
OSbE.llHHEHHbiA HHCTHTYT Sl.llEPHbiX HCCJlE.llOBAHHA 

nABOPATOPVIH HAEPHbiX nPOBnEM 

L.S. Azhgirey, N.P. Klepikov, Yu.P. Kumekin, M.G. Mescheryakov, 
S. B. Nurushev, G. D. Stoletov 

E -1339 

p-p - PHASE SHIFTS AT 660 MEV -

f~, taf, {fJ6?J, v 6, IV 1., pf_9~ ~~() 

• 

.!ly6Ha 1963 

I 



' . 

''• 

'., 

•. :~ 

.~ 

L.S. Azhgirey, N.P. Klepikov, Yu.P. Kumekin, M;G. Mescheryakov, 
S. B. Nurushev, G. D. Stoletov · · 

p-p - PJIASE SJIIFTS AT 660 MEV 

Submitted to Physics Letters 

O!.'h.e,;mnemruil HHCTinp I 
lli.!(tpawx uccJJeJJ.OBilllH~ I 

6i16JH10TEKA 

Jly6aa 1963 

~.' 

. ' 
"'• 



A H H.o'T a·u a SI 

1. npHB9Ll9Hbi Bee aKcnepHM9HT81IbHbi9 Ll8HHbie 0 pp -naaHMOLl9HCTBHH npH 

660 Mas., BK1Iro<Jast peaynbTSTbi HaMepeHHfi LlHqxpepeHuHalibHoro ce<JeHHSI ynpyroro pac-

ceSIHHSI, nonstpHaauliH, napaMeTpoB TpOfiHoro paccemmst D R . H A , KOacl:Jci:JHUH9HTOB 

CUHHOBOfi KOpp91ISIUHH CKP H C nn , a TSK:lKe UOliHbiX C9'19HHfi pp -B38HMOLl9HCTBHSI H 

peaKUHfi 
+ pp -+17 pn, pp -+ 1T + d ; pp -+ 1T 0 pp • 

npOH3B9Ll9H cP830BbiH 8H81IH3 pp -pacCestHHSI npH 657 Man. HafilleH~, 'ITO aKcnepH-

M9HT81IbHbi9 Ll8HHbi9 MO!"'YT 6biTb CTSTHCTH'IeCKH Halle:lKHO npellCT8B1IeHbi CliellYIOillHM Ha6o-

. l 3 
poM peanbHbiX 'lacTefi cl:JaaoBbiX CllBHI"'OB: 8 ( S 

0
) = -32,0 :!:, 5,5; 8 ( P

0 
) = - 58,7 

3p 3p • lD 3 F 8 ( l ) = - 34,1 ±. 4,3 i 8 ( 2 ) = 19,3 !.. 3,4 i 8 ( 2 ) = 8,7 ± 4,9 i 8 ( 2 ) = - 5,0 

±. 8,4 ; 

± 1,3 i 

3 3p 8 ( F ) = 2,0 + 1,9 ; 8 ( ) = 1,8 + 0,7; 
3 -· 4 -· 

8 (
1 

G ) = 6, 7 + 1,4 ; 8 (3H ) 
4 . - 4 0,4 ±, 0,7; 

Ia rpa.i:tycax/ 11 

. l 

r ( D ) = 0,678 
2 

napaMeTpoa cMewaaaHHH E 
2 

= - 3,6 ± 2,8 ; 

ycpellH9HHbiX no j KOacl:JcPHUH9HTOB UO!"'liOilleHHSI 

3 
+ 0,037; t( F ·) = 0,795 + 0,020. 
-· 2o 3 · -

E 
4 

= - 5,4 t_. 1,4 
3 

r ( P ) = 0,936 + 0,022; 
0,1.2 

PeanbHbre <JacTH HSfilleHHbiX cP830BbiX CllBH!"'OB MO!"'yT 6biTb UliSBHO CBSI38Hbi C COOT,B9TCTByro-

1UHMH KpHBbiMH, npellCTSBliSIIOillHMH aHepreTH'IeCKyiO 38BHCHMOCTb cl:Ja3 

npH M9HbWHX aH9p!"'HSIX. 

Abstract 

p p -pacceSIHHSI 

All the experimental data on pp ·-interaction at about 660 MeV are given. Included are the results of measure 

. ments of the differential elastic scattering cross sections, polarization, triple scattering parameters D , · R, and A , 

spin correlation coefficients CKP and Cnn , and of the total pp interaction cross sections an'd the total cross 

. ~ 'h . . + +d 0 sec!1ons 10r t e reactions pp -+ 11 pn , pp -+ 17 , pp -+ 11 pp • 

The 'pp scattering phase analysis has been performed at 657 MeV. 

It has been found that the experimental data may be d~scribed statistically safely by the following set of the real 

pa~ts of the phase shifts: 8(
1
50 ) = -32,0! 5.5; 8 (

3
P

0
) =- 58.7 ± 8.4; 8 ( 3 P.

1
) =- 34.1 :!: 4.3; 

:J . l 3 3 . 
8 ( P 2 ) = 19.3 ! 3.4 ; 8 ( D 2 ) = 8.7 't_, 4.9 ; 8 ( F2 ) = - 5.0 ±. 1.3; 8 ( F 

3 
) = 2.0 -t_1.9 

3 l . 3 
8( F4 ) = 1.8 ± 0.7; 8( G

4
) = 6.7 ±,1.4; 8( H

4
) 0. 4 t 0. 7 , of the mixing parameters 

E = -•3.6 + 2.8. E = -• 5.4 + 1, 4 (in degrees ) , and of the absorption coefficients averaged over j : 2 - 4 - . 
3 . l 

r ( P ) = 0-936 + 0.022; r ( D 
2

) 
0,1, 2 -· 

3 
0-678 ± 0.037; t( F

2
,

3
) = 0.795 't_ 0.020. The real parts o.£the 

foqnd.phase shifts may be smoothly connected with the corresponding curves showing the energy dependence of the 

pp scattering phase shifts at lower energies. 
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The accomplishment atDubna of t,he major part of the programme of the in~estigati~n of p-p -interaction near· 

660 MeV allowed to perform a phase shift analysis of tbe p-p -scattering above the thresbold of pion 

d t. 11-41 Th t. . . I d:ff b h ·, · r d · 11-31 'f ·a · If· th. d' • pro uc 100 • e mos essent1a _ 1 erence etween t e so ubon 10un m mam este 1tse m e pre !Chon 

of the angular dependence of the triple s~attering parameter A • Recently the measurements of the parameter A 

in the angular region of 54° - 126°/
5
/ have been completed. It turned out that the experimental values agreed best 

with the angular dependence computed by the phase shifts f~und in/3/ * .. New data on the parameter A 
allow to investigate further the phase shift solution obt~ined i/31. In this article we present .the results of the phase . · 

shift analysis of all available data on p-p -scattering which ~re given in Table 1. The phase shiftanalysis was 

attributed to the·energy of 657 MeV at which the differential' scattering cross section was measured. It was supposed 

. that the othe·r observables relatively slower depend on the energy in the interval between 608 and 660 MeV.· 

According to the resonance model of pion production in nucleon-nucleon collision/18/ 'it was supposed that pion 

production takes place in 
3P , 1

D , 
3
F states. The production of pions in 3P and in 3F,,

3 
states was 

- o.1.2 2 2.3 o,1,2 A 

described by means of absorption coefficients averaged over j which were introduced in/1/. The ratio of the cross 

sections' ~·(;,+:(pn) ')and o;(rr+(pn) ) correspondingto S ·-state and P -statepionproductioninthe . s .. · p 

reaction pp-+rr+ pn was chosen so that to give the statistically best phase shift description of all observahles. This 

was aitained·at u(rr+(pn) s ) I u(rr+pn)= 0,24. 

The scattering matrix M ( ()) was parametrized in terms of bar phase shifts. The par~eters R , A ~nd 

C k • • h' 1 • • · • /19,20/ Th C l b 't t' tr'eated K.P were ta en mto account w1t re abV!stlc corrections • e ou om m erac 100 was 

nonrelati vis ti call y. 

The most probable solution o/31 was taken as the starting point of the computation. The real parts of 1 S 
0 

3p , 1 D , 3 F , and 1G phase shifts, as well as the absorption coefficients t(3P ) , t(1 D ) and 
0,1,2 2 2,3,4 . 4 0,1,2. 2 

r(3F ) were determined phenomenologically; the mixing parameter t~ was put equal to zero; the phase shifts 
2,3 , · A 

with f > 4 were computed in the one-pion-exchange approximation ( f2 = o:os, m=m( rr 0 ) ). The fur-

ther specification of this solution consisted in successive inclusion into the analysis of the mixing parameters f 
2 

and ( 
4 

and the real parts of the 3H
4 

, 
3H s , 

3 H 
8 

phase shifts. As .it is seen from Table 2, such an augmen-

tation of the number of ~e parameters varied does not lead to any essential change in the real parts of the 

3p , 3p , 3p and 1D phase shifts and the absorption coefficients. 
0 1 2 2 

From the values of )(2 I X 2 for different versions of computation it is seen that in an analysis of the ·considered 

. experimental data on p-p -scattering at 660 MeV all waves with j ,:S 4 should be accounted phenomenologically. 

In order to check the stability of the obtained solution, the absorption coefficients of the 3p , 3p 
3P 

0 1 . 2 

states were varied separately. In this case the real parts of the phase shifts and the absorp-1D 3F 3F 
2 ' 2 3 

· tion coefficients were changed within their error limits. Therefore, at this stage of the analysis it seems unnecessary 

to introduce a greater number of parameters in order to describe the absorption in the 3 P , 3p 3p as well 

as in the 
3
"; 

3
F

3 
states separately. 

0 1 2 

Thus, the available data on the elastic p-p -scattering near 660 MeV may he statistically safely described by 

15 ·, 3p , 1D 3F 1G 3H phase shifts and mixing parameters 
0 0,1,2 2 2,3,4' 4 ., 4 

if 

pion production is admitted to take place only in resonance transitions from 3P 1D 
0,1,2 2 

states. 

... · ~I IY 
The most probable solution of Is analogous to that found In • 

• 3 
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Table 1 
i , .. 

Data. used in the phase .shift analysis. The energy at which the quantities were measured are . 

·Indicated belo~ the correspon?ing observables 

Observ- ·o ;m. Experimental Observ- o.m. -Experimental 
able ·angle Ref. able angle Refo in. value in ·• value. 

degr. degro 

u(O), mbj ster ~- l8o9 + 1.1· (6) D 54 0.99 ± 0~25 (9) 
660MeV 10: 11.p :t 0.7 6J5MeV 72 0.69 ±0.20 

) 
. I 

\ 
·15- ·s.67 f o.5J 90-. 0.9J ± 0.;17 (10) t--
20 7·75 ± 0.48 108 0.28 ± 0.16 (9). x2 -. 
25-· 6o56 ± 0.40 126 0.57 ± 0.20 

657MeV JO 5.58 ± Oo15 (7). R 54 0.450 ± 0.084 (11) 
:\ ' 8(1S • 
~ 

OJ 

8(3P: 

40 4o78 ± Oo26 6J5MeV 72 0.49J ± 0.077 
0 

8(3P 1 . 
50 J.99 :!: Oo20 90 0.264 ± 0.~)70 

' . 60 J.41 ± 0.1J 108 O.J25 ± 0.056 
8(3P ' 

2 J 

£ 
2 

70 2.94 ± 0.12 126 0.459 ± 0.121 8(1D 
2" 

80 2.20 ± Oo05 A 54 0.477 ± 0•091 (5) 
90 2o07 ± OoOJ 608MeV 72 0.464 ± 0.094 

i8(3 F 
2 

8('F 
3 

p' 11.6 -0.022 ± Oo095 (8) 90 Oo195 :!: 0.061 8(3 F 
4 

6J5MeV 16o2 0.197 ± 0.046 108 -0.08J :!: 0.085 
20~8 0.276 ± o.OJ9 126 -Oo201 ± OolJ9 
27o6 OoJ84 f 0.049 CKP 90 Oo22 ±'Ool8 (12) . 

27.6 ·. 0.402 f O.OJJ 660 MeV 

\ 
£4 

\ 8(1G 
' ;\ 

•4 

'{ 
8(3H 

4 

\. 
8 (311. 

J4o4 0.400 ± OoOJO I 
I 

4lo2. 0.424 ± 0.02.9 ·c 54 · o.57 ± o.J:4 (lJ) nn 

47·9 .O.J78 ± 0.027 .640MeV 72 Oo65 + Ool5 
90 0.9J :t 0.21 

54·5 O.J57 ± 0..02J u, ,mb .. 
. 61.0 O.J07 ± 0.021 660MeV .41.4 ± 0.6 (14) 

. ~ jr('P 
G 

r(1L 

67.5 0.279 ± Oo027 u( rl pn), ml (15) ' 

7Jo8 Oo195 ± 0.028 657MeV 10.9 + 1.1 r{s~ 

80o1 0.167 ±" 0.026- + u(rr d),mb 
.).1 ± 0.2. .. 86.J 0.084 ± Oo040 657MeV (16) 

'· 

-
x2 I 

.. L-

90.J -0.016 ± 0.025 u( rr0pp ),_ mb 
J.22 + 0.17 (17)1 660MeV " - ' . 

4 

-~---·-------~-----



Ref. 

(9) 

(10) 
(9). 

~ (11) 

(5) 

(12 

(1J) 

(14)' 

(15) 

(16) 

(17) 

I• 

x:.~ 

8(15) 
0 

8( 3P) 
0 

8(3~ ) 

8(3P) 
2 

£ 
2 

8(tD ) 
2 

~(3~) 
8(3F ) 

3 

8(3 F ) 
4 

£4 

8 (1()4) 

8(3H) 
4 

8(3 11 ) 
5 

8( 3H) 
6 

r('P ) 
O,t.:J 

t(1D ) 
2 

r[3 F ) 
2,3 

x:.~f X' 

·- ------·----

Table 2 

. . . * . . -

Values of the real parts of phase shifts (in degrees) and absorption coefficiimts .for 

different numbers of parameters varied. OPEC values 

are bracketed 

I 2 J 4 5 6' 
. ' . 

42.9' 40o7 J5o4 J0.5 29o7 28.1 

-29o7±Jo2 -29.9±J•4 .,-JJ.5:t4.1 -J2oO:t5o5 -J2.1:t6-1 -.)1.0±6.2 
-55o2±7o8 -5J.5+8.6 . - -62.8±7·4 -58.7±8•4. -58.J:t8·4 -56o9±8o6 
-J7.5±Jo1 -J8ol±Jo4 -J6.6±2o7 ..;.J4.1±4oJ ~J5oO:t4o4 -J4•7±4oJ 

18e1+1o0 18o6+1o2 16o8±1o4 19.J:tJ.4 19.0:tJ·J 19.0:tJ.J 
0 ,- 2.J:t1o7 - 1.9±1.8 -:- J.6:t2.8 - Jo8±2o8 - J.9:t2·9 

12oJ:t2o1 11o4z2oJ 10~0:t2o4 8o7±4•9 8.0±6~2 8 .• 5±6.2 
- JoS:t1o6 - 4-4±1.6 - 5o0:t1o6 - 5oO±l.J -5o4± 1.5 - 6.2±1·7 

0.1:tlo2 0.5:tl.J 1.6±1o5 2.0:tl.9 2 .8+2.6. 2o7±2o6 
1-7±0.6 1•7±0.6 .-1 •. J:t0.6 1o8:t0o7 1.8±0·7 . 1.6±0·7 

(-2.811) (-2.811) (-2.811) -. 5-4±1.4 -5.6:t1.J -5-4±1.4 
7o9+0o7 . - . 

7o9±0o7 8o2±0o7 6.7±1.4 6o0:t2o0 6.J±2.0 
(1.291) (1.291) Ool±Oo6 0•4±0·7 O.J±0.7 0.6+0.8 
(-2.670) (-2.670) (;...2.670) (-2.670) -1.8:tloJ -2.0:tl.J 
(0.621) (0.621) (0.621:) (0.621) (0.621) 1.0±0.4 

0.947+ 0.9J7+ Oo929+ .0.9J6+ 0.9J6+ 0.945+ 
0.020- 0.022- 0.024-. 0.022- 0.022- Oo02J-

o.671:t o;.672+ 0.686+ 0.678+ 0.675+' 0.679+ 
o.OJ7 O.OJ7- o.OJ6- O.OJ7- O.OJ7- o.OJ8-

0.785+ 0.792+ 0.797+ 0.795+ 0.796+ 0.787+ 
0.021- 0.022- o·.o22- 0~020- 0.021- 0.022-

1o16 1.1J 1~01 Oo90 0.90 o.8a. 
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"The absorption in 'peripheric' 3F 
2,3 states turned out to be even greater than in the 3p states. 

0,1,2 

The angular distribution· of the observables computed from the specified set of th~ phase. shifts and absorption 

coefficients, \Vhich are presented in column 4 of Table 2, are given in Fig •. l and 2 together w~th the corre~ponding 

experimental values. 

It is characteristic of the real parts of the phase shifts of the specified set that, as it is shown in Fig. 3, they 

maybe connected by smooth curves with the corresponding phase shifts which have heen found at lower 

energies 121 - 251. It seems that these smooth curves reflect to a ~ertain extent the gross behaviour of the 1S , 31 

and 1 D phase shifts between 310 and 660 MeV. If it is so, they point to the fact that within this energy interval 

the same states play an essential role in p-p -interaction and the properties of this interaction do not change sub-

stantially, since both singlet 150 , 1D
2 

, 
1 G

4 
and triplet 3~ , 

3~ , 
3~ phase shifts do not 

change their signs. It is noteworthy that both at 660 MeV and 310 MeV the 
3
P

2 
phase shifts are positive what is 

characteristic of L S -forces. 

The. behaviour of the 1S phase shift, monotonically decreasing with energy, deserved special attention. It is 
- 0 

···· •'-'--·_striking that up to 660 MeV the form of the energy dependence of· o ( 15 ) may be satisfactorily predicted, using · 
. 0 

theparaineters' A , B and r ciftheeffectiverangeexpansion kct,g[o(lS j.f.kr]=A+Br3k4+0(k') 

found by N.oy.e/ 261. The value of o ( 1S ) computed in this way is •34.5° at 660 Me;, This may mean that up 
0 

to.660 MeV the behaviour of o(1 S
0

) may be qualitatively represented on the basis of a potential model of the 

n~cleon having a h~~d repulsive core. 
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Fig. 2. 

An~ular dependence of the. parameters D , R and A ·• The used experimental'data are indicated. 
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Energy dependence of the phase shifts of the pp -scattering._ 2 -(22,23); i -(25); 

i - the present paper. _The solid curves are drawn visually. Below 345 MeV they fit with the 

YLAM-solution/24/. 
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