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The use of a polarized proton target (PP'I') In experiments below 30 !\lev 

opens new possibilities for investigating deviations from pure S -scatterinq, 

occurring at these energies. It seems highly probable, that a detailed investiqn­

tion of P and D state nucleon interactions at ~0- 20 MeV, will make it p ossible 

to extend the region, in which the scattering amplitude is determined unambi"uous-

l y to energies,_ at which the nucleons interact prac ti cally only in the s stat e, 

so that the nhase-shift analysis is considerably simpler. It is the r efore i mportilnt 

to perform a phase-shift analysis of the existing experimental data in orc!Pr to 

obtain information necessary for the rylanning of future experiments. This has been 

done oreviously at 14.5 MeJ 11, th e r esults of the data processing u.t Q.7 and 

~8.2 MeV are given below, 

Treating np and pp data simultaneously a t rela tively low energies 

( < 20 Mev) it is necessary to bear in view that the accuracy, 111:ith which the 

Coulomb effects are taken into account bv the method used g enerally in the pllllse-

• -~~ 1 • shift analysis becomes worse as t "" ener a,y d ecr eases. In this paper an 

attempt was made in the framework of the c:dstin~ notions, to estimate the devi a ­

tions in the value of the total p hase- shift, due to the assumed additivity of the 

Coulomb and nuclear scattering effects at various energies , 

Another reason why the energy r egion op to 20 MeV is interesting is that 

it is possible to obtain intensive monoenergetic polarized beams of nucleons from 

nuclear reactins with proton or neuirron emissi on. Nuclear r eactions like 

T ( d, n) He 
3
et al are realized on cyclotrons and Van de Graaf generators, available 

in many laboratories. 
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The treated data are given in Table 1. It should be noted that at 9. 7 a nd 

18,2 MeV the existing experimental data are not sufficient for performance of the 

phase-shift analysis taking the 0 - wave into account, so that it was necessary 

to use data obtained b y e xtra p o lating of experimental results at near energies In 

the calculation. Estimated values were taken for the pp polarization and np spin 

correlation. 

The phase-shift analysis was p erformed according to a program, described In 

detail ij
4

/, The scattering amplitude was taken In the one-pion approximation for 

~ 3 The Coulomb effects were considered assuming the Coulomb and 

nuclear phase-shifts to be additive, The coupling constant was set equal to 0,08 

and fixed, In a search for solutions starting from random initial conditio ns 43 a nd 

5 0 trials were performed at 18,2 a nd 9.7 MeV, r espec tively . This l ead to 

1 
solutions with positive S

0 
phase-shifts, g iven i n Tables 2 ,3. All the solutions 

describe the experimental data equally a dequately. Each of the found solutions 

was repeated 3 o r 4 times. The results obtained at 18.2 MeV show , that the 
3 

phase-shifts of the 
3 

0 2 and 0 
3 

waves are small and are determined with large 

err o rs, Therefore a t 9.7 MeV they were set equal to zero and fixed. 

The angular dependences o f the experimental quantities g iven on figs, 1-12 

were calculated using the obtained phase-shift a t both energies. The vertical 

lines shown the errors, calculated from the error matrix of the phase-shifts. 

In view of the short rang e of the nuclear forces it i s possible to present 

the PP scattering phase-shifts as 

fiPP.fiN+o 
f f f 

where of 
. . 12 3 5/ N 
ts the Coulomb phase-shift' . ' ' , 8 e the nuclear one/

2
/. It was assumed 

that Bf' is equal to the np - scattering phase-shift B? 
T~ 1 may somewhat differ from the "true" values of both 

so that phase-shifts at 
N 

Be a nd 
np 

Be • The T·O 

phase-shift would be exact if al l the parameters under consideration were non­

corretated. Actually the co· -elations between the parameters prove to be small, 

so that the mentioned a ssumption should have little influenc e on the T- 0 phase­

shifts. 

The deviations from pure S -sc attering are small already at 18.2 MeV and 

the P and 0 phase-shifts do not exceed several deg rees. It is therefore 

interesting to estimate the possible errm· in the T~ 1 phase-shifts, due to the 

assumed additivity of the Coulomb and nuclear scattering effects. T his value can 

of c ourse only be estimates under definite assumptions concerning the nuclear 

forces, It was assumed that the nuclear forces can be described by a potential 

4 

V (r) and that the result 

group of states can ·be c . 

tial V(r) for energues up 

It proved convenient 

means of a non-linear eqt 

Schri::idlnger equation can 

where 

dyf 

dr 

and k Is the relative m 

tial and J f 

tively. 

and ne a : 

It b oth Coulo mb and 

C o ulomb and nuclear pote 

equation ( 1) has to be ref 

d) 

dt 

where Fe and Gy are th 

p r o b l em was solved ln twc 

the potential V(r) from thf 

the phase-shift analysis, 'I 

V(r: 

where J is the total mor 

determined u s ing the least 

of the energy dependence 

and np phase-shift anal) 

states) in the energy regi o 

Seco ndly, equation (: 

so as to find the value of 

Coulomb field, 



;, noted that at 9. 7 arrl 

•t for performance of the 

; o that it was necessary 

ults at near energies in 

pola rization and np spin 

to a program, described In 

e-plon approximation for 

;suming the Coulomb and 

rt was set equal to 0,08 

initia l c onditions 4 3 a nd 

~ly. This l ead to 

:,3. All the solutions 

of the found solutions 

MeV show , that the 

;, determined with large 
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1erg ies, The vertical 

of the phase-shifts. 

i s possible to present 

.ear one/
2
/. It was assumed 

so that phase-shifts at 

a nd 
Dp 

St • The T-0 

>nsideration were non-

ers prove to be small, 

n e e on the T- 0 phase-

Llrea d y at 18. 2 MeV a rrl 

rees. It is therefore 

se-shifts, due to the 

effects. This value can 

oncerning the nuclear 

"scribed by a potential 

V (r) arrl that the result of the interaction {the phase-shift) in a given stAte 0r 

group of stAtes can 'be colcuki.ted, using the Schr&linger equation with the p oten­

tial V(r) for energues up to th~ pion production threshold, 

It proved convenient to connect the potential V(r) with the phase-shift b y 

means of a non-linear equattor, of the first order, the which the radial part o f the 

Schr&linger equation can be reduced/6/: 

' ·J 

where 

Yt (0, r)- 0 

and k is the relative motion mo.;.entum, V(r) is the properly normaliz ed paten-

tial and J t 
tively. 

and n t are the spherical Bessel a nd Neuman functions, respec-

lf both Coulomb and nuclear interactions a re p resent, the sum of the 

Coulomb and nuclear potential V ·cf V figures i n the Schr&llnger equation and 

equation ( 1) has to be replaced b-:}
7 f 

(2) 

where Ff and Gp are the contlnuons spectrum Coulomb wave functions, The 

problem was solved in two stages. Firstly expression (2) was used to determine 

the potential V(r) from the energy dependence of the phase-shifts, known from 

the phase-shift analysis, This was done assuming that 

D 
m ... 

! I an+ bnJ(J + 1)! f-ar (3) 
n•O 

where J is the total momentum. The c oefficients a a and ba in (3) were 

determined u s i ng the l east squares method, so as to obtain a n optimal description 

of the energy dependence of the phase-shifts, obtained from the simultan eous pp 

and np phase-shift analysis for a given orbital momentum state (or group of 

states) in the energy region up to the pion-production threshold. 

Secondly, equation (2) with the nuclear potential found from (1) was solved, 

so as to find the value of the nuclear phase-shift sf' in the presence of the 

Coulomb field, 
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T he difference 

Dp N 

,..f - sf s f (4) 

char a cterizes the error made in the simultaneous phas e-shift analysis. 

In the cal c ulation above, the phase-shifts obtained from the phase-shift 

a nalysi s were assumed to be equal to s;P. This is a ctually a limit case, since 

the para meters determined In the s imultaneous phase-shift a naly sis are known to 
N Dp 

lie between Sf ani Sf • The calculations showed tha t the second limit case , 

i.e. the assumptio n that the qua ntities determined in the phas e-shift analysis, are 

e qual to sr g ives the s a me result fo r ... f • It should be n oted, that the relia b i ­

lity with which t. f can b e determined decreases, when going over to low er 

ene r g i e s , s i nce at very low e nergies the pp and np 

denc es cannot be desc rib ed b y the same potential V(r) 

phase-s hift e nergy d e pen­

a t a ll/
8

/. The energy d epen-

denc e o f C. f Is s hown on fig . 13 for the S , P , D a nd F waves at T• 1. 

The vertical lines g ive the errors in the phase-shift analysis. It c an be seen 

from the fig ure 1 3 that the deviation from the additivity a bove 20 MeV d o es not 

e xceed the a ccuracy , of the ohas e-shift d etermination. T he s i tuati o n is sig nificantly 
Jr;,.'!"t 

w orse b e l ow 20 MeV. 

T he errors in accounting for the Coulo mb effects s ig nificantly dis turb the 
1 

S 0 

s h ift, a s well as the 3 P
1 

a 3 P
0 

o nes (the se, how ever, within th e experimental 

errors) . 

T he planning of experiments using the method sugge s ted by ifokoloJ
91, 

showed that the best way to dec rease the errors in the determination of the 

p hase-shifts , i s to perform the following experiments . 

At 1 8, 2 MeV It is advisable the measur e the differentia l c ross section o 
Dp 

fo r a n g les larg er than 60° , If a monoener-getic p olari z ed neutron b eam a nd a P PT a re 

a vaila ble, the s i mples t furth •r exp eriments a re those , dete rmining the a s ymmetry 

te n sor comp o nent ADp a nd the s pin correlatio n c Dp in the region $ ftD 

60 - 120°. E xperime nts measuring the pola ri zation p can o nly g ive useful 
ft~ 

info r matio n, If the experimental errors will be s maller than 0 . 0 1. 

At 9 .7 MeV the s imples t experiments are those dete rmining A:~ and 
Dp 

CDD 

using a polari z ed n eutron beam a nd a PIYI', The quantity C :~ will probably be 

sma ll and it will be n ecessa ry to measure the cross s e c ti on with hig h accura c y 

(0.005). 
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-shift analysis. 

from the phase-shift 

:tually a limit case, since 

.ft analysis are known to 

t the second limit case, 

phase-shift analysis, are 

be noted, that the re!iabi­

going over to lower 

phase-shift energy depen­

at all/sf. The energy depen­

•rrl F waves at T• 1. 

lift analysis. It can be seen 

9.bove 20 MeV does not 

he situation is significantly 
~ ' 

;ignificantly disturb the 
1 

S 0 

Nithin the experimental 

determination of the 

·entia! cross section o 
np 

.tron beam arrl a PPT a re 

termining the asymmetry 
np 

in the region 

=an only g ive useful 

:han 0.01. 

:y C :~ will probably be 

ction wi th high accuracy 

The measurement of triple scattering parameters Is very helpful in the 

determination of the most probable set of phase-shifts. However, at pl"E"sent these 

experiments are extremely difficult. It should be noted, that as soon as the accu­

racy with which the phase-shifts are determined, will be considerably improved, it 

will be possible to d&termine the most probable set on the basis of the monotonous 

energy· dependence of the phase-shifts. 

In conclusion the auihors thank to J, Bystricky, L.L Lapidus, R.M. Ryndin 

and P. Winternitz for helpful discussion~~ and E. Dudova, J, Fingerova, A.M. Foklna 

and L. F. Graczeva for their assistance, 
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'!' a ble 1 

9o7 MeV 
~uantity 

Number Number 
o-r Energy MeV Ref'. of 

points points 

6pp 2.6 9o69 [10) 8 

ppp 4 ( 4 If) 2 

c: 1 10 [11] 1 

App 
(•) 

1 i-LBo2 - 25.7 [11] 1 
as 

6'np 14 1-4.1(1t) [12, 13] 14 

pnp 3 (It*) 8 

c: 1 (. ll' l 1 

6 tot 1 
np 

----

( * 1 '!'he interpola ted or extra polated values. 

(*If) '!'he estimated value. 

8 

18o2 MeV 

Energy MeV Ref'. 

18o2 [17] 

16o2; 17.7 [18, 19) 

18o2 (11] 

18.2 [11] 

14.5 - 22.5 
(It) 

12,13,14] 

16.-4 - 20; 0 [15, 16] 

(It*) 

18o2 [20) 

'!'he phase-shi 
for 18 

1-st 

~ 0.08 

Jo!. 

1s 
0 

52.21 

3~ 101.80 

3po . 7.14 

1p 
1 -3.89 

3p1 -3.09 

3p2 2.98 

E1 -1.38 

~ 1.63 

1n 
2 0.66 

3n2 -o.64 

3n3 1.31 

X-2 B. 



18o2 MeV 

Energy MeV Ref'. 

l8o2 (17) 

16o2; 17o7 [18, 19] 

18o2 [11] 

18.2 [u] 

~6 .4 - 20; 0 [15, 16] 

18o2 [20) 

Table 2 

The phase-shifts in degrees (the Stapp parametrlzatio,./
2

/) 
for 18. 2 MeV nucleon-nucleon scattering. 

1 - st set 2 - nd set 3 - rd set 

il 0.08 :fix. 0.08 :fix. 0.08 :fix. 

(r:.. lld
0 

d 0

! Ad
0 do! AJo 

1s 
0 

52.21 Oo57 52.22 0.51 51.71 0.10 

3~ 101.80 5.05 78o07 4o86 102.01 3.80 

3po . 7.14 1.14 7.28 1.46 -8.49 1o35 

1p 
1 -3.89 3o52 -6.25 13.17 -3 .. 28 4.78 

3p1 -3.09 Oo76 -3.04 0.74 4.89 Oo95 

3p2 2.98 0.45 2..89 0.45 1.76 0.48 

£1 -1.)8 6.88 Oo79 14.89 -2.38 8.44 

~ 1.63 12o94 -2.42 28.92 1.1(4 8.05 

1n 
2 

0.66 0.06 0 .. 65 Oo06 0.20 0.09 

3n2 -o.64 10o75 Oo27 32.59 0.08 4o69 

3n3 1.31 4.74 -o.96 7o49 1.66 4.03 

x' 8.503 9.30 10o35 
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jl 

lso 
3s,. 
lpo 

~1 
lpl 

lp2 

tl 

~ 
~ 
~ 
~3 
1-2 

Table3 

I'hc phase-shifts In degrees (the Stapp parametrizatlon/
2

/) 
for 9.7 MeV nucleon-nucleon scattering. 

1 - st. set 2-nd set 3 - rd set. 

a.oa f'ix. 0.08 f'ix. o.oa f'ix. 

Jo! A Jo J" ~ A Jo JO ~ 1::. JD . 
55o64 0.28 55o39 0.34 55.64 0.28 

102o65 1o88 102o70 lo79 17oJ7 1.77 

4.11 1.20 -5o 58 1o16 4o)1 1o15 

-2o56 1.61 -lo84 lo62 -lo47 1o5) 

-2ol) 0.88 2.21 0.94 -2o05 Oo92 

Ool) Oo58 -Do44 0.60 Oo06 0.60 

-6o55 1.74 -6 o58 1.69 -6o78 1o67 

Oo05 loJ8 Oo2J 1.)9 -Qo26 1o39 

0.14 Oo03 Oo04 Oo04 Oo14 0.04 

0 f'ix. ( f'ix . 0 f'ix. 

0 fix. 0 fix. 0 f'ix. 

25o82 25.69 25.34 
---- ---- -----

10 

()"'' 

60,01 
fO,O 

4 - th set 
l<?ob:::±::::- I 
JO,O 

Oo08 f'ixo 
/!qO 

;qo 

Jo ~ AJo 0 .201,06080· 

55.38 0.34 

TioJ2 1o85 

-5.43 lo20 

-2o48 1o57 

2o31 Oo88 
0,7 

-o.5) 0.58 0.6 

-6o61 1 o75 
lj5 

f!f 

-Qo13 1.38 t!J 

Oo04 0.04 
£!2 

q; 

0 f ixo 
0 20 1,Q 6080. 

0 fixo 

26o09 



set 4 - th set 

ix. Oo08 f'ixo 

ll Jo Jo! AJo 

J.28 55.)8 0.34 

l. 77 71o32 lo85 

Lol5 -5.43 lo20 

lo53 -2o48 lo57 

Jo92 2o) l Oo88 

).60 -o . 53 0.58 

lo67 -6o6l lo75 

lo)9 -Dol ) 1 .38 

).04 Oo04 0.04 

0 fixo 

0 f'ixo 

l 26o09 

60,0 

50,0 

1{/0 

1 

Q.-0 

-v 
0 .20 •o 60 so 100 120 1~0 100 lBO 

(/1 -7!· 
0 20 /;(] 60 80 100 120 If() 15(> {8Q 

qo5 

qos 

Fig . 1. 
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Fig . 13. '!'he dependence of Ll.f on the energy for S, P , D, an:! Fwaves a t 'I'· 1. 
'!'he vertical lines denote the p hase- shift errors, 
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