZnF(t) , e-S’1 1 ‘I .*nfn~ 

t ,9 

1. 
Ill - -5 

I6 US* 

B) 
(2) 

e> F(t) =.xpp[U ‘b,, t +p,t’) 1 d 

f> e) 

Translator's Note: Russian abbreviation in (2d) is 
"lab." (for "laboratory"). 

We shall give some explanation of these formulae. The exponential 

dependence of the amplitudes on the square of the transferred momentum t 

both follows from the optical model (for small values of t ) and is amply 

confirmed by the many experiments carried out hitherto on elastic 

scattering of particles. The square term in the exponent of expressions 

(2a) and (2b) is needed to describe p - d scattering in the range 

. 
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0.003 si /t/ s 0.2 (Gev/~)~. But in this range the differential cross- 

section of elastic p - p scattering is satisfactorily approximated 

with expressions in which the square term with t2 is dropped. The 

normalization factor in the amplitudes $7 [(z)o is the optical 
dt dt 

point 1 is selected for dimensional reasons, and automatically assures 

fulfillment of the optical theorem (2d). The function F(t) in (2e) 

plays the role of deuteron electromagnetic form factor. We note that in 

the region of small scattering angles, in which we are mainly interested, 

F(t) = 1 , whence our adopted approximation is fully justified. 

The amplitude of the Coulomb scattering of strongly inter- 

acting particles (2~) has both a real and an imaginary part. The real 

part is much larger than the imaginary one. The latter is determined 

by the phase 11 . Theoretically, calculation of the phase Il consists 

in taking into account the radiative corrections for the strong inter- 

actions. This problem is solved solely on the basis of certain model 

approximations. Taking a quasi-classical nonrelativistic approximation, 

Bethe has made an analysis4, finding for Q [see (2c)] the value 

m = l.O6/ak , where a is the radius of the strong interaction. 
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L.D. Solov'ev5 has solved the same problem with the methods of 

relativistic quantum electrodynamics. He got the value P = 2 . 

Here the optical theorem has to be written in the form 

k 
ImA (0) Irl!, [UC> e min ) -CT0 (>emin‘) I + 

+ 2nRe A t70) en (2 /emin ) 

(3) 

where A is the nuclear scattering amplitude. In this expression 

5 ( > 8 min) is the total cross-section, wherein its elastic part is 

integrated, starting from a certain small angle 8 min. That angle is 

defined by the experimental possibilities afforded by the method of 

measuring the total cross-section o . The 5c (> 0 min ) has the 

Translator's Note: The subscript here is believed 
to be c but is not very legible in the Russian. 

same sense for the Coulomb cross-section. In other words, writing the 

optical theorem in this way explicitly allows for the effect of inter- 

ference of the nuclear and electromagnetic interactions and the influence 

thereof on the total cross-section of the elastic scattering. 
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The indeterminacy of the phase Tj exerts little influence 

on the parameter 

Re A d (0) 
CY=ImA pd ('1 ' 

Within the limits of accuracy of our experiments 1 can be considered 

determinate. 

We know that the differential cross-section of the scattering 

of particles having spins may, with t=O, exceed the optical limit 

because of the contribution of the spin-dependent terms to the scattering 

amplitude. We allow for this fact with the parameter p in expression 

(1). Here we assume that the scattering amplitudes in the different spin 

states (singlet or triplet in the case of p - d scattering, doublet 

and quartet in that of p - d scattering*) do not differ in the form 

of their dependence on t . In terms of our parameterization [(2a) and 

(2b)] this means that the quantities b 
j ' br ' 'j ) 'r are not 

dependent on the spin state of the system of interacting particles. Since 

* Translator's Note: Sic! p - p scattering? 
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the parameter b. 
J 

is directly tied to the interaction radius, with 

respect to b. 
J 

this assumption seems reasonable, for the maximum strong- 

interaction radius is determined by the mass of the lightest hadron 

T ( I-r-meson) and cannot greatly exceed m - m ' This matter has been 
l-r 

dealt with in detail by 1.1. Levintov.' The author proposes a special 

parameterization of the differential cross-section such that the quantities 

cy and p acquire a self-evident form. 

Using the experimental data, we calculate the total cross-section 

* 
of the elastic p - d scattering o and the parameters CY b e pd' j' 

* Translator's Note: Above subscript illegible 
in the Russian. 

br ' 'j ) 'r and B by the method of least squares. The results are 

given in Table 3. We did not refine the values of CY 
pd 

for 2.78 and 

4.85 GeV/c, taken from ref. 3. In Figure 1 the experimental results are 

compared with the predictions following from the dispersion relations. 

The solid-line curve was calculated by Carter and Bugg8, and the broken 

lines show the error corridor of those calculations. The data on neutron- 

proton charge exchange gained from the experiments of Palevsky' and Manning 
10 
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enable us to obtain two solutions for the cy values. One of them 
Pn 

obviously is in better agreement with the dispersion relations, while 

the other largely contradicts them. As seen from Figure 1, the data 

obtained by us are in harmony with the dispersion relations and agree 

better with the Palevsky-Manning solution for cy 
pn ' 

which gives a 

smaller value. 

In recent years a number of works have appeared in which, from 

the general principles of quantum field theory, the authors have arrived 

at some limitations on the behavior of the elastic-scattering amplitude 

at high energies. McDowell and Martin 11 , for instance, have come up 

with the inequality: 

- ln A ts,t ,I 9 1 
>-- 

t=o ’ 36 fro . 9k5, ’ (4) 

where CT is the total cross-section, o e the elastic-scattering cross- 

section. 

Popov and Mur 12 have derived the following inequality for 

values of the n-th derivative of the elastic-scattering amplitude for 

t=O: 



10 

da A(S.1) 

dtn 1 tuo’ (2*l+1 )n! [(l +&i-j 16n u”’ In a (5) 

Nonfulfillment of even one of the n inequalities would 

indicate violation of the unitarity and analyticity. Having experimental 

data on the magnitude and behavior of the elastic p - p and p - d 

scattering amplitude in the region /t/ < 0.2 (GeV/c)2 , we tried to 

verify the fulfillability of the above Popov-Mur inequalities. [When 

(5) is fulfillable, (4) is fulfilled all the more.] As the calculation 

shows, the Popov-Mur inequality for the first and second derivatives of 

the p-p and p - d elastic-scattering amplitudes is fulfilled in 

the l-10 GeV energy range. To illustrate the fulfillability of the 

Popov-Mur inequalities we give Table 4 for p - p and p - d scattering 

at 10 GeV. 
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TaBnuua I 

&i~epeauasnbHoe Ce-leHHe ynpyroro p - p-paccenaen 

Table 1: Differential cross-section Of elaStiC 

P - p scattering. 

PC 4,a5 I-38/C 6,87 l-x3/C 

1 1 0 
t 
J 

b 
(30.7~0.7)~6x/mepen (.%.3+1.8) ~Bii/c~epnn do 

(----- 
do 

M 0 
ne c 

du 
do h16~lc~ep. o” c C”> 

- 

3.37 

3.89 

4.40 

4.79 

5.15 

6.36 

7.27 

9.42.. 

TO.9 

15,2 ,'. 

I$ .:7 . . 

20.5 

do 
do M~H/CT 

da 
do MBH/cTepa. 

38.2 ” 2.1 

36.4 ,+ I.9 

36.7 I.8 z 

33.2 2 I.7 

31.2 2 I.6 

28.7 t 1.1. 

28.6 2 I.1 

'26.3. $ I,1 

24.; t I.0 
* &;.5 j:: &>, 

16.$.+.0;7. 

12.7 f 0.5 

e” cu 

.?7c?.-l 

132.9fs.4 

104.i-+6.0 

96.723.0 

90.722.4 

82.CI.S 

73.91.7 

73.1: 1.6 

63.sI.4' .,, . 

64.dI.0 

85.8 2 7 

73.2 f 6 

71.82 4 

63.1 : 3 

52.4 ,+ 2 

51.5 f 2 

47.2 2 2 

$4.2.: 2. 

43.7 " 2 

;9;4:f*.1.5 

.3.4.S;,+.;r,5 

34.9 + I.6 

31.7 f I.3 

23.7 " I.2 

I.95 

2.42 

2 ‘.91 

3.3s 

3.85 

5.3c 

5.35: 

6.13 

6:15 

:7: 87 

.?.06 

9.h 

II.2 

12.0 

52.8 

t5.0 

.I 

I 

2 

i 

4 

5 

6 

7 

8. 

9 

.* fo. 

II 

12 

2.67 

3.14 

3.45 

3.85 

5.25 

5.86 

6.58 

.25 . 

7.72 
i&j : 

I,.1 ,: 1 

I.2 

I.3 

4.4 

7 

. . 
” 

*- :. ‘,r.. ‘. 
. . . 

4 

,, . /. .. ‘. 
-. . . . 

49.121.9 .: i . ._...., r. . 
42,3-+1.9 

32.321.2 

26.tiI.I 

26.321.3 

19.rt~,o 

, .  ::)” !  
:  .‘... 

.i 

a) GeV/c 

b) mb/s terad 

c> center-of-mass 

9 

. 
. 
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able 1 (continued): Differential cross-s.ection of 
elastic p - p scattering. 

PC 

do 
(-) 

do ’ 

h6 

. . 

-.. 
.- :.. 

‘. ., 

I 
2 
3 
4 
5 
6 

7 
8 
9.. 
IO 

Il. . 
f2:. . 
13 '.: 

14 
15 
16 

To6mus 1 hpononxeHxe) 

nn$l~epewuuanbHoe CegeHlle ynpyroro p - P  -pecceaHuR 

a .- 
PC 

IO,0 l-3B/C 8,OO’ l-3dC 
.- 
( lo*.014.0)~crepen - . ‘F (121.0+1.9) ~Bdcrepan 

I.22 
1.71 
I.99 

2.22 
2.60 
2.76 
2.99 
3.42 
4.52 

'4.94 
5,43 . . .* . 
8.15 
8~34 
9.75 

1 io.5 
I :I,6 

a> 

c e” CUM 

b) 

c> 

do/ do 
~46dwepan 

258 ,+ 46 
I73 2 16 
136 f 6.7 
I33 2 8.7 
126 2 5.0 
II9 ,+ 4.5 

113.g3.5 
100.623.7 

87.e1.9 
90.5f2.1 . 
,94.6-+2,.0 . . . . *'. 
56'.6:2.8' 

. 54;.6-+1&! . . 

37.12 I.5 
. 35.C 1.4' 

25.521.2 

GeV/c 

mb/sterad 

center-of-mass 

- 
fY°ClrM 

. 

I.39 

I.48 
I.72 
I.99 

2.22 
2.62 
3.17 
4.I6 
4.83 
8127. 

7.47.., 
."8';'d:5 . 

g;&.' 

d ~613/crepaa. 
do 

210 210 
190 210 
I70 +7 / 

149 26.3 
I42 26.3 
I36 + 5.5 
122.9z4.4 
112.ti3.7 i 

92.623.0 
I / 

. . 
80;$2:6 . '. ; ' 

. '. 62J-+?.5 . . c'. . .: . .~.. .j.+ . . : ,. : 4,.&; " . '. ; . . ., . .' :' 

37*632.3.. .:. .: .,’ . . . . .’ ; . . . :.: -1. 



Table 2: Differential cross-section of elastic 
P - d scattering. 

T~?6mm3 11 

d 
PC (i-38) 

1~36 
d 

( Ll do o. 

1.70‘ 2.78\ 

202.4+-1.0) ~6~/crepa 

4.85 

=----h--- (07.5+0.51 i"lGH crepan 

l- c 

-- 
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4.13 
4.46 
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'5;3b' 
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8.46 

i!:; 

z-66 
5:6- 

do - M~H 
do __-_, 
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I 
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4 

65 

87 
9 
IO 
II 
12 
13 
14 
I5 
16 

. '17 
'I8 
I9 

;;W& 
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95.4+4.0 
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4.12 
4.23 
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4.29 

Ei 
4:81 
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8.93 

15.65 

- / 
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272212 
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152z5.0 
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3 

5 . 5 

13e4.0 
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IK8.0. 

54.522.0 5.3i 
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* -----m" ..-.-.. .~-~ ___-,__ la-b 
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Table 2 (continued) : Differential crass-section Of 
elastic p - d scattering. 

Q, - 
PC (km) 6.87 

,706 
do 

C----j b 

I I.45 
2 I.49 
3 1.6'7 
4 1.Z 
5 1.91 
6 I.93 
7 2.95 
6 2.32 
9 2.37 

.’ .’ ~ IO .2,54 
'II 2.76 

:.' 12 23? 
'13 3.26 
14 3.33 
15 3.76 
16 4.66 
I7 4.74 
16 6.07 
19 6.62 
20 8.65 
21 8.35 
22 9.78 
23 9.83 
24 9.83 

25 IO.97 
26 II.67 
27 X2.64 

a) (GeV) 

. 
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I.96 
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3.19 
3.21 
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6.42 
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8.22 
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964t 45 i 
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S&40 8 
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26.2ZI.O 1 
4.45zo.7 i 
4.3520.54. I I. 

b) mb/sterad c> center-of-mSS 

1.. 
j 

. 



16 
. 

Ta6naua 111 

3Hareiras-i non~b*~ cegemA ynpyroro p - d -paccenfim II 
napa.ueTpos+ a, b si f nnrr ynpyro7o p - d-paccenHw54 
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Table 3: Values for the total cross-sections of 
elastic p - d scattering and the parameter& CT, b 
and c for elastic p - d scattering in the l-10 GeV 

energy range. 
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Table 4: 
13 

Values for the Popov-Mur inequalities 
for p - p and p - d scattering at 10 GeV. 
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