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The phase-. shift analysis of nucleon- nucleon scattering at 23,1 MeJ 
11 cal'-

. th · d . . I 2-71 ried out usmg e experimental ata. g1ven m refs. gave three sets of phase 

shifts with approximately equal probabilities, The addition of new data on the triple 

scattering parameters RPP and A/'fJ I Bl ( three points for each parameter) exclu

ded the third set of phase shifts I . However, sorre of the parameters in the so

lutions were determined with errors larger than 10()%, Owing to this, for example, 

even the sign of the mixing parameter f whlch characterizes the admixture of 
1 

tensor forces, in the low-energy np -interaction remains undetermined, The planning 

of experlments carried out by the method of SokoloJ 
101 has proved that it would 

be rather interesting to measure the spin correlation coefficient in np -scattering in 

order to decrease errors in the parameters, corresponding to isotopic spin T- 0, 

The use of a polarized proton target (PP'I') in nucleon-nucleon scattering 

experlments in the low energy region made it possible to measure the spin col'

relation coefficients rather accurate!~ 11
•
121, In this connection the phase-. shift 

sets at the mean energy 23,1 MeV obtained earliej 2- Bl were specified using the 
I 11 121 new data from refs, ' (I'able 1). 

111! 
C pp (25.7 MeV, 9(1) =- 0.725+ 0.014 

nn -

pp /11/ 
A (25. 7MeV, 9(J')=- 0.925 + 01115 

ss -

~ !W 
C (23.0MeV,175°)=- 0,01+ 0,01 ( 1) 

nn 

The first set of phase shifts turned out to be in agreement with the x2- crite-. 

rion ( x 2!)( 2 • 1.04); the second and third ones can be rejected since x2fx2 , ~ x) 

The quantity A used in the phase-. shift analysis is an element of the 

asymmetry tensor Aij~ determined by the expression/ 
14

•
15

/ 

I A = I' Sp M+M. u u 
o II 11 21 (2) 

where I 
0 

is the differential cross section for the scattering of an unpolarized 

beam on an unpolarized target; M is the scattering amplitude and u (u )are 
11 21 

the Pauli matrices. The tensor A 
II 

is connected with the tensor of spin correlation 

by the relation 

x) The pronounced disagreement between the angular dependence of the spin 
corr~lation tensor components in the scattering of polarized neutrory\~n a PP'I' and 
the pure S- scattering predictions for these quantities, found earlier' also served 
as an argument against the third set, 
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A
11

(k',k)• c (-k ,-;·) 
" (3) 

from time reversal invariance ( k , k • are the initial and final relative moments); 

A 11 are asymmetry functions with a proton polarized in the i -direction incident 

on a target proton, polarized in the j -direction. The differential cross section in 

this case (in the lab, system) is given by the formula/ 14•17/: 

I= I 
0 

....,. ...,. .... .... ... ............. 
l+P0 (p

1 
n)+P"(P

2
n )+Ann (P

1
n }(P

2
n )+ 

.... -+ ... .... .... .... .... .... ... ..... ... ..... 
+Akk (P 1k }(P

2
k )+\

1
[(P

1
k}(P

2
s )+(P

1
s }(P}J+ 

...... 
+A (P

1
s}(P

2
t )! 

( 4) 

where P0 is the polarization in the scattering of an unpolarized beam on an unpolar 

rized target, P 1 the polarization of the nucleon beam , P 
2 

is the polarization of the 

PPT -+ k x k, -.. ~ x k 
n = ____ , s = ----• 

I k X k1 I~ X k I 
A1i can be expressed in terms of the matrix elements of the scattering matrix 

in the singlet-triplet representation as: 

loAkk =Y,(I Mo112-IM1012+1M1l+1Ml·/l-lHIMooi2+1M,,I2) 

2 2 T 2 
10 A =~(I M l-IM I )-Y,(I M I -IM I )+ReM* M 

Sa 00 1 S 0 J JO JJ J,J 

""· 2 2 2 2 2 
I A = 14tgr'I(IM I +IM l-IM I-2ReM* M )-Y,cotgr'I(IM \-IM I) 

0 k I 11 1-1 0 0 H J,J 0 1 I 0 

1oAnn=loCnn (5) 

The inclusion of data on C nn and Ass into the phase- shift analysis made it 

possible to move the lower limit of the u.nique determination of the nucleon- nucleon 

scattering amplitude from 52 to 23,1 MeV, The obtained solution is stable and 

another number of variable parameters from 1:2 to 17 does not change the mean 

v-d.lues of the phase shifts by more than one error ( Table 1). The errors in the 
3 

mixing parameters • 1 and the phase shift S 
1 

were sharply decreased, Not only 

the sign of the parameter • 
1 

is now well- determined but also its mean value, The 

obtained value • • - 4,86 + 1.39 indicates that the available experimental data are 

in contradiction ~ith the ~lue • given in refs/ 1 8- 21/, It is worth nothing that, 

as H.P.Noyes has reported/ 
22

/, ~e phase- shift analysis at the energy near 25 MeV 

at which somewhat different data were treated provided a negative value for 

4 

• - 3,44 + 1.54 / 
22

/ , If a coupling constant f 
2 

ls considered to be a free 
1 -

Parameter, its value for f .2 differs significantly (by more than three errors) from 
MGX 2 

the value found in "P -scattering ( f
2 

• 0,08 _+0,02 )/ 
23

/. However, it f is fixed and 

taken to be equal to 0,08, the solution, as can be seen from Table 1, does not 

change for other parameters • This may indicate that for t., .:' 2 the singu-

Iarities of the amplitude lying beyond the one- meson pole give a noticeable contri-

. bution to the part of the amplitude taken in the one- meson approximation. Unfortuna

tely, the increase of f •3 considerably increases the eiTOr in the determination 

of f 
1 

and its value doe:•• not contradict to the value 0,08 within the experimental 

error • 

The phase- sr \fts given in Table 2 were used to c4lcuJ.ate the experimental 

quantities the diagrams of which are presented in Figs, 1-10, The vertical lines on 

the figures show the corridor of errors for the calculated curves, 

In conclusion the authors express their deep gratitude to L,I.I..apidus and 

P,Winternitz for useful discussions, to H.P.Noyes for private communication and to 

L,F,Gratcheva, J,Fingrova and A.M.Fokina for help in the work, 

~ 
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Table 1 

Effective energy Measured Number Actual experl-
in MeV quantity of points mental energy Ref. 

in MeV 

23,1 uPP 23 25,63 corr. 3 
pPP l 27,4 4 
unp 

11 22,5 - 27,5 
1ntup 

5 

unp 
12 22,5 C01".ro 2 

poP ' 23,1 ' rf_P 
DD 1 20 7 

a: 1 25,7 11 

pJ'P 3 25,7 8 

rfP 3 23 25 

App 3 25,7 8 

App 
ss 1 25,7 11 

c: 1 23 12 

Designations: interp ... interpolated values of the cross sections were used. 

cor. ••• corrected according to the ratio of the cross- sections at 
90° using data at T>o25, 63 and 21,9 MeV for oPP and accord-
ing to the total cross- section for o"P. 
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Table 2 

The phase- shifts in degrees ( the. St/3.pp/ 
24

/ parametrization) tor 23,1 MeV 
nucleon- nucleon scattering 

f2 
1s 

0 

's 1 
3p 

0 

1p 
1 

3 p1 
3p 

2 
.1 

'n1 
1n 
3n2 

2· 

3n3 ..... 
• 1 

lma:x = 2 

o.o8fix. 0.171~0.027 
50.01±0.20 

97.49±4.09 

9.1~0.35 

0.69±1.05 

-5.13±0.17 

2.7~0.09 

-4o86±1o39 
-2.97::t1.29 

0.81~0.03 

3.42::t4.03 

-o.03::t1.16 

50.62±0.22 

99.41f3.72 

7.70±0.55 

1.82±0.86 

-4.2~0.34 

2.62±0o09 

-3.70::t1.22 
-4.37::!:1.40 

1.12±0.08 
4.78~3.41 

-0.45±0.94 

lma:x = 3 

o.o8fix. 0.31~0.173 
50.~0.26 50.39±0.27 

96.41±4.74 98.87~3.91 

I 
7.81±0.71 

-0.19+1.36 
I -
1 -4.69±0.43 

1 2.3~0.37 

1.

-4.38±1.22 
-3.04±1.93 

j 1.0~0.07 
1 2. 56±5.14 

-0.47::t1o04 
-1.1~0.25 

8.4~0.77 

0.77::t1.36 

-4o68::t0o39 

2.63::!:0.36 

-2.89±1.83 
-4.46±2.08 

1.12±0.08 
;.63::t4.04 

-1.01::t0o73 
-1.12;t0.22 

~ 2 [ -Oo20::t0o33 -Oo37::t0o34 

1 F; Oo26::t0o65 -0.36::t0o76 

3 F
3 

0.43::!: 0.63 0.42±0.60 

3 F
4 

~ -0.14::t0.17 -0.26±0.17 

I -
X' I 67.4 56.1~ I 54.47 5~.22 

8 

Pnp(J) 

15.,(J) 

3T 
J6r-

3·~ ---------

32r -----
30~ 

L 60 so IOO 120 140 160 TJ:so 280 20 i,O 
_[_ __ J__ _ _L __ ___L__l__J____L__~ 
20 "o 60 • ao 100 120 ;J;q 180 tlfl 

---rJ• 

R,,(t9) 

D,,(J) 

1,0 

a9 

aB 

a,s 20 •a 50 ao 100 120 1M 160 110 _.,. 

Fig,l. 

9 

'l 
Q9r 

0,7 

0,6 

Q5 

Ql 

0,3•-

0,2 

0,1 

O 0 20 1,0 60 80 100 120---'IIO--J6.L0--"180 

--&· 



llnpfr"J 
(~ jr-

azf 

~'I 

-O,f>--

-~z 

-QJ 

-o.~ 

-as 

-Ill 

-0,1 

·QI 

-IJ,J 

.,, 

R;p(rJJ 
41 

0,7 

0,6•· 

o,s 

0,~ 

O,J 

0.2 

_L______j 
10 I,D GO 10 IDO 1}0 11,0 110 11/J 

-J· 

._l__ __.j__....l._.__l 
H M U ~ ~ m ~ ~ ~ 

-J' 

Fig,2, 

10 

c:,:rJJ 
0.11/l. 

O,Ofli 

•QIJ()f 

c::rJJ 
0,02 

QOf 

·O,Of 

·(lD21 

•0,03 

-o.o4 

-q 

fl~p(,J} 

(Or 

as 

0.1 

0,6 

0,5 

0,4 

0,3 

.f 0,1 

Anp (Ji) 
kk 
0,41 

0.21 

Qff 
I 

i 

..l.__j 
20 t,o 60 80 100 120 

A;:rJJ 
qzo 

QIB •· 

0,16 

0,14 

0,12•-

0,10 

0,08 

0,06 

\ a~·-· 

0,02 

100 16(/ 180 ·v20 
-rJ' ·O,OI 

np 

A •k(,J} 

O,fO 

0 L .. _ 
20 .; 17 6C 80 100 120 f40 160 fBO -QOB[ 

-IJ' 
-0,10 

Fig.3. 

11 

t,o 60 80 100 110 



"'J
':t,

 (J
) 

O
r
-
~
M
~
~
=
-
~
~
~
-
-
~
~
~
~
~
~
~
~
.
 

-
J
· 

M
;!,

(rJ
) 

0
~
~
~
-
-
~
~
~
6
~
o
-
-
~
a
o
~
~
~
~
~
-
-
~
-
-
~
-
-
~
m
o
 

-O
.f 

-o.
z 

F
ig

.4
. 



l .
. 

<::
::" 

l;:
 

.:;:
 

~ 
., 

..:. 
i 

., 
e 

~
 

.. 
~
 

~ 
~1
 

.. 
... 

w
 

~
 

-
' 

.. ~
 !!: s :s l!l
 

il
 

I ~
~ 

~
 :g

 

~
 

... 
., 

.o
 

., 
S

>
 

~
 
~-

"' 
w

 
+

 
.. 

&
 

~
 

.... 
~
 

~ 
~
 

.0
 

~
 

~ 
{

; 
~1
 

:2
 

"' 
li\

 
~
 

.. 
~
 

~
 

l!l 
:;

 
I!

 
~
 

ii 
:s 

iii t 
I l!l 
<:

.. il
 

l!l :g
 



( 
lS

 

~
 :s t 

~ 
C!

 

I 
~ 

~
 :g

 
:9. (J

l 

>
 

So
 

~
 

~;
. 

__ 
~
 

iS
 

>
 

~
 

~
 

"' 
e 

e:
 ::

 
~
 

~
 

.§
. 

&
 

"' ~
 

I!;
 

;!;
 

~
 l!i " 

I 
• <;:
:l 

• .
_

._
_

. _
__

__
__

__
_ .

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
 ~.t
w•

·=
-~

m 
p
q
~
·
 

11
11

 
r·s 

tr
··

 
·-

· 
-

• 

' 
...

 ~
 

' 
JO

 
-: 

~
 

e 
+

 ~
-
l
 

~
 

.. 
e 

f 
e 

,.. 
~
 

~
l
 

:§
; 

~
 

It
 • I ii l It
 

~ 
~
 . 

... -..1
 

'!
 
~
 

J
O
~
 

e 
• 

't
 

-:-
-• 

~
 

§ 



I 
I 

I 

"
'\

)
 

,C
;J

 
,c

:;,
 

,t:
:::

l 

c::
;,.

---
--r

;__
-r-

--.
..:

:;=
-_;

;:.
...

_..
..:

r-.
:.:

;.:
..-

--.
~' 
~
 

~
 

II
\ .....

.....
. 
~
 -

0 


