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Several papers containing data on the differential cross-section and pola

rization in PP and np scattering have been published, as a result of the exten

sive investigation of the nucleon interaction at 140 - 150 MeV. H v .-vever, it was 

shown, that there are systematical errors in many of the meast.rements, mainly 

due to the inaccur ate determination of the primary beam characteristics/
1

/ . Be

sides, the present accuracy of the differential cross section ma kes a n account 

of the differences bet,'ITeen the primary beam energ ies in various experiments de

sirable. F'or these reasons in the present paper w e s pecify the phase shift ana

lysis previously carried out in Dubna/
2

/ at 147 MeV. The data from a ll existing 

exp eriments at energ ies near to 14 7 MeV were renormalized by a method d e

scribed b e low before they wer e inc luded i n the phase-shift analysis.The experi

mental d ata used for the specification of the pha se-shift analysis are presented 

in Table 1. The coefficients b y which the exp erimental d ata s hould be divided in 

o rder to normalise them to the energy 14 7 MeV a r e g iven in the same tabl e. The 

coefficients wer e obtained as follO\·es: the angular d e pendence o f the given expe-

rimental qua ntity was a pproximated by tpe analytical function N
1 

l{ak 01) N1 

i s the n o rmalization coeffici e nt a nd the function f( a k 0 1 l was • taken in the form 

use d in re/
3

/. The parameters a k and coefficients N 
1 

wer e d e te rmined by the 

l east squa r e method togethe r '.vith their err o rs. 

The differential cross sections wer e r e norma lized by finding the minimum 

o f the func ti o na l 

2 
)( 

w e r e 1\tot' L\ 11 are the exp erimental e rro rs, 0 is the s catterinn, ang l e in the c .m.s . 

The lower limit of the integr a l for the d e terminations of the total pp - scat

tering c r oss section was taken as 12°, since the experimental value of o;0~ was 

3 



l 
obtained in the same range o f scattering angles. The experimental values KCT (01 l 

correspond to the -th point in j -th group of experiments. 

The renormalization coefficients for the polarization in 

re determined b y minimalizing the functional 

l 2 
(P ( 0 ) - N l I (a k 01 ) ] 

X 2 = ~ I 
lj ~~~ 

k 
In this formula I ( a k 0 1 ) = a 0 + sin 0 1 t a k cos 0

1 
, 

PP -scattering we-

(2) 

The r enormalization coefficient N l , corresponding to data, obtained at the ener-

g y 147 MeV was set e g ual t o 1/0.933 a nd fixed/
1

/. 

Unfortuna te l y , no the np .-sc~ltering data exist a t 147 MeV. Therefore, the 

Pno ( 0 l d ata at 140 and 143 MeV , multiplied b y the correction factors from 

r e f/ J f wer e u sed. Both r enormalization fa ctors were varied by minimalizing 

the functional ( 2). It is interesting to note, tha t the ratio of the correction coeffici-

ent from ref/
1

/ a nd the c orresponding values N
1 

a r e e qual to unity within the 

e rrors. All other exp e rime ntal values , were used without corrections for the diffe

renc e in the ener~ies. 

The p hase-shift analysis was carried a ut according to the p rog ram pre-

sented in ref./
29

/. Be~inni,:.,g from the orbital momenta f max~ 4 - 6 , the scatte

rinr?, a mplitude was taken in the one pion e xchange a pproximation. The phase

-shif ls obtained as the result of the specification a re given in Table 2. The pre-

viousl v obtained solution a t 147 MeV is g iven for comparison. It follows the 

Tabl e 2, that the errors of the phase shifts are considerably decreased. The 
I 3 3 3 

P1 , P 3 , t 1 , G, , G6 phase shi fts changed more than within 2-3 errors.It 

s ltOt tid be noted that the n ew phase- shifts a re in better agreement with the va

lues obtaine d b y the interpolation of the corr esp onding · phase-shifts at the neigh

bouri n r; e nerg ies tha n the old ones. 

T he a n c;u lar d e p e nde n ces of the exp erimental g u a ntities were calculated 

u sinr; the o btained p h a s e s hifts a nd a r e presented on Figs . 1-10. The vertical 

l ine s sl-1o 1.v cal c ula te d corrid or of e rro rs. 

In con c l usio n th P a uthors ish to express their dee p g r a titude to B.Rose 

a nd D.F'.Measday for sendinr; their information on the n ormalization factors pri o r 

l o pllb lico li o n. The authors a l so th a n k l o E.Dudova, J .Finger ova and A.M.F'okina 

fo r h e lp i n the w or·k . 
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Table 1 
I 

Quantity E nergy Anglo 
MeV deg. 

Experi- I 6pp 147 
Quantity Energy Angle in mental Error Norm Ref'o 

MeV deg. Como8o value 

6pp 144ol 16o.Q 3o574 Oo029 1.047!0o029 [4] 

18.7 3o70J Oo0)2 

20o7 ]o719 0.026 

25o9 ]o940 Oo02J 

31.1 4o041 0.024 

]6.2 4.018 0.018 

41o4 4o014 OoOlJ 1.0}9!().028 

46.5 4.019 0.014 

5lo6 ]o971 0.012 

56.8 ]o944 OoOll 

61o9 ].914 o.on 
66.9 }.907 0.015 

72.0 3.880 0.014 

77 o1 3.875 0.015 

82.1 3.813 Oo014 

87.1 3.819 0.016 

92.1 ]o833 0.015 

97.1 3.8]7 0.016 

102.1 3.8]8 0.017 

107o0 3o850 0.018 

112.0 3.859 0.017 

147 12.4 Jo79 0.10 1.141:.!;0.029 [5] 

14.5 ].88 0.10 

6
PP 

142 
I) ; 



Experi-
Quantity E nergy Angle in mental Error Norm Ref. 

MeV deg. c.m.so value 

or Norm Ref'o 6pp 147 16.6 4o02 0.10 1.14li0o029 [5] 

18.7 4.0) 0.10 

29 1.047:_0.029 (4] 20.7 4-15 0.10 

32 22o8 4o14 Ooll 

~6 24.9 4o26 0.11 

!] 31.1 4.22 o.u 
!4 

20o7 4o17 o.os 1.105! 0.028 
.8 

25o9 4o29 0.08 

3 1.039;!:0o028 31.1 4.39 Oo08 

4 36.3 4o)l o.oa 
2 41.4 4o21 0.04 

1 46.5 4o21 0.04 

l 51.7 4o16 0.04 

5 56.8 4.14 Oo04 

~ 6lo9 4.12 0.04 

67.0 4ol2 0.04 

72.0 4.07 0.04 

77.1 4.06 0.05 

82.1 4.07 0.05 

87.2 4.11 0.05 

92.2 4ol2 0.05 

97.1 4.13 0.05 

102.1 4.12 0.05 

W7o1 4.14 0.05 
1.141!0.029 [5] 

112.0 4.09 0.05 

6pp 142 7.27 12.96 Oo4J 1.00 :fix. [6] 

7 



Experi-

I An4 Quantity Energy Angle in mental .Error Norm Ref'. ~uantity Energy 
MeV deg. c.m.s. value MeV de; 

6pp 142 8.30 7.75 0.28 1.00 fix. [6] I 6pp 156 

8.82 5.76 0.30 

9o34 4o91 0.25 

10.38 4.37 0.21 

10.38 4o32 0.14 

12.46 3.63 0.13 1.065!0.033 

14.53 3.77 0.14 

20.76 3.74 0.13 

25.95 3.83 0.16 

10.38 4.27 0.04 

12.46 3o34 0.06 0.973:!:.0·027 

14.53 3.28 0.05 

16.61 3.39 0.05 

20.76 3.63 0.05 

25.95 3o62 0.06 

31.06 ].62 0.06 

41.34 3.66 0.05 

25.95 ].17 0.01 1.038:!;0o029 

]1.06 ].90 0.07 

41.34 3.89 0.07 

51.62 ].96 0.07 I pp 147 
61.84 3.90 0.07 

6tot 

71.98 4.00 0.07 

82.06 4.02 0.07 
-

156 8.05 8.48 0.25 0.994:_0.027 [7] 

13 



Experi-
Refo •ror Norm Ref'o Quantity Energy Angle in mental Error Norm 

MeV dego c.m.so value 

. 28 1.00 f'ix • (6] 
6pp 156 12.1 3o37 0.09 0.994!0.027 [7] 

.]0 
14.1 3.30 0.13 

25 16.1 3.35 Oo13 
21 

18.1 Jo49 Oo14 
14 20.1 3o66 0.14 

13 1.065!0 .033 25.0 ].58 0.06 

14 26o0 3.62 0.06 

13 27.0 ].84 0.06 

16 29.0 3-75 0.06 

)4 31.0 ].87 0.05 

35.1 ].85 0.05 
)6 0.973!0 .027 37.0 Jo74 0.09 
>5 

41.1 3o88 0.05 
l5 

46.1 3.8] 0.05 
>5 

51.1 3.82 0.05 
16 

62.0 ].70 0.04 
•6 n.o 3.71 0.04 
5 82.0 ].67 0.004 

7 l.038:0o029 90.0 3o71 0.006 

7 102.0 3o75 0.006 

7 112.0 3.76 0.006 

7 
PP 23.69 0.15 f e] Otot 147 12.0 

l 

7 

7 

"' 0.994:_0.027 [?] ., 

9 



Experi-
Ang: Quantity Energy Angl.e in mental Error Norm Ref. Quantity Energy 

MeV dego c.m.so value MeV deg . 

p 
pp 1.47 :> o)4 Oo045 Oo01.4 l..072:fiXo [5] ppp 1.42 

l.Oo4 Oo10J Oo014 

1.2o4 0.126 o.ou 
14.5 0.1.55 Oo014 

16o6 Oo180 0.01.0 

18o7 Oo19J Oo015 

20.7 Oo198 Oo009 

22o8 0.183 0.01.5 

24.9 0.227 OoOU 

25.9 Oo20J OoOl.l 

31.1 Oo228 0.009 

36o) 0.247 0.01.1. 

41.4 0.239 0.006 

46o5 Oo2JJ 0.006 

51.7 Oo229 0.006 

56.8 0.205 0.006 

61.9 Oo17l 0.006 

67 .o Oo154 0.006 

72.0 0.131 0.006 

71o1 Oo098 0.006 

82.1 0.052 0.008 

87.2 OoO)O 0.008 

92.2 -Go006 Oo009 

97.1 -o.04l Oo007 

102.1 -o.068 0.008 

107.1 -o.109 0.008 

10 



::>r Norm Ref. ~wmtity Energy Angle in 
Experi-
mental Error Norm Ref. 

MeV dego c.m.s. value 

l4 1.072:_fixo [5] PPP 142 5o19 -0.037 0.034 1.086:.0.037 (9] 

l4 8o30 Oo031 0.024 

Ll 9.34 Oo089 0.023 

L4 10.38 0.153 0.0)5 

.0 10.38 0.107 0.021 

.5 12o46 0.130 0.033 

>9 14.53 Ool80 Oo031 
.5 16.61 0~155 0.028 
.4 20.76 0.181 0.029 
.1 24.80 0.216 0 .0)7 

·9 31.06 Oo238 0.028 
1 37.20 0.28) 0.030 
6 41.)4 0.250 0.029. 
6 51.6o 0.222 Oo011 
6 

6 20o76 Ool90 0.009 1.080;t0.022 

5 25.95 0.225 Oo011 

5 31 . 06 Oo242 OoOlO 

5 41 34 0.237 0.011 

61o80 0.196 0.011 

72oOC Oo113 0.011 

82..00 0.066 0.011 

90.00 G~OlO 0.011 

45.45 0.242 Oo005 1.103-+0.009 

49.55 0.240 0.004 

51.60 0.232 0.007 

11 



Experi-

I Quantity Energy Angle in mental Error Norm Ref. Quantity Energy An8 
MeV deg. c.m.s. value MeV deg 

ppp 142 5)o65 0.213 0.004 1.103:!:,<).009 [9] 140.7 

57.70 0.205 Oo006 

59.75 0.197 0.005 

61.80 0.180 0.005 

65.90 0.170 0.005 

69.95 0.141 0.005 

137 )1.1 Oo195 Oo005 0.922:!:,<).018 [5] 

46.4 Oo212 0.007 

66.9 Oo1J3 0.008 

138 20.7 0.208 0.008 1.08 5:!:,0 .007 [10] 
24.84 0.224 Oo005 

28.97 0.227 0.005 

33.09 0.247 o.oo·.) 

37.21 0.245 0.006 

41.32 0.245 0.006 

45.43 0.234 Oo005 

49.53 0.222 0.005 

53.62 0.219 0.005 

57.70 Ool93 0.006 

61.78 0.189 0.006 

65.84 0.147 0.007 

69.90 Ool42 0.005 

82.01 0.070 0.005 

1 2 



Exper1-Norm Ref. Quantity Energy Angle 1n mental Error Norm Ref'o 
MeV deg. c.m.s. value 

1.103:!;<).009 [9] 140o7 16.6 0.1657 0.0091 0.942:!;<).005 [4] 

18.7 o.l6n 0.0089 

20o7 0.1767 0.0070 

25o9 Ool896 0.0044 

31.1 0 .. 2114 0.0049 

)6.2 Oo2057 Oo0047 

Oo922:!;<)o018 (5] 
41.4 0 .. 2089 0.0025 

46o5 0.2006 0 .. 0032 

51 . 6 Ool981 0 .. 0028 

56 .. 8 0 .. 1823 0.0030 

1.085,!<).007 [10] 61..9 0 . 1564 0 .00)2 

66 .. 9 0 .1)16 0 .0032 

1 3 



Experi-
Quantity Energy Angle in mental Error Norm Rei'o 

MeV deg. c.m.s. val ue Quantity Energy Angl 
MeV deg . -

ppp 140.7 72.0 0.1068 0.0032 Oo942;!0.005 [4] 
6np 133 12( 

77.1 0.,0814 0.0030 
13< 

82.1 0.0532 0.0034 
14( 

87.1 0.0157 0.0034 l 

15< 
92.1 -Q.0144 0.0034 

97o1 -o.0466 0.0036 153 

102..1 -o.on8 0.0034 

107.0 -o.0977 0.0034 

6np 137 6.3 8.9 1.0 0.988+0.058 [11] 

10.6 8.0 0.6 

20.7 6.9 Oo4 

n.o 5.85 Oo]5 

41.3 4o38 0.40 

51.6 2.86 0 o40 

61.8 2.o70 Oo40 
1; 

1 

133 20- 30 --6.55 Oo75 1.042;!0.037 (12] 1· 

30- 40 5.59 Oo59 1~ 

40- 50 ).86 0.44 11 

50 - 60 )o)1 0.}8 1' 

60- 70 2..45 Oo}l 1' 

70- 80 2.96 OoJJ 1' 

80- 90 2.64 0.)1 1 

90 - 100 2.54 0.30 

100 - 110 3o1) 0.34 

110 - 120 ].80 0.39 

14 



Norm Rei'o Experi-
Quantity Energy Angle in mental Error Norm Ref. 

MeV deg .. c.m.so value 

2 0 .. 942!'>.005 [4] 
6np 133 120 - 130 5.31 0 .. 48 1.042.:_0.037 [12] 

:> 

4 
130 - 140 5.23 0 .. 51 

4 
140 - 150 6o13 Oo62 

4 
150 - 160 Bo75 Oo87 

153 50.0 2o96 Oo43 Oo936:,0o0.26 [1J] 
~ 56.0 2o14 Oo40 

t 65o5 2o59 Oo40 

0.988:!:0.058 [11] 
68o0 2o34 0.18 

76o5 lo98 Oo22 

83.0 lo98 0.19 

89o5 2o29 Oo18 

98o0 2on 0.31 

99o5 2o51 Oo19 

124o5 4o04 Oo28 

138.0 6.19 Oo26 
1.042;!0 .037 [12] 149o0 6o88 Oo43 

159o0 7o98 Oo13 

165o0 8o59 Oo29 

1n.o 10o04 Oo20 

174.0 9.68 Oo47 

176o0 l0o65 0.46 

178-.. 0 10.69 Oo54 

15 



Exper i -
"uantity AI Quantity Energy Angle in mental Error Norm Ref' .. .Energy 

MeV deg. c.m.s .. value MeV dE 

6 DP 150 fiJo2 2o70 Ool2 1.004!{).026 [14] 
p 140 np 

67.9 2o52 0.10 

77..8 2o23 o.oa 
87 ..8 2.29 0 .07 t 
97.8 2o6) 0 .. 06 ·t 

107 . 9 ) ol2 0 .. 07 

l l8o0 J o9l Ool2 143 
128 . 2 5o05 Oo15 

138o5 6.14 0 .18 

148 o9 6.99 Oo22 

154o0 7.61 0.17 

159ol 8o54 0.13 

164 .. 0 9o78 Oo19 

169.2 llo04 Oo47 

174o0 12 .. 23 Oo75 

176o8 llo78 
D 142 

Oo73 pp 

6~t 147 0 52.16 lol [15) ·,J 
1nterp. 

PDP 140 2!Jo7 Oo28) 0 .. 027 1.()()()!{).037 [16) 

)1o0 0 .. 363 0 .. 018 

41.3 0.491 0.022 

68 .. 0 0.451 0 .. 025 

78o0 Oo303 0.027 

88 .. 0 0 .. 2)2 0 .. 017 

98.0 0 .. 083 0 .. 019 
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Experi-r Norm Ref'o Quanticy Energy Angle in mental Error Norm Hef'. 
MeV dego c.m.s . value 

1.004!().026 [14] p 
np 

140 108o0 Oo0)2 OoOl) loOOO:!;Oo0)7 [ 16] 

118.6 -Do0)8 0.012 

128.6 -o.044 Oo009 

1)8o7 -G o0 59 0.009 

f 149o0 -G o074 0.012 

159 . ) -Do0]7 Oo0l2 

143 41.0 0.475 0.039 Oo990:!;0 .05Q [17] 

51o0 0 .495 0.017 

62.0 Oo480 Oo016 

72o0 0.425 0 .02J. 

82o5 0.272 o.o2J. 

92.5 0.160 0.015 

108.0 Ool50 Oo016 

118.0 -o.020 0.016 

D 142 12o4 -0.262 Oo063 [18] pp 

20o7 -Go008 0.0]8 
[15] 'l 31.1 Ool37 OoO)J 

' 41.4 Oo156 Oo031 

l.()QQ;!0.037 [16] 51.7 0.178 Oo033 

61o9 0.076 0.031 

n .o 0 . 147 Oo070 

82.1 0.286 0.099 
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Experi- Quantity Energy 
Quantity Energy Angl'\ in mental Error Ref. MeV 

MeV deg. c.m.s. value 

A 139 
~p 138 )1o1 0.1) 0.03 [10] 

pp 

41.4 0.19 Oo06 

61.9 0.23 OolJ 

82o1 0.36 Oo20 

143 31.0 0 .082 0.071 [19] 

41.0 0.162 0.040 
143 

5lo5 o.uo 0.050 

62.0 0.045 0.060 

72.0 0.019 0.100 

82.0 -().037 0.133 

92.0 -().027 0.170 

~p 140 31o1 -().252 0.030 [20] , 
R 137.5 

41o4 -().227 0.028 pp 

51o7 -o.271 0.035 

61.9 -o.146 0.037 

72.0 -().151 0.055 

82.1 -().047 0.080 --

140.4 
141 24o0 -{).224 Oo051 [211 

J2o7 -().203 0.051 [22] 

45.7 -o.178 O.,OJ1 

54.4 -o.212 0.042 

67.2 -o.213 0.040 

76.1 -o.147 0.063 

84.0 -o.l42 0.136 

90.0 0.110 0.131 
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Experi-
Quanti ty Energy Angle in mental Error Ref'o 

MeV deg. c .m.s. value 

cPP 143 90.0 1.00 0.05 [4] nn 

60o0 o .83 0.03 

~p 137 42.1 0.169 0.100 (27] 

52.5 Oo080 0 . 093 [28] 

62o9 -o .023 0.073 

73 .4 -<:>.151 Oo095 

83 o6 -Gol46 0.210 

Anp 135 42 .1 -Q o020 0.089 [21] 

52o5 0 .070 0 .074 [28] 

62o9 0 .210 0 .088 

73 . 4 Ool25 0 .105 

83 . 6 Oo532 0.220 

The phase-shifts in d 

147 MeV nucleon - nuc 

~ = 3 ax 

~ o.058;!:0o003 

Phase- s = LiS shift 

lso 15o95 Oo41 
3s 29.47 Oo 55 
1 1 
-p 5o40 Oo39 
1 0 

-20o90 lo05 pl 
Jpl -17.10 Ool3 
3p 13o67 OolO 
€.2 lo26 0.80 
3 1 
Dl -14o03 Oo51 

ln 5o70 Oo08 
3 2 

24.48 Oo72 D2 
3D 2o26 Oo46 3 
t2 -2.60 Oo06 

3F -oo08 0.20 
lr2 -oo69 0.38 
3 3 

-lo77 Ool7 F) 

3r4 Oo43 OolO 

E3 
3G 
la) 
3 4 
G4 

3c 
5 

£4 
3H 
1 4 

H5 
~5 
~6 
1-2 445o20 

t:/~ lo40 



Error Ref. 

0.05 [4] 

0.03 

0.100 (27] 

0.09) [28] 

0.07) 

0.095 

0 . 210 

0 .089 [21] 

0 .074 [28) 

0 .088 

0 . 105 

0 .220 

Table 2 

The phase-shifts in degrees /the Stapp parametrization/ for 

147 MeV nucleon - nucleon scattering. 

~ = 3 ax lmax =- 4 ~ax =- 5 lmax = 4 
the old set 

f2 0.058!.0.00) Oo057,!:0o005 0.067!.0o0ll · o.062,!:0o007 

IPhllse- s !:: !iS J ±. ~s ~ :t lls s ± {1d fshift 

lso 15o95 Oo4l l5o69 0.,.45 16.85 Oo50 16.87 Oo57 
3s 29.47 Oo55 3lo 45 Oo65 29.65 1.00 31.92 Oo95 
1 1 
-p 5o40 Oo)9 5o64 0.48 5o98 0.51 5o72 0.57 
l 0 

-20o90 lo05 -22.36 1.44 -12.)7 2o35 -8.28 l o55 p1 
3pl -17.10 O.l) -16.95 0.16 -17.00 Oo17 -l7o12 Oo17 
3p 13.67 0.10 1).80 0.11 13.76 0.12 13.99 0.12 
t2 1.26 o.8o -2.04 lol3 1.0) 1.57 -2.15 0.13 
3 l 

D1 -14o03 Oo51 -l5o87 Oo58 -14.94 lo06 -17.11 Oo96 
ln 5o70 0.08 5o62 0.14 4.91 Oo2l 5.36 0.)0 
) 2 

24.48 0.72 21.11 1.26 26.44 loOl 25.38 1o26 D2 
)D 2o26 Oo46 3o5l Oo54 -o.36 lo)O -2.52 Oo66 3 
c2 -2.60 0.06 -2.58 0.07 -2o50 0.09 -2.53 OolO 

~2 -o.os 0.20 -o.l2 0.)0 -o.o4 0.26 Oo03 O.)O 

1.:-3 -o.69 0.)8 -o.67 0.74 -3.46 1ol5 0.51 1.08 

~) -1.77 Ool7 -1.78 Oo21 -1.91 0.19 -1.64 Oo20 

~4 0.43 0.10 o.Ja Oo15 Oo47 0.16 Oo52 0.16 

EJ 4o2) 0.47 3.62 loOl 1.21 0.73 
)G -o.n 0.56 -).02 0.89 -4.40 Oo50 lu) 

0.46 Oo07 Oo72 0.09 0.75 Ooll 
3 4 

G4 Oo8) 0.51 5ol5 0.9) 6.10 0.82 
3c -1.25 0.2) -ool9 0.)2 -o.J5 0.29 5 
c4 -o.?O 0.06 

)H Ool4 0.12 
1 4 

H5 0.22 0.59 

~5 -o.50 _ Ool) 

~6 Ool7 o.o8 

-,.2 445.20 392.75 365.62 17)o4 

~/ii 1.40 1.25 1.1:3 0.94 
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