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A set of phase shifts is found which satisfactorily describes the experimental data on pp 
scattering near 435 MeV and which agrees with the gradual energy dependence of the phase 
shifts deduced in [1] by interpolating between the YLAM-solution[SJ and also solution 1 for 

. 11 '1 energies below 310 MeV, [2- 4] on the one hand, and the solutwn for 657 MeV- ~ on the other. 

WE have previously found [1] a set of phase 
shifts which describes satisfactorily the experi­
mental data (obtained in Dubna) on elastic pp 
scattering at ~ 660 MeV, and also data on the total 
cross section of pion production in pp collisions. 
One of the features of this set of phase shifts is that 
it can be smoothly connected with solution 1 [Z-4] at 
energies below the meson production threshold, and 
also with the YLAM solution [5] 0 . 

In the present paper we attempt to find a set of 
phase shifts describing the available experimental 
data on pp scattering in the energy region near 
435 MeV. It is not our purpose to determine all 
the minima of the functional x2, for in view of the 
relative incompleteness of the present experimen­
tal information for 435 MeV the solution of this 
problem is unavoidably multiply valued. The search 
for the phase shift was therefore made in the region 
obtained upon interpolation between solution 1 at 
energies below threshold of meson production and 
the set of phase shifts from [1]. 

In accordance with the resonant model of pion 
production [7J, it is assumed that at 435 MeV ac­
count must be taken of absorption from the initial 
3p 0 1 2 and 1D2 states of the pp system. The pro-

, ' 3 1 
duction of pions from the P 0, 1, 2 and D2 states 
was described by absorption coefficients r 1 and 
r 2 which were averaged over j, and which were 
in~roduced in the same manner as in [t, 8]; the total 
cross section of the pp _.... 7T+pn reaction was broken 
up into parts corresponding to S and P pion pro­
duction, in accord with the work of Mandelstam [7]. 

The experimental pp interaction data used in 
the analysis are indicated in Table I. The phase 
shifts were determined by the method of least 
squares. The minimum of the functional x2 was 

1lAn analog of the solution of (1] was obtained also by 
Bystritskii and Zul'karneev[•]. 

Table I. Data used in determination 
of the phase shifts at 435 MeV 

Energy at which ""'"' Observed o~ Refer-
quantity the measurements o·~ ence 

were made, MeV z ... 

cr (6) 435 17 I [ "J cr (6) 437 8 l'"J 
p 415 8 

I 
[" 1 

D 415 1 [12 J 
CKP 400 2 ['3] 

CNN 400 2 ['3] 
interpolated to 

crt 435 [14] 
::; (n+d) 425 ['5] 

::; (n+pn) 437 ['6] 
::; (n"pp) 437 [17] 

obtained with the electronic computer of the Joint 
Institute for Nuclear Research by the linearization 
method [18J. The initial formulas, the parametri­
zation of the expressions, and the computation 

r1] program were the same as previously used L • 

During the calculations, we have eliminated 
from the analysis the experimental values of a( 8) 

at angles 5.1, 9.6, and 11.4°, since they differed 
in all cases by more than three experimental 
standard deviations from the calculated a( 8 ) 

curve. 
The phase shifts were determined for lmax == 3 

and lmax == 4. The contribution to the scattering 
amplitude from the partial waves with l > lmax 
was calculated in the one-meson approximation. 
The results of the calculations are listed in Table II. 

The phase-shift solution for lmax == 4 was also 
made more precise by varying the mixing par am­
eter €2, the value of which was found to be 0.2 
± 3. 6°. The fact that the phenomenological phase 
shift of the 1G4 wave turned out to be different from 
the value calculated in the one-meson approxima­
tion can apparently be regarded as an indication 
that at 435 MeV it is necessary to include waves 
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FIG. 2. Angular dependence of the triple-scattering para-­
meters in accordance with the phase shift set of Table II 
(lmax = 4) of the present paper. 
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FIG. 3. Energy dependence of the phase shifts of pp scat­

tering. x-present work, 0-['•4 ]; •-[']; D-[19]. The solid 
curves are drawn freehand. 

with at least l = 4 in the phenomenological analy­
sis. 

The value l = 32.2 with 29 degrees of freedom 

FIG. 1. Angular dependence of the differential 
cross section, the polarization, and the spin corre­
lation coefficients at 435 MeV, in accordance with 
the phase shift set of Table II Clmax = 4) of the 
present paper. The vertical lines show the error 
corridor. The experimental data employed are indi-
cated (the cross section data were taken from: 
0-[•]; •-['0)). 

Table II. Phase shifts in degrees 
and the absorption coefficients 

at 435 MeV 

lmax= 3 1max= 4 

x• 32.6 32.2 
6 (lSo) -9.8±2.8 -16.8±6.4 
6 (3Po) -18.9±3.1 -17. 7±3.1 
6 (3P1) -39,0±1.3 -36.4±2.6 
6 (3P2) 15.1±1.0 17.2±1.4 

B2 1.4±1. 7 
6 (1D2) 12.9±0.8 12.4±0.8 
6 (8F2) 0.5±1.0 1. 9±1.3 
6 (3Fa) 2.3±1.6 -0.4±1.8 
6 (3F4) 4.5±0.5 4.8±0.4 
6 ('G.) 1.12(0PEC) 2.3±0.9 

'1 0. 990±0. 003 0. 990±0. 003 

'• 0.936±0.007 0.936±0.007 

indicates that the obtained set of phase shifts offers 
a statistically satisfactory description of the ex­
perimental data included in the analysis. 

The angular dependences of the observed quan­
tities, calculated from the phase shifts obtained in 
the present work (with Zmax = 4 ), are shown to­
gether with the experimental values used in the 
analysis in Figs. 1 and 2. 

Figure 3 shows the energy dependence of the 
pp scattering phase shifts. At energies below 310 
MeV the phase shifts correspond to solution 1 [3, 4], 

while the phase shifts for 657 MeV are those ob­
tained earlier[!] and those for 380 MeV were ob­
tained by Kazarinov et al [iS]. The solid curves 
were drawn freehand. It is seen that the phase­
shift solution obtained for 435 MeV agrees well 
with the curves which join smoothly solution 1 for 
energies below 310 MeV and the solution for 657 
MeV. It is interesting to note that the energy de­
pendence of the phase shifts of nucleon -nucleon 
scattering from 0 to 400 MeV, calculated by Scotti 
and Wong [20 ] with the aid of relativistic dispersion 
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relations, yields for 400 MeV pp-scattering phase 
shifts that are close to those obtained in the present 
work. The energy dependences of the pp scattering 
phase shifts given by Scotti and WongC20 ] agree 
qualitatively with those indicated in Fig. 3. 

The author takes pleasure in thanking Yu. P. 
Kumekin, M. G. Meshcheryakov, S. B. Nurushev, 
and G. D. Stoletov for stimulating discussions. 

1 Azhgire1, Klepikov, Kumekin, Meshcheryakov, 
Nurushev, and Stoletov, JETP 45, 1174 (1963), 
Soviet Phys. JETP 18, 810 (1964). 

2 MacGregor, Moravcsik, and Stapp, Ann. Rev. 
Nucl. Sci. 10, 291 (1960). 

3 Yu. M. Kazarinov and I. N. Silin, JETP 43, 692 
and 1385 (1962), Soviet Phys. JETP 16, 491 and 983 
(1963). 

4 Kazarinov, Kiselev, and Silin, JETP 45, 637 
(1963), Soviet Phys. JETP 18, 437 (1964). 

5 Breit, Hull, Lassila, Pyatt, and Ruppel, Phys. 
Rev. 128, 826 (1962). 

6 I. Bystritskii and R. Ya. Zul'karneev, JETP 
45, 1169 (1962), Soviet Phys. JETP 18, 806 (1964). 

7 S. Mandelstam, Proc. Roy. Soc. A244, 491 
(1958). 

8 N. Hoshizaki and S. Machida, Prog. Theor. 
Phys. 29, 49 (1963). 

9 Kao, Horstman, and Hinman, Phys. Rev. 119, 
381 (1960). 

10 Sutton, Fields, Fox, Kane, Mott, and Stallwood, 
Phys. Rev. 97, 783 (1955). 

11 Kane, Stallwood, Sutton, Fields, and Fox, Phys. 
Rev. 95, 1694 (1954). 

12 Kane, Stallwood, Sutton, and Fox, Bull. Am. 
Phys. Soc. 1, 9 (1956). 

13 Engels, Bowen, Cronin, and Mcilwain, and 
Pondrom, Phys. Rev. 129, 1858 (1963). 

14 Dzhelepov, Moskalev, and Medved', DAN SSSR 
104, 382 (1955). 

15 Fields, Fox, Kane, Stallwood, and Sutton, Phys. 
Rev. 109, 1704 (1958). 

16 Fields, Fox, Kane, Stallwood, and Sutton, Phys. 
Rev. 109, 1704 (1958). 

17 Stanwood, Sutton, Fields, Fox, and Kane, Phys. 
Rev. 109, 1716 (1958). 

18 S. N. Sokolov and I. N. Silin, Preprint, Joint 
Inst. Nuc. Res. D-810, 1961. 

19 Kazarinov, Kiselev, and Silin, Preprint Joint 
Inst. Nuc. Res. R-1221, 1963. 

20 A. Scotti and D. Y. Wong, Phys. Rev. Lett. 10, 
142 (1963). 

Translated by J. G. Adashko 
311 




