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SUMMARY DATA ON SMALL-ANGLE p - p AND
p - d SCATTERING AND THE REAL PART OF
THE p - n SCATTERING AMPLITUDE IN THE

1-10 GeV ENERGY RANGE

Tables are given for the differential cross-sections
of elastic p - p and p - d scattering in the
1-10 GeV energy range, also refined data on the mag-
nitude of the real part of the amplitude of p - n
scattering in the 1-10 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

data.

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)z. 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



that we had used earlier to measure the differential cross-section of

’2’

elastic p-p and p - d scattering. Recoil paFticles 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 = 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 o , the ratio of the real part of the nuclear amplitude of p - d

pd

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

data obtained has enabled us to calculate that

Re A (0)
- — _pd "7
%54 ImApd o -

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

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



m )cu;t /ilm Apd () 1+8 + Re Apd (t) +4 -(p) /2 (l)
o ’

where Apd and A.C are the nuclear and Coulomb amplitudes of the

p - d scattering, and B is a coefficient describing the overshoot of
the differential cross-section, near 0°, 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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Translator's Note:

a)

6)

B)

r)

n)

e)

(2)

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



0.003 < /t/ < 0.2 (GeV/c)z. But in this range the differential cross-
section of elastic p - p scattering is satisfactorily approximated

. . . . . 2,
with expressions in which the square term with ¢t is dropped. The

normalization factor in the amplitudes ( )0 L( is the optical

)O
poinﬁ] 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 (2c) 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 T . Theoretically, calculation of the phase T 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 analysisA; finding for & [see (2c)] the value

$ = 1.06/ak , where a 1is the radius of the strong interaction.



L.D. Solov'ev5 has solved the same problem with the methods of
relativistic quantum electrodynamics. He got the value & = 2 .

Here the optical theorem has to be written in the form

(o(> 6 min ) -%(>om{)]+

- ) (3)

+ 20Re A (+0) £ (2 /O min )

ImA (0) =

where A 1is the nuclear scattering amplitude. In this expression
o (>0 min) is the total cross-section, wherein its elastic part is
integrated, starting from a certain small angle © min. That angle is
defined by the experimental possibilities afforded by the method of

measuring the total cross-section o . The o, (> 06 min ) has the

1 ! : . . .
Translator's Note The subscript here is believed

to be ¢ 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.



The indeterminacy of the phase T} exerts little influence

on the parameter

Re A , (0)
- —_pd ~°
Im Apd (0)

o
Within the limits of accuracy of our experiments T can be considered
determinate.

We know that the differential cross-section of the scattering
of particles having spins may, with t = 0 , 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 B 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 bj > b €5 are not

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

* Tra tor's Note: . .
Translator’s Note Sic! p - p scattering?




the parameter bj is directly tied to the interaction radius, with
respect to bj this assumption seems reasonable, for the maximum strong-
interaction radius is determined by the mass of the lightest hadron
T .
( m-meson) and cannot greatly exceed =~ o This matter has been
i
. . . . 6 .
dealt with in detail by I.I. Levintov. The author proposes a special
parameterization of the differential cross-section such that the quantities
o« and B acquire a self-evident form.

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

*
of the elastic p - d scattering SR and the parameters apd , b. ,

* ' .
Translator’s Note: Above subscript illegible

in the Russian.

b , c., c. and B by the method of least squares. The results are
given in Table 3. We did not refine the values of apd for 2.78 and
4.85 GeV/c, taken from ref. 3. 1In Figure 1 the experimental results are
compared with the predictions following from the dispersion relations.
The solid-line curve was calculated by Carter and Buggs, and the broken
lines show the error corridor of those calculations. The data on neutron-

9 .
proton charge exchange gained from the experiments of Palevsky and Manning



enable us to obtain two solutions for the apn values. One of them
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 apn , 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 Martinll, for instance, have come up

with the inequality:

[— o? !
——Iln A (8,t)
de ﬁ.oi L T (4)

where ¢ 1is the total cross-section, o, the elastic-scattering cross-
section.
12 . . . \
Popov and Mur™ = have derived the following inequality for

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



10

n
1 d A(s,t) 1 1 o n (5)
et ate Vo> ETTSUrT LA Tr U 6w o, 1.

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 1-10 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 1

Oudbepenunanbioe cevyewHe yNpyroro p = p-pacCesHps

Table 1: Differential cross-section of elastic
p - p scattering.
T a ——e
PC 2,78 Tan/c 4,385 Tar/c 6,87 Tamr/c
r Z: Y (30.7+_0.7)M6H/c?ep8ﬂ (53.341.8) mbu/crepan  (78.9+1.9) m6u/cTepan
Ne 6° SEM :: wGu/crepan| 0 cum :: MH/crepan 8 cux f:u MG /CTep.
I 3.37 38,2221 |[2.67 | 85.8%7 1.95| 132,9%8,4
2 3,89 36.4 21,9 | 3,14 73.216 2.42| 104,126.0
3 | s.40 | . 26,7218 |3.45 | 71.8%4 | 2,91 96,753,0
4 4,79 33.211.7 | 3.85 63.1 L3 3.39] 90.7%2.4
5 5.5 | 3l,2f1,6 |5.25 52,4 % 2 3.85| 82.4%1,¢
6 6.36 28,72 1.1 | 5.8 51,52 2 5,30 73,581.7
7 7.27 28,6 £ I,I | 6,58 47,2 ¥ 2 5.35| 73,11 1,6
< g | 942 | 26,3*I,1 |7.25 | 44222 | 6.13] 63314
9 |10, | 2sItL0 |7.72 | 8722 | 615 648L0
“to U152 T 003 S e T oes | 39w I IusY. w6t autaa
S ID {167 | -I6.4.%0.7. |ILI | . 34,621,5{ 9.06| 49.131,9 .
12 | 20.5 12,72 0.5 |IL.2 3.0 2 16| 9.75| 42,311.9
' 1.3 31,72 1,312 | 32.3%.2
Ib.4 23,72 1.2{12,0 | 26.,8%1.1
' I2.8 | 26.3'1.3
15.0 | 'I9.I%L,0
a) GeV/c

b) mb/sterad

c) center-of-mass

e
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(continued):

Table 1 Differential Eroés-section of
elastic p - p scattering.
Tabanua 1 (/npouonmel-me)
[npdepenunanbhoe ceuexne ynpyroro p— p = p‘accem-msl
QA
PC 8,89 Tap/c 10,6 Tasn/c
( ':‘; (102.0+4.0) mGapu/crepan. (121.9+1.9) M6u/crepan

N 6° CSM L"ﬁﬁl"c“;epan PLI :Z MBi/cTepan.
I 1.22 258 X 46 1.39 210‘110
2 1,71 1732 16 1,48 190 Z10
3 1.99 136 2 6.7 I.72 170 %7
4 2.22 133 £ 8,7 1.99 149 6.3
5 2,60 126 X 5,0 2.22 142 26,3
6 2,76 II9 ¥ 4,5 2.62 136 £ 5,5
7 2.99 113.5%3.5 3,17 122,9%4,4
8 3.42 100.6%3,7 4,16 112,0¢3,7
9. .| 4,52 87.421.9 4,83 92.6-3,0
10 | wos |0 90.5%2,1- 6.27° 80.82.6
II | 543 |. 8462,0 T.47 .. 62,1725
12 | 805 | s6.8%2.8 | 8.65° 41203
I3 7 8:34 | 54,6218 - 9,95 " -} .. 37.6%2,3°
i | 9.7 37,1 1.5
15 |10.5 35,42 1.4
16 11,6 25.5%1.,2

a) GeV/c

b) mb/sterad

c)

center-of-mass
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Table 2 Differential cross-section of elastic
p - d scattering.
TaBauua o
_Hxa@&epenunanbuoe CeYCHH@ YNpyroro p— d-paccesHud
(oW
PC (Tam) 1.70 2.78 4.85
na6 "
— . : :
(o 10 (97.8+0,5) MﬁH?CTepeﬂ (202.44 1.0} m6u/crepan| (373+2) M6u/crepan
o € da o A 40 om 0 do
© o do E?_z—:;ﬂl % cun -d—‘-‘)—c;e?p-a_n f cum dw E;%j':;;n
I 4,07 | 98.244.I 3,07 | 17957 [e2.41 | 302511
2 4,12 99,.8+4,1 3.17 160:6.2 12,44 30713
SR
4 4,23 $5,0+4,0 . ) . +
5 4,29 | 85.6%3.5 3.40 | I58:5.5 12,65 | 28713
g 2.28 82.§E§.ﬁ 3,40 163+8,5 (2,68 277+12
. Deltle 4
8 PR f2.30.2 3.40 158+5,3 {2,70 292410
9 5.13 80.5:2.0 3.45 157:6.5 2.76 272_-:12
11 - 3,72 142+8.0 {3,02 276+15
5.75 72,242.5 3,73 15]_‘54.5 3,14 261__18
2 6,07 72.6+1.8 3,89 | I44%5,0 {3,20 | 259110
13 6.68 65.9+1,5 3.98 | I54x4,5 (3,33 | 230:8 .
%g ;~;g if/;%g 4,13 | I43+5.0 [3,68 | 204+10
" Y. oItl, T 138:4,0 |3.75 20646
10| 185 | I2TH05 Ly | 13ik.s (377 | 2l2dds
Is " © .0+ o 4,89 - | 126+3,5 [3.78 | 206:7.
4,90 118+4,0 |3,82 202+10
-“?‘13'-.-. -5,30" | 116+8,0° | 3.94 | 2066
_32 (5,57 | 1126+3,0 4,06 | 18636
231 5,66 " 1106,5¢3.0 4,10 | 177+:8
. 5,99 | 103,0+3,0 4,37 | 16636
25 6,56 92,2+3.0 4,61 | 152+5,0
26 -7.30 70.7+2.5 4.7% | 14545,0
27 - 84,26 54,5+2,0| 5.31 | I24+4,2
28 10,8 28.2+1,5] 5,41 | 127+7.0
29 13,6 I1,3+0,5| 6,49 74+2,7
30 I4,6 +9+0,5| 6,57 | T1,8+3,0
31 15,6 5.7¢0,5| 6,79 | 68,0+2,5
32 7.96 | 45,.0%3,0
33 8,03 | 25.9+1.5
34 9,3l | 18,%1.0
29 '
36
37
‘ ! 11
a) (GeV) ~b)  mb/sterad

e A

p) center-of-mass
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ble 2 (continued) : Differential cross-section of

glastic p - d scattering.

Tabanua i {nponcaxenne)
. Oupdepenunanbioe CeYeHHe YNPYroro ¢ — d-pacCesHns
a ) [
PC 'iggn) 6.87 { 2,80 1.9
do
‘ da L_ (547+3) m6u/cTepan (711+19) mM6u/cTepaa 1 (857+32) mGu/cTepan
° . do w do/dw
N 8 cucm do/dw Mbi/crepan 6° cuM /”\$6>H/CTED ucmd MﬁHfCTEDBﬂ
I | L5 673 * 142 I.36 |8I7%s3 | I.I6 | 9u0tu2 ’
2 | Lo 604 ¥ 50 I,48 |74 =28 1.20 !oegtus §
3 ] 1,67 517t 2l 1.64 (671220 1.30 | 9yt 45
I 48t 22 1,76 |637 %20 1.35 | 885t 40
5 | I,9I 531 I8 1.9 | 563 % 30 I.42 | 83830
6 1,93 469 * I3 2,13 570 ¥ 17 1,58 | g1t 30
7 | 2.95 465 * 12 2.16 | 5%6 f 17 1.58 | 756222
8 | 2,32 _ 479% 13 2,33 | 537214 I1.74 | 726225
9 | 2.37 sul * 10 5.37 | 490 XI5 | I.74 |73mo2
10| 254 .- 397213 | 263 |463II13 ) 1.9 65022
11| 2.% | 399 =10 Joles - | 4Bl * T3 | L.96 Tg3320
oo T2 292 | .. 318 _2.99 | 388 I1 | 2.I2 594520 .
13| 3.26 3429 3,08 | 377 TIIC| 2,12 § s7ates |
14| 3,33 285 1 8 3,20 | 360 2 I0 2.33 53320 !
15| 3.76 24915 3,51 | 316 2 I2 2,51 50914 %
16| 4.66 161 £ 6 3.80 | 244 Y10 | 2.5 48920 !
17| 4,74 159 % 4 b3 |I70510 | 279  uzIs ;
18| 6,07 74,052 5,37 8 *2.3] 2.82 uustl3 ;
19| 6.62 sy ¥ 1.5 5.42 | 78.25 5 3.19 3381l i
20| #.65 26,8% 1 6.32 | 42,45 I.u| 3,21 339213 '
21| 8.35 le. 4t 1 7.08 | 20.4% 1 3.79 233 8 ‘;
22| 9.78 5.4 20,5 7.62 | 14,2t I 3.83  pultl2 ﬁ
23| 9.83 5.6 £ 0.5 8188 | 3.85% 0.6 | 5.08 g88,7*2.5
oy | 9.83 6.0 % 0.5 5.87 46.1*1.6 |
251 10,87 4,4 % 0.5 1 6.32 30,.81.2 !
26 | 11.67 1,278 0.23 6.42 26,2010 |
27| 12,64 1,03 0.23 8.16  4,u45:0,7 |
: ' R 8.22 4, %:0.54 |
12 é
a) (GeV) b) mb/sterad c) center-of-mass

(il S i,

N e -

3naveny
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E (rss)
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o O o H

10

3nauc
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Tabnuua I
3HayeHHa MOJHBLIX CeveHHi ynpyroro p — 4 -paccesHus
napaMeTpos &, b H ¢ Qs ynpyroro p - d-paccesius
B vatepBaine sHeprui 1-10 Tss
' ‘E__ (res) o, (m6u) ‘ by = b c, =c
KRH (Pea/c)_2 (r !/c )14 ¢
N Ekin(GEV) , (mb) (GEV/C) i SB.
oY agu/cTepan . - : ) .
do/dw . R + > . + ’
] sm6m/cTepag I 10,720,7 . 33,7“1 . . 42:10 ‘O’ 1410,08
X X 2 10,220,7 37,521,5 83212
o DS 9,5%0,7 . 3nEL T
0 longss 6 '9,620,7 ' "36,0%80,8 " 452 6-'0,30%0,09 o
35 g0 e e B 9,0 s 36,5000 A0S 9m0,2640,00. e e
52 | §33¢ 30 B ¢ 9,080,6 34,3%0,9 = 34 6- 0,39:0,08
5.3"‘ eigze . . I - o T
U1 756z 22 ' ‘ _
:f;72&25 Table 3: y.jues for the total cross-sections of
R EL elastic p - d scattering and the parameters &« , b !
6522 and c for elastic p - d scattering in the 1-10 GeV b
42 63%20 , energy range.

L2 59420
2 57425

IR

33 53320
5; 509£Il+ Tabnuua 1v
? 489-20 3uaqenus Hepapencrs [LM. nngp-p U p~ d-pacceanns
19 k2315 ' apu 10 Tae
R 44513
19 33gtll
2L 33913 1 = =1 a=2
T 233t 8 B en (1"35/0)_2 B en (I‘:-us/c)_4
83 auiri2 :
'i? 88,7:2.5 + + + +
57 46,I*1.6 p-p 14,3520,35> 3,65-0,15 1726 > 10%0,5
32 30,8¢1.2 -4 I7 -0,5>13,572I 319210 > 150124
2 26.2t1,0
D +
2 2:2;8:;+ in units of (GEU/C)-Z in units of (Gev/c)-u

ny o

Table L s
13

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