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ABSTRACT 

In thi~aper the results of phase shift analysis of experimeatal 
data on "'·meson-nucleon scatterin,; in the eaer8Y resfon of 240-330 MeV 
are given. Infonnation on phase shifts of 3i" -meson interactions with 
isotopic spin T a l/2 are obtained with a satisfactory accuracy. 

I. FORM:JLAS OF PHASE SHIFT ANALYSIS 

When performing the phase shift analysis of experimental data/1/, we used isotopic spin for· 
malism based on charge independence hopothesis of nuclear forces. At -300 MeV one can 'tspect 
an appreciable contribution into the scattering of states with orbital moments 1 :=--1 and, first ~f 
all, with 1 = 2. If we assume that phase shifts are real values, the differential cross sections of 

.1(. ·meson scattering on hydrogen can be written as follows/2/: 
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The total cross sections (after integrating over 1·3) are written in the following way: 

for :JL +-mesons 

( 4) 

for 

_,_. l. 
r- trrlf. ~., ~ ~"&<. z~-1' + .J -s-.~ t. {r + C s.;,. t.~r ..,. ( ; ) 

-1- 2 ~· ..... z.cr, -1- y 1-t~ ?." ) .. ;s ,3 

The phase shift notations are tabulated in Table 1. 

Tab 1 e I. 

s p p I) f) 

T:: 3/2 ~ ai'H ~1 o;3 ~r 
T: l/2 ac/_, o(_,1 "'3--t ~3 1",.-

-

II. METHOD FOR CALCULATING PHASE SHIFTS AND THEIR ERRORS 

According to the least squares method a set of phase shifts was chosen which would give the 

minimum value of the weighted least squares sum 

M = t( 6i ea4 ~ bc· ~xv .:~.. 
. E.( 

(, 

( 6 ) 

where 6(~ are tiifferential and total cross sections, calculated from phase shifts by means of 

formulas (1-3), 'fu, are the corresponding experimental values of cross se~tions, Ei are ex-
perimental errors in the measured cross sections. 

All the c:alc:ulations were carried out with the help of the high-speed electronic: computer 
'Strela' . 

. To decrease the time necessary for performing the c:alc:ulations the deduction of the minimum 
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nlue of M was carried out by the gradient method. In the hyperspace of phase shifts a definite 
point corresponds to the minimum nlue of M ::::. M . • For all M ::> Mmin the functions M ::= const 
form the system of hypersurfaces which are level :~aces of the scalar field M(d. ). Appa
rently, moving along the gradient of the field, one can quickly approach the minimum point. In this 

connection at the initial point of phase shift hyperspace the value Mt and the normal to the hy

persurface M1 = const at this point were determined. Then all the phase shifts got such an incre

ment as to move along in the direction of this normal approximately by 1°. At a new point the calcu

lation M := M2 was made .• and a new value of M2 was compared w.Mh the initial one. When M2<M1, 

the movement along the initial gradient was repeated until a new value of M turned out to be larger 

than the previous one. Then at the last point but one a new direction of the gradient was determined, 

and further movement along this direction was perfotmed at the same pace. It was repeated until tht! 

first pace led to the increase of M, after the gradient had been calculated. In this case the size 

of the pace was reduced twice and further the whole procedure of the calculation was analogous to 

·the previous one. Then the pace was reduced twice again, etc. The calculations were stopped when 
the required pace was 2·4 degree. 

On finding the solution (M= Mmin> the errors of phase shifts were calculated. The Tailor 
expansion of the function M ( «f, ~ ... ) at the point M

0 
yields: 

//(= /1, + ' ~ ilc(.. + /Uf) L coq-:. c 
-'.' ~~ z <t- 4 ~ ~ .0~· 

c' . (/ ~· ~· i ( 

At the minimum point the second term vanishes and 

where 

111-11 . A- 2~ 5, .. £1~. ~· 
l«tl.c • • 'J 

I I 

S .. = -L C:VzH 
(/ .t. 9&\1 '9 ..,.-:. 
(J L (/ 

t)~· ••. ( 7 ) 

( 8 ) 

~-e.-. 

Equation ( 8 ) determines hyperellipsoid at the minimum region, i.e. the coefficient matrix ( Sy.) 
defines the Mmin sensitivity to the phase shift deviations from optimum values. Respectively, the 

terms of reciprocal matrix ( 5~.);1 determine phase shift errors (with i = j') and the correlations 
of phase shifts with each other (when i 'f j)/3/. 

The coefficients Sij can be calculated directly from formula ( 8 ), but it is too complicated. 
We used the approximated method of final differences. To determine the diagonal elements Sij the 

phase shift ~, was ghen an increment equal to ~ ~ , and the value of M was determined. 
Then according to ( 8 ) 

ii" 
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Calculations were carried out both for positive and negative increments of the phase shift o(· ( 

the result was averaged. 

When defining the non-diagonal elements both the phase shifts were given an increment. All 

the possible signs of the increments were taken and the result was averaged. If one denotes the va· 

lues of M according to possible combinations of the increment signs A<>(,. and 6 ~-

(t +,--,+-,-f) as M++J M __ ., M.,._ ...1 M_f respectively, one has: 

A, -./t{. = 5.·;{6~;) 2 + S;ifC.:;Jz. + ~s,./ t&~,.;.to-~dJ 
Jllf + + U.•Z. "" ., 

JU __ - /1( U4:~o - Sii (-Cw(,· yz. +. sii (-o~)z. ~ 2 5 v· (-.o.~;)·fA~') < 10) 

.11+--M--.. :.::: Su(~>«,-)1.. + s11 t-~Wi)7.. + 1151/(JJ.oti)f-.&~,;·J 
At_.,. - u ,_. . ., = s,.i (-~o~ •. p- + siif~Jz. -r 2 s,.i (-J)d,.).f.~c:;) 

Subtracting from the sum of the first two equations ( 10 ) the third and the fourth ones, we 

obtain (when LJol,- = ~~- = OD{ ) 

?b++ -f .At_ )- ( .b+- + h_~J. 
tB (ocx)2. 

In all the cases the increment .oct was 1°. 

Ill. PIJASE SHIFT ANALYSIS WHEN S AND P-WAVES ARE TAKEN INTO ACCOUNT 

( 11 )· 

While performing phase shift analysis for each .!!( -meson energy value, 25 experimental 

points were used: eight differential cross sections of elastic :J( !meson scattering by protons, 

seven differential cross sections of elastic .?i"-:meson scattering, eight differential cross sections 

of charge-exchange :Jl":meso: scattering on hydrogen and total cross sections of :Jf + and 1i-

meson scattering on hydrogen. 
Differential cross section values of elastic :tl + ·meson scattering on hydrogen and total 

cross sections of :J(~meson interaction with hydrogen as well as the initial values of phase shifts 

for the states with T 3/2 were taken from Mukhin and colleagues papers/4,5,6,7/. 

Differential cross sections of !7i: -f;.meson scattering on hydrogen at 333 MeV were determined 

by means of interpolation of the data from Mukhin, Ozerov ~ Pontecorvo/6/, and Grigoriev ~nd 
Mitin/8/. In connection with this the result of the phase shift analysis at 333 MeV cannot be con

sidered entirely independent. 
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The initial \'alues of phase shifts for the states with T = ~·~ were obtained with the help of 

Ashkin graphical me:hod/9/. This me:hod provides two possible sets of phase shifts (Variant 1,3. 

Tables 2-6 ). Together with them at each energy as imtials two sets of phases were employed, 

differing by the opposite signs of a phase (variants 2,4 ) from ti1e obtained ones by the gradient 

n1e:hod. and two sets with the negatiYe phase shifts of P-wa\·es with T.::-1.2 (\·arian":s 6, 7 ). Such 

set were ·c· be more consistem with some data on photoproduction.' 10;. . 
Besides the data from/1/, the infortHations obtained by Ashkin et. at./11/ at 220 MeV were 

treated. 

The imtial and the calculated values of phase shifts are given !.R Tables 2-6. 

From Tables 2-6 it is seen that there are only two stable \'arian:s of solution which are ob

sen·eJ at all the energies. In each of these Yariants the same phase shtfts do not differ greatly 

at various energies. These are solutions 'a' and 'b'. Otber 'arian·:s either coincide with the 

aboYementioned solutions, or gh·e the Yalues of phase shifts observed only at some energies 

(for instance, Yariant 4 at 240 and 270 Me\') .. .\pparently. these last soluo:ions are bound wid, 

the mathematical side of the problem but not with the physical one. i.e, they are acctdental. 

From solutions 'a' and 'b' only solution. 'a' describes experimental data well enough. 

Indeed, the expected \'alue of M at SP-analysis is equal to 19 ( 25 experimental points minus 6 
phase shifts). In case of solution 'b' the value of M has the magnitude -30 nearly at all the 

energies. The 9robabili.ty o£ ob'.<.•i.ning su~h a "Va~ue o{ M is equa1 to -s""'/12/. At )07 MeV the 

Yalue of ~I for solution 'b' reaches the magni·:ude as _high as 71. The probabil!ty of observing 

such a value of ;,f is negligibly small. At the same time the values of M, obtained in solution 
'a', are well consis:ent with the expected Yalues. 

The angular distributions of .:1( =-mesons and {-quanta of elastic and charge exchange 
scattering. computed from phase shifts of solution 'a', are shown in fig. 1-4. 

It is necessary to mark one more feature of solution 'b', namely, that the signs of phases 

~'1 and o~_,, chan-ge into opposite ones when passing from 240 MeV to 270 MeV. It seems to 

be hardly pr0bable hat the phase o< 1 which has a positive sign at small energies, should change 

it twtce in the energy range from 150 MeY up to 270 M~V. The experimental resul;s on investiga-
tion of recoil proton polarisation, when .:Ji: -mesons interact with hydrogen, can serve as an ad-
Jitional criterion permitting to choose between various solutions. These experiments were carried 

out by Ashkin et at./13! At :Ji :-meson energy. of 223 MeV, by Vasilevski and Vishniakov/14/ 

(preliminary data) at .X-meson energy of 300 MeV. From these experiments it follows ~hat so-
lutton 'a' is more probable. 

The aforesaid statements allow to conclude that .:J[ :;De son scattering on protons in the 

region above 'resonance' is described with a better probability by solution 'a'. The error matrixes 

for this solution are tabulated in Tables 7-11. ·The phase shift errors of solution 'a' listed in 
Tables 2-6, are diagonal elements of the corresponding matrixes. 

Phase shifts at states with isotopic spin T = 3/2, gi':en by solution 'a', do not practi-
cally differ from those which are obtained from f!"meson experiments/? I. 

j 

,,;;;-;--

f 
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The following can be said about the phase shifts at states with isotopic spin T := 1/2. The 

phase shifts of S·state are positive. The impulse dependence of~ is shown in fig. 5. It is seen 

that the behaviour of the phase shift: · ot1 , within errors in the determinacion of its value, does 

not contradict the linear dependence which is observed at smaller energies ( '-ol..., = 9.9°t ). 

The phase shift o( 11 can be said to have the value not exceeding 10°. The sign of this 
phase appears to be positive. 

As it is seen from Tables 2-6, the absolute value of the phase <l(u is small (1 ° ·5°). 

Probably, it has a negative sign. It must be noted here that according to Chew theory /15,16,17/ 

the phase o<13 must be negative and is approximately equal to the phase 0(~ 1 . The pliase 
shifts of solution 'a •, satisfy this condition to within errors. 

In the published paper of Chiu and Lomon /18/ the phase shift analysis of Ashkin et al data 

and our preliminary data at 307 MeV are given. Since the solu:ion, which is considered by them to 

be most true, does not coincide with our solution 'a', some additional calculations were made. The 

solution phases, given by Chiu and Lomon were taken as initial ones in these calculations. They 

have led to solution 'b' at all the energies (except 240 MeV). 

The cross sections of inelastic processes have a noticeable value at 307 and 333 MeV. 

Hence, scattering phase shij'ts cannot be considered as real numbers, strictly speaking. In a gene

ral form the differential cross sections for 9£. ·meson scattering on nucleons at states w.ith defi-
:-- nite isotopic spin can be written as follows: 

¥w) == /f £I 9f~'JJI.f+.<! ~ 9 r~i'J;z (12) l~ ~= D e I e- ./l,'F e-r '/ ::1f+ .. 1(+ .. , 

where k-impulse of 1l. -meson in the centre-of-mass system, and ae and ~ are determin
ed by equations: 

~··~~ 2(oll' 
Q_e = (l _,.I) e JJ2~+-f -t- e e 4_,U+f ??e +:f) 

( 13) 

_., 
The presence of imaginary part of the phase shifts leads tc the fact that in ( 13 ) expressions of 

f 2<'olp • . .u. 
the orm e.: appear 1nstead of expressiOns of the form )Jt'e l' , where fie and o(r 
are real values. Using the obtained experimental cross sections of inelastic proce~,;ses/19/, one 

can evaluate }Jt , basing on the general quantum mechanics theory- of inelastic scattering/20/, 

It turns out that e\·en at 333 MeV for any state the value ft~ :.:liffers from I not more than 

(2-3)%, which corresponds to the value of imaginary part not more than o.so. A small difference of 

}e from I leads to the fact that the maximum possible change of phases, connec;t_ed with the 
account of inelastic processes, due to the performed evaluations, will not exceed ~ (:!:. 30), i.e. it 

does not exceed phase determination accuracy. Thus, for energies up to 333 MeV the phase shift 
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analysis made on the assumption, that phase shits are real numbers, is-apparently, rather a good 

approximation. 

IV. PHASE SHIFT AHALYSIS WITH S-P· AND D-WAVES TAKEN INTO ACCOUNT (SPD-AHALYSIS] 

At :1l.. -meson energy of - 300 MeV an appreciable contribution of D-waves (1 := 2) into 

scattering is expected. ..c 

In connection w1ch this for all the d( -meson energies a phase shift analysis was perform

ed, when s- P- and D-waves were taken inco account. The phase shifts of solution 'a' and 'b' were 

employed as the initial ones for S- and P-waves. The initial values of D-wave phase shifts at 
states with T = 3/2 in accordance with the results, obtained in .l'i ':.meson experiments/7 I. 

·were taken to be equal co I;,= 6° and 'Jr- 6o. The absolute values of initial phase shifts of D-waves at 

states with isotopic· spin T= ~ were taken to be equal to 8°. The signs of these phase shifts were 

taken in all possible combinations, i.e.(++), (- -), (.,. -), and·(-~. Thus, for each energy eight 

variants of initial phase shifts were obtained: four for solution ;a; and four for solution 'b'. 

As a result of the performed calculaci.o~s the irtitial variants, differing only by signs of the 

phase shifts 6,, and ~.r have led to one and the sam_e .solution. In other words, two final vari-

ants of solution were obtained: one for initial solution •a• .and the other for solution 'b'. Phase "1>·· 

sliift values, corresponding to solutions 'a' and 'b' are given in Tables 12 and 13 . T_hese two va

riants of solution are called further: solution '(lsr..o • and solution 'bJPA '· 
For the 333 MeV energy, three differertt variants of solution turned out to be in solution 'a'. 

Two of them are given in Table 12. These solutions proTide phase shift values, corresponding to 
those which are obtained at sQtaller energies. · 

From Table 12 one· can see that phase shifts · lA, , o( .. , and ot, of solution 'a' change on:· 

ly by some degrees, not more, when ·D-waves are taken into account, i.e. they remain within expe
rimelltal errors. ·This result. c:ould be expected because just s- and P-phase shifts alone had desc
ribed experimental data well enough. 

. Phase shifts 4u and d~s of D-waves at states with ·isotopic: spin T .. 3/2 do not differ 
practically from those whic:h were obtained earlier in Mukhin and Pontecorvo's paper/7 /. 

Phase shifts S,t _-nd &11 of D-waT~s at states with isotopic spin T•~. as is seen 
from Table 12, are small. The acc:urac:y of their determiaacion does not allow to make a definite 
c:onc:lusion, concerning these phase shifts signs. 

It is difficult co say something definite about solucion 'btpD • • ·1'e cannQ.t omit it on the 

gro11nd that the corresponding solution, 'b' i4 sP.enatysis is not in agreement with the experimental 

data~ There appears a possibility that poor agreement, aiven by solution 'b' ,_ -~s caused by a 
necessity to take D·waves into c:onsiderasi~ :in chis analysis. However, it seems to be hardly 
probable that alreddy at enersies as high as 24~307 MeV s~ac:h gt.eat values of D-phases (up to 
150), whic:h are 

J 
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I 

i 

I 

• 
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obtained in solution 'b 5 P ~ ', take place. Dispersion relations (see next sect.). indicate also 
that solution 'b SJJ.D ' is probably incorrect. 

V. COMPARISON OF PHASE SHIFT RESULTS WITH THE DISPERSION RELATIONS 

As is known, dispersion relations allow to determine the energy dependence of the· real part 

of the pion forward scattering amplitude D(O). The expression for D (0) can be obtained from 

formula ( 2) for the cross section of -meson elastic scattering in hydrogen which is a sum ot 
squares of real and imaginary parts of the scattering amplitude. We have: 

D_ (0) ::::~(sin 21llJ + sin 2~1 + 2 sin 2~3 + 2 sin 2J;
3

t- 3 sin 2J;s-+ (13) 

-t 2 sin 2 0(1 r 2 sin 2«1i~ 4 sin 2«
16 

+ 4 sin2 « + 6 sin 2 J",r} 

The values of D (0), calculated from phase shifts, are shown in fig. 6. lt is seen that solution 

'a' provides quite a satisfactory agreement with the curve, obtained in/14/ with the coupling cons-
tant value of meson-nucleon interaction equal to f~O.OS. . 

In conclusion the authors consider their pleasant duty to express their sincere gratitude to 
---~ . 

B. Pontecorvo for constant attention and help in work, to A.l. Mukhin. L.I. Lapidus, S.N. Sokolov, 

tj.P. Klepiknov for numerous and fruitfull discussions, to I.V. Popova and L.A. Chudov for valu
able assistance in compiling the programme for an electric computer. 

Rec>P-ived by Publishing Department 
on December 28, 1959 • 
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T a b.l e 2. 

Phase shifts (in degrees) at .?i"-meson energy of 220 MeV 
(Ashkin et al data /11/). 

Var.iant 3 6 I 2 4 

C(.J -!2,0 -!9,0 -!2,0 -12,0 -12,0 

• o~,., o,o - 5,0 o,o o,o o,o 
u 

o(IJ 107,0 125,0 W7,0 107,0 107 ,u .; ... 
o(1 ro,o 1o,o 10,0 -IO,O -IO,O :; 

-~ o(11 8,0 -10,0 - 6,0 - 6,0 8,0 
.s c<,.J -3,0 -10,0 5,0 5,0 -3,0 

1'1 36,0 687,0 109,0 88,0 122,0 
Solution a B 

.s o{J -15,8 .;t1,5 - 17,0 
! 

""Jf - 2, 0 .:!;2,9 - O,I a· .. 
Q(-'3 III, 0 .;t1,8 II2,U e :s • 

e ot., 14,0 .:!;4,3 I - 7,0 

-! o<,, 6, 2 .:!;3,3 I6,I 
ii o(fJ - 5,2 .;t0,8 3,6 
• Jl.i 16,1 !4,5 l • > 

- ' -. --.. . 

7 

-19,0 
-5,0 
!25,0 
-10,0 
-10,0 
-ro,o 
1559,0 

I 

• 

I 

I 

Ill, ll ,Jylj~"':~!'.'!U!~'!!'~'!J"IIIII'II"IIIIIII II 

Table 3. 

Phase shifts (in degrees) at 11: -meson energy of 240 MeV 

Variant t 3 5'" 'f ..t 

~ -Hl,1 -I8,I -14,7 -18,! -18,1 
D(Jf - 2,6 - 2,6 - 3,2 - 2,6 - 2,6 

• ~J II4,7 II4,7 109,5 II4,7 II4,7 .. 
.:! .. .,...., IO,O IO,U 8,0 -10,0 -ru,o ... 
:; 0(.,., - 6,5 8,0 -5,4 !:l,O -6,5 
i ot,, 4,5 -2,5 +3,3 -2,5 4,5 

ftf 60,0 20,0 85,0 140,0 12!,0 

Solution a c 

.s ~_, -I!:l, I .:!: I, 3 -:IB,5 ! 
e ~ - 3,0.:!: 2,5 - 0,5 .. 
e ~J II5, 0 .;t1, 0 II5,0 ·;: 

·e e<1 II,2 .;t4,4 ~,8 .. 
-5 D((1 10,0 .;t5,4 !6,7 
ii 

~.J -2,4 ,.ti,4 !,7 "' g 
./J( I!:l,8 !8,8 -; 

,> 

~ 

6 

-19,0 
- 5,0 
125,0 

IO,O 
-IU,O 
-ru,o 
46!:l,O 

B 

-19,6 
- 1,4 
II5,0 
- O,J 
- 2,6 
!4,0 
29,7 

~ 

7-

-19,0 
-5,0 

125,0 I 

-10,0 
-IO,O 
-IO,O 
8J2,0 

'·· 

... 
"' 
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Tab 1 e 4. Tab 1 e S. 
Pbase shifts (in degrees) at :Ti -meson energy of 270 MeV Phase shifts (in degrees) at :It -me11on energy of 307 MeV 

v·ar iant :3 6 7 4 I 2 5 
' 

Variant 3 4 6 7 I 2 5 

~ -20,2 -19,0 -19,0 -20,2 -20,2 -20,2 -24,1 ! 

oc:,, - 6,7 - 5,0 - 5,0 -·6,7 - 6,7 - 6,7 -1o,3 I 

.. J -25,0 -25,0 -25,0 -25,0 -25,0 -25,0 -24,0 
eJtlf -10,0 -IO,O -12,0 -12,0 -IU,O -IO,O -10,3 .. 

~J 129,3 125,0 125,0 129,:3 129,:3 129,3 1J2,8 u .. 
-; 

~ -IO,O -~,o 
I .. II,O ro,o II,O -II,O 9,6 

.. 
"':JJ IJJ,O IJJ,O !35,0 D5,0 b3,0 133,0 IJc,s u .. -; 
elf 9,0 - 9,0 10,0 -IO,O 9,0 - 9,0 9,6 .. 

~ c(f1 10,5 -ro,o -IO,O 10,5 -17,5 -17,5 -IO,U 
] «,J - 7,5 -10,0 -10,0 - 7,5 10,5 I0,5 IU,O 

] --(, 1LJ,O IO,O -10,0 -IO,O -18,5 -18,5 -IO,O 
:s o<_,, - 9,0 - 9,0 -10,0 -IO,O IO,O IO,O IO,O 

.111 76,0 404,0 727,0 4!0,0 104,0 180,0 216,0 .111 56,0 217,0 379,0 505,0 151,0 159,0 228,0 

Solution a c B Solution a . B 

l ~ -20, 1.t1,3 -19,9 -20,3 

~ 
o<zt - 7,0z1,B - 6,1 - 8,2 
o{J3 129,0.t0,9 129,2 129,7 

:~ 
o(1 25,7_t2,5 3,0 0,2 

-! o{f-4 5,J_tJ, o. 27,3 - 9,4 t;! .. "'u - 1,2.;!:1,2 4,1 20,1 !! ;: .Jl( 9,6 15,3 27,0 

l 
cr_, -23,9.;!:1,2 -23,6 
<>!j, 

-10,0.t2110 -15.,4 

:I 
~J' D2,4z0,9 135,2 

o(_, 17,1.t5,2 4,1 
-! D(f( II,4.t3,3 -22,4 ; 

o(fJ - 5,0z1,2 14,6 • !! ;: .M 29,0 71,0 
------------ -- -

---~~ ........... -..-.."""'-~--...-.................. "'"""'-"'-"'""--'-'--"'--''· ~ . ·~-'--"---- , ______ ,_. ____ , 

... 
~ 

. "''. 
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Tab 1 e 6. 

Phase shifts (in degrees) at :/(-meson energy of 333 MeV i . 
' 

V a r.i ant 
3 4 I 2 5 6 7 ~ .. 

ot!, -30,0 -30,0 -30,0 -30,0 -24,1 -25,0 -25,0 
<l~J1 -r~,o -12,0 -12,0 -12,0 -10,3 -12,0 -12,0 

.. ~.J 139,0 IJ9,U 139,0 139,0 132,8 135,0 135,0 
X 

""1 ro,o -IO,O ro,o -10,0 ~6 IO,O -ro,o -; 
~ 

] «~., IU,O 10,0 -18,0 -18,0 -IU,O -IO,O -IO,O 

.s Ot'f~ -9,0 -9,0 10,0 IO,O ro,o -IO,O -IO,O 

At 87 324 179 224 251 3875 6706 

Solution a 6 d. 
;: ~ -26,5,;t1,4 -25,0 -28,0 ·c; 
c. ~1 -I0,6,;t2, I -15,7 -10,7 e 
::0 

~.1 IJ7, 2,;t1, I 14Ll,I 139,5 e ·a ·e ~ 29,2,;t1,8 II,7 :31,4 
" B, 1,±2, 9 -24,0 -16,3 -s ol(( 
Oi ol1j -2,0,±1,3 16, Ll w,o .. 
! ..A1 22,6 33,1 94,4 -""-·. -; 
> - ----'---~-~- -------------- '--- ---

Tab 1 e 7. 

Phase shift error matrix (radian2). E,.-'"' 220 MeV. 

cl, ot_;., ~3 at~ ql-1''1' o( 1'.5 

<><'j O,OU06I6 -0,000540 -0,000008 0,000068 O,J0V746 0,000128 
~ o, 0,002234 -0,000056 o, 000380 -0,001266 o, 000136 

etJ~ o,uooo54 0,001638 -0,000516 O,UOOII4 
0(1 0,004938 -O,U02122 0,000388 
o(f1 ~ 0,002984 -0,000032 
o(f3 O, ;JQOI70 

--- -------~ 

) 

~ 

' 
f 
' 



• 
1 it 

I 
'~ 

I -r 

o(3 

"'"3t 
"!1..1 
~ 
~( 
qj.1 

~3 

~., 

~J 
~ 
«.,( 

~~J 

aJ 
""3t 
~J 
~ 
IXt., 
o<,3 

o{.J 

~( 
o/.Jg 
~1 

o(f1 

D(fJ 

o(.J 

0,000492 

~ 

0,000448 

o<3 

o, 000370 

o(3 

0,000556 

- 15-

Tab 1 e 8. 

Phase shift error matrix (radian2). ~= 240 MeV. 

o(-11 cr33 o(f ~,-

-0,000180 -0,000042 -0,000316 o, 000724 
0,001754 -0,000038 o, 000256_ -0,001090 

o,ooo256 0,000446 -0,000252 
0,005234 -0,004710 

- 0,007972 

Tab 1 e 9. 

Phase shift error matrix (radian2). fk'"' 270 MeV. 

~., ~.3' ~ av, 
-0,000028 o,ooooro o,ouoroo 0,000152 

0,000862 -0,000028 o,ooo068 -0,000528 
o,ooo216 0,000340 -0,000198 

0,001640 -0,001360 
0,002436 

Tab I e 10. 

Phase shift error matrix (radian2). ~ =- 307 MeV. 

o(31 o(:H o(_, o<.,., 

-0,000020 -0,000040 -0,000186 0,000238 
0,001028 -0,000042 O,OOII98 -O,OOII40 

0,000194 0,000520 -0,000104 
0,007304 -0,002346 

0,002896 

Tab I e ll . .. 
Phase shift error matrix (radian2). E = 333 MeV. 

1'i' 

~{ e><3.a ~ ~.,. 

-0,000238 0,000122 u,ooo048 0,000562 
O,OOII88 -0,000286 o,o00366 -0,001066 

0,000344 0,000184 0,000240 
0,000868 -0,000840 

0,002268 

~3 

0,000176 
0,000080 

-0,000082 
-0,000852 

0,001464 
0,000532 

q1'...3 

0,000126 
0,000082 
0,000108 
o,oo0628 

-0,000588 
0,000394 

Clf.s 

0,000044 
0,000274 
0,000080 
0,001364 

-0,000478 
0,000398 

~...3 
-0,000004 

0,000518 
0,000006 
0,000494 

-0,000766 
0,000460 
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Meson 

energy 
in MeV 

o(l 

oe,., 
~.5 
6j3 
ljr 
o(i 

c<.,., 
e>(15 

~ IS' 

.Ill lillie 

• 

Phase shifts (in degrees) at 1f·meson energy of 240-333 MeV. 

T a b I e 12. T a b I e 13. 

Solution 
rr 

,Q..SP~ 

240 270 307 333(1) 

-20,4.±1, 9 -15,9.±6,2 -10,2_:3,7 -22, O.±I,6 
- 4,2.±3,6 - 4, 0.±3, I - 3,6.±2,2 - 6,3.±2,1 
116,7.±2,8 128,4.±1, u IJ4, 7.±I,9 136,2.:!;1, I 
- o, 9.:!;3,4 3, 9.;t6, 6 II, I.;t3, 0 2, 4.:!;1, 3 

4,9.±5,5 -5,3.;t5t I -I2, 0.±2, I -4,3.:!;I, 0 
8, I.±3, 5 25,8.±2,2 23,8.±3,3 28,9.±2,0 

II,2.±3,2 4,2.:!;3,8 8, 0.±4, 0 9,4.±3,4 
- I,4.±I,45 -0,4 .;ti,5 - 2,2.;tl,9 - 2,2.:!;1,0 

3, O.;t2, I U,8:t2,2 I,3.;ti,4 2, 0.:!:1, I 
2,3.;t2,5 1,3.±2,2 I,9.±2,0 I,O.;!;l,O 
9,7 5,9 7,0 I6,2 

Meson 
333(2) energy 

in MeV 

-I0,5.±I, I o~, 

- 2,8.±1, 7 
139,7.±1,5 

I2, I.± I, 8 , 
-IJ,2.±I, U 

ot.;1 
c:(b 

c!l4 
o; .. 

3I,8.±1,6 o(1 

4,3.;t3,5 
I, 0 .;t1, 9 

ot.,f 

1?(13 

o, 8.;ti, 5 o;~ 
1,8.±1,2 
9,6 

o;S' 
jt(.._,~ 

~· 

., 

240 

-16,8 
- 1,7 
II5,5 

7,1 
- 2,4 
- 0,3 
- 6,9 

7,2 
6,2 
3,8 

13,9 

11 

Solution 
11

6sl".6 

270 307 

-16,0 -IO,I 
- 6,3 - 3,2 
128,0 134,7 

3,6 II,3 
-"5, 7 -II,9 
- 4,8 - 3,5 
-I2,9 o,o 

9,2 6,6 
9,0 I5, 0 
3,6 4,2 

10,1 5,3 

333 

-19,8 
- 9,6 
136,3 

3,6 
- 6,I 
- 3,0 
-2I,9 
I5,2 
2,7 
4,5 

I7,5 

.... 
"' I 

1

h.1Jil'4't tlr t t * ~'---~ .. , .,__ ~ - f" • • + '*'* w- p;i'b ••••• ,:~'b.,. t• ·.t.··;'t'H·• "*•fr~ t •. ..:·"',... ·• '*} 'i<Wf ** ·• ............ ~ .... --..._'.¥~.;-. ... , . .,..-v, "1"'~~·---i. k Sr ',.'r:' .. ~-·f· 
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distribution of the form: 

--·- clistrioutron calculateJ from the 

S,P-phases 

(solution 'a'). 

/ 
/ 

0 

/ 

I 
I 

I 

-t 
cos if c.y. M. 

Dilferential cross sections of elastic and charge exchange .rc=:neson 
scattering in hydrogen at 240 :.teV. 

Fig 1. 
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- distribution ol the lorm: 

~ 

110 .,.R,P, (co~ V'-)+R2P2 {COj,_) 

distribution calculated lrom the 

S,P-phases 

~~ 

\ 

(solution' a ' ). 

•• 

.--- n-- (f" 

0 
CO-J..,. c.m.s. 

~ 
~, 

-1 

Dillerentlal cross sections ol elastic and charge exchange :/{:meson 
scattering in hydrogen at 270 MeV •. 

Fig. 2. 
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clistrihution ol the lorm-

/10 +R,P, (co:r1)+112P2 (co:J'If) 

___ clistrihution ca/cu/atoJ lrom the S,P-phasos 

7 
(solution ' a ' }. 

8 

5 

" 
J 

2 

t 

0 
c0:1-{} 

-I 
c.m.s. 

Dillorontia/ crou sections ol elastic anJ charge exchange ~:meson 
scattering In hydrogen at 307 MeV. · 

Fig. 3. 
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- dlstrllnltlon ol the lorm: 

R0 t R1 P1 ( co.s 1J) + R2 P2 (cos lf). 

---distribution calculated lrom the 
S, P- pltases 

(solution 'a' ) 
I 7t1 .. 

, I "T 

6 

5 

I "' I 

4l ~ j["':-'( 
I 

31 \."- I 

l 
"~r I 2-l 

:~r--x- ~ I -~' 
1-1 ~ 

........ ~ .L 
6~ 

J 
+1 0 -t 

cos"\J' 
c.m.s. 

Dlllerentlal cross sections olelastlc and char9e exchange 9t:meson 
scattering In hydrogen at 333 MeV. 

Fig. 4 •. 

--------------------------~--

~~-

\ 

j 

1 
l 
I 
I 
;i 

I 
l 
\ 

• 

·' ;._ 



1 

J o 
I 

~~I I~ 
~~ 

• • } I • E 
~
 



;gt '1:1. 
~ 
~"< 

1 
:-:-'1:1 
o! • Cl.. 

I 
-· o::. 
":'""ft 

• no 
o- ::. ... ... :r-

-~ :i• c: .. oe 
"II 

c: Q 

.. - .p· n'1:1 
c: Q 

P' :; 
--•;:.. ..... ~ 
! 
r~ 3 3 ,. 
--~g 0' 

I 
• 

I 
.. ~ Q 
.. a.. 
.. n 

! 

' -::. IIQ 



• 

I 
f 

I 

T 

1 

-23-

Refferences 

1. V.G. Zinov, S.M. Korenchenko. JETP (to be published). 

2. B. Clemente! and C. Villi. Nuov.Cim., 3, 474, (1955). 

3. H.L. Anderson, W.C. Davidon, N. Glicksman and U.B. Kruse. Phys.Rev.,. 100, 279, (1956). 

4. A.E. lgnatenko, A.I. Mukhjn, E.B. Ozerov, B. Pontecorvo. DAN SSSR, 103, 45, (1QS5). 

5. A.E. lgnatenko, A. I. Mukhin, E.B. Ozerov, B. Pontecorvo. JETP SSSR, JQ. 45, (1956). 

6. A.I. Mukhin, E.B. Ozerov, B. Pontecorvo. JETP, ,ll. 371, (1956). 

7. A.I. Mukhin, B. Pontecorvo. JETP, 2!, 550, (1956). 

8. E.L. Grigoriev, N.A. Mitin. JETP, 32, 440, (1957). 

9. J. Ashkin, S.H. Vosko. Phys.Rev., 91, 1248, (1963). 

10. A~M. Baldin (private communication). 

11. J. Ashkin, J. Blaser, F. Feiner, M.O. Stern .. Phys.Rev., !.Ql, 724, (1957). 

12. I.V. Dunin-Barkovski and N.V. Smirnov. Theory of probabilities and mathematical statistics 
in technique. GJTTL, Moscow, 1955. 

3~ 13. · J. Ashkin, J.P. Blaser, A. Burger, J. Hunze, T. Romanowski, Annuallntern.Conf. on High 
. E"nergy Physics at CERN, (1958). 

14. Intern. Conf. on High Energy Phys. in Kiev, (1959). B. Pontecorvo's report. 

15. G.F. Chew, Phys.Rev., ~. 591, (1953). 

16. G.F. Chew, Phys. Rev., 95, 285, (1954). 

17. G.F. Chew, M.L. Goldberger, F.E. L<..N, Y. Nambu. Phys.R.ev., 106, 1337, (1957). 

18. H.Y. Chiu, E.L. Lamon. Annals of Physics, _2, 50, (1959). 

19 V.G. Zinov, S.M. Korenchenko. JETP, 34, 301, (1958). 

20. L.D. 'Landau, E.M. Lifshits. Quantum Mechanics, GITTL, Moscow-Leningrad, (1948). 


