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Introduction

The first simultaneous phase shift analysis of s —p and p—p
data at 400 MeV was performed previously in ref./l/. The search
for solutions from random initial corditions was carried out for the
maximal orbital momentum £ .. =3, i.e. the phase shifts for states
with £ <3 were found from experimental data and the interaction in
the higher states was taken into account in the one - pion exchange
approximation, However, none of the previously obtained sets did
not describe sufficiently the experimental data used for the phase
shift analysis and therefore, all the found solutions were specified
. =4. Then, a reasonable description of the experimental data

af

for [
was obtained /1/ Latter, the three solutions fournd in were spe-

cified using additional new experimental data /2/. Only the first and
fourth solutions remained (sets 1 and 2 coincided).

In the last few years a considerable amount of new experimen-
tal data at energies near 400 MeV was obtained, namely the polari~
zation and spin correlation in p-p elastic scattering were measured,

[a]

were also measured at 400 MeV in double scattering experiments’ ',

. . 3
using a polarized proton target . The quantities P and L



Results of these experiments together with the previously known
data are used in this paper to determine the phase shifts more
accurately and to investigate unambiguity of the phase shift analy-
sis with ¢ =4, Le, in the conrditions which are necessary for a

sufficient description of experimental data,

2, Experimental Data

The experimental quantities used in the phase shift analysis
are given in Table 1. Unfortunately the total number of experimen-
tal points equal to 149 is not distributed uniformly between the p-p
and n—p systems., The p-p data (120 points) were measured well
accurately and lie in the energy region 380-437 MeV. The diffe-
rential cross section for n-p scattering and the polarization P
were measured at 400 MeV. The "averaging of the experimental
data over such an energy region and their reduction to one energy
should not influence the results of the phase shift analysis, since
the angular distributions of the experimental quantities only slightly
depend on the energy in the region considered. All the experimen—

tal data are given in Table 2.

3. Phase Shift Analysis

The search for random initial parameters was performed ac-



/sl

cording to the programme decribed in . As many as 170 searches
were performed and 7 solutions with X <1s ')_<2 were found. On
the basis of 149 experimental points, 23 variable parameters for
 nax =4 were determined (x 2 =126) , The values of the phase
shifts and of x2 for the first five sets are given in Table 3. For
the sixth and seventh solutions the X ? values are equal to 158.7
and 181.6, respectively, The first set with the minimal X 2 value
corresponds to set 1 obtained previously in /1’2/.

Since a great number of sets has been found, it was interest-
ing to try to exclude some of the solutions with the help of existing
statistical criteria, For this reason the probability P ( x 2_>_x|2) of
the appearence of the y 2 yvalue, which is larger or equal to X,B s
arising in the phase shift analysis, was calculated for all sets(1,..7).
This probability proved equal to 73.2, 52,8, 19.0, 18,7, 17.1, 2.6
and 0.1%, respectively. It follows from the found values of P(x2>_xi2) .
that only solutions 6 and 7 can be rejected according to the x 2
criterion, because their probabilities P (x? »x ’2) are small,

A method suggested in fel was used to estimate the probabi-
lity of an Type I error in order to discriminate between the remain-
ing solutions, All the solutions are compared with set 1, which
have the minimal x2 value, This set was taken as the model of
the real solution,

According to ref, fel for the calculation of the majorized es~
timation of Type [ error probability P, it is necessary to model
the repeating of the experiment (pseudoexperiment). It was made
using the .Monte Carlo method and P; can be expressed by the

formula :

“), i=2,..,7, (1)



where N is the number of pseudoexperiments, P“ the probabilities

of the Type I error for the | -th pseudoexperiment.
P“(AzAl -8”)=1, if Ai _8“ <0,
P (A2A" -8 =21 (1_ ©_8 ), it A’ =5, 20
1 =T 1 7 SEVAT =800, it AT ”(5) ,
¢ (\/A" - 8” ) is the integral of error, A; =x‘2 —xf(i =2,..7)
is the difference between the y?2 values of i -th and first solutions,
obtained in the phase shift analysis 5., =X2;,'X13 is the » ? diffe-
rence of the i =th and first solution, realized in i -th pseudoexpe-
riment,
In view of time sparing the probabilities P” are determined

for the linearized hypotheses /6/. For this reason the quantities

y’.k o, were used as the experimental data after j —th pseudoexpe-
riment, Here 0, is the standart deviation of the k —th point, Y
are the random numbers, in the region - 45)/“‘ <4 satisfying the
Gauss distribution law with unity dispersion. In our case 103, 103,
34, 31, 25, 25, 25 pseudoexperiments were performed for sets 1-7,
respectively, The number of pseudoexperiments N depends on
the accuracy, to which we wish to determine the probability of the
Type I error.,

The majorized estimation of the probability of the Type 1 error
was obtained P = ( 0,59 + 0.06)% for the second set and is
smaller than 5, 10~%% for all other sets. Since in all the cases the
calculations were performed using a linearized hypotheses, the value

P, is the upper limit of the probability estimatior.

From this results it follovs, that on the basis of this method

only the first solution of 400 MeV phase shift analysis remain and

all other solutions can be rejected. Then the phase shift analysis



at 400 MeV, can be considered to be unambiguous at present,

The measurement of new experimental data and increasing of
the accuracy of the previously known values make it necessary the
specifying of the phase shift analysis solutions at higher values
of b .« , iL.e, to increase the number of phase shifts for satis—
fying description of experimentf.il data. It was interesting to prove
the specification of the remaining solution =) for f _..=5. The
phase shifts for f L. =5 are shown in Table 4. It follows from the
table that the mean values of the phase shifts are not changed, but
their errors are essentially increased, mainly for the phase shifts
with the isospin T=0 ( 3S1 s l1“’1 o€ ,31)2 s 3(‘,3 s 3(}4 ).

The unambiguous result of the phase shift analysis at 400 MeV
makes it possible, to extrr;lpolate the energy dependences of the
phase shifts up to 700 MeV, Now we can decide which of the
two phase shift sets at 630 MeV is better described by curves
extrapolated from the low energy region. For this reason the re-

sults of the phase shift analysis at 9.7, 14.5, 18.2, 23.1, 40, 52, 66,

7,8
05, 147, 210, 310, 630 7, / and the present result are used, The
energy deperdence of each phase shift can be approximated by the
formula

a k'

c )

S (E)Y =
i

Lz

where k=VFE , F is the energy in the lab., system, The coeffici-

o
ent a ic taken to be equal to 180 for the phase shift of the

3

S wave and to be zero for all other waves except Ig For

1 0 *
the‘sO wave the region 0-10 MeV is not taken into account. The
coefficients a, were determined using the least squares method

and are given in Table 5. The number of coefficients was chosen

% The specification of the second solution at transition to ! wax =0
gives the same result as that of the first solution.



using the criterion, that the increasing of the coefficients gives not
a better description of the phase shifts energy dependence, It was
found that 3-4 coefficients give a good description, The energy de-
perndences 8(E) are given in figs. 1-6. In the same figures the
phase shifts are shown, obtained from the energy independent phase
shift analysis (s@e refs./7'86. From ‘te graphs it follows, that all the
curves in the region 400-700 MeV can be well extrapolated from
the low energy region, It can be stated, that the third phase shift
set at 630 MeV better coincides with the extrapolated curves than
the second one. For 630 MeV the wvalues of the third phase shift
set are taken into account /7/. If the curves for second and third
solution considerably differ, both the dependences are given,

The following parameters do not coincide with the calculated
curves: Phase shifts SG at 400 MeV and ’ F4 at 147 MeV, the

4

3
mixing parameter € = at 310 MeV and due to Sl and 3Dl at the
same ehnergy, The investigation of the x2 profile at 400 MeV shows,

that in all cases only one minimum exists (fig. 7).

4, Results

In the phase shift analysis of the nucleon - nucleon scattering

data near 400 MeV, seven solutions for ( =4 (23 free parameters)

max
were found in the region X2 <15y 2, The majorized estimation of
the probability Type I error by rejecting each of this solutions shows,
that the solutions 2-7 can be rejected with probability of 0.59% from
the second set and smaller than 5 . 10“4 % for all other sets,

The known experimental data, used in the phase shift énalysis
are well described at ¢ ., =4 (x?/%2%= 0.91). For [ _.. =5 (28

free parameters) the description of experimental data is not improved



(x?/x% 0.94). The mean values of the phase shifts are changed
within the errors by this tranzition.

The obtained phase shifts at 400 MeV well coincide with cal-
culated curves 8(E) , obtained on the basis of the energy indepen-
dent phase shift analysis data in the region 9,7 - 630 MeV. The

/of

shifts of waves with isospin T =1 in the energy dependent phase

energy dependences 8(E) obtained in Livermore for the phase
shift analysis are consistent with our results.

The angular dependences of experimental values calculated
at 400 MeV on the basis of the 1-st phase shift set (see figs. 8-13)
are in good agreement with the analogous dependences at 310 MeV,
In fig.8 the angular dependences of C:: for the 1-st and 2-nd sets
at 400 MeV are given, In this case the experimental data are better
described by the 2-nd set ( A x? =9,5 for the 2-nd set and 15,00
for the 1-st set).

The n-N coupling constant f ? calculated for all the phase
shift sets at 400 MeV coincide with the f? value obtained in the
T -p scattering measurements within the errors. '

The accuracy of the phase shifts for T=0 is considerably
lower that that for T =1 . In view of this fact the accurate measu-
rements of the n—p quantities are desirable.

The authors express their deep gratitude to N.A.Booth for sen-
ding us the interesting data, L.LLapidus and P.Winternitz for useful
discussions, E.Dudova, V.A.Maximova, J.Cechova , J.Fingerova and

L.Janoutova for help in the work,
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Table 1

The Experimental Data, Used in Phase Shift Analysis at 400 MeV

Measured Energy  Angular Number 2 Authors Refs.
Quantity /MeV/  Range /CM/ of Points A,Z/ +)
G- PP 380 4%-.31° 20 4.80 Harting et al /10/
380 30°-90° 6 5.26 Holt et al. /11/
437 17°-90° 8 4,26 Sutton et al. /12/
P 400 33%-83° 7 3.40 Cheng /4/
415 52°_gg° 14 35,18 Beretvas et al./3/
415 15°.90° 8 10.17 Xene et al. /13/
430 30°-120° 7 7.19 Roth et =l .  /14/
LI 415 90° 1 2,07 Kane et al. /157
430 30°-120° 7 4,19 Koth et al. /14/
- 430 30°-120° 7 3.12 Roth et al .  /14/
op 430 30°-120° 7 14.46 Roth et al . /14/
A;p 430 30%-120° 7 15.84 Roth et al.  /14/
op o s
Con 382 90 1 0.004 Allaby et al. /16/
400 60°,90° 2 4.15 Engels et al. /17/
415 529.90° 15 15.00 Beretvas et al,/3/
cop 400 60°,90° 2 0.61 Engels et al, /17/
GRP 410 1 0.39 Dzhelepov et al/18/
np o (]
g 400 127-180 20 9.94 Hartzler et al./15/
Pon 400 33°-144° 8 1.63 Cheng /47
G 410 1 0,01 Nedzel 720/

3 The contribution to x° for the 1-st set.



Table

2

The Experimental Data Used in Phase - Shift Analysis

for pp~and ap- Scattering at Energy 100 MeV,

Parameter E:ggy Jo.n.s. M::lm&:ed St::i::i;al Refs.
( a6 ) (a6 )
dn \dn 90°
6 pp* ) 380 1. 0.010 1/
36 1.092 0,014
43 1.082 0,010
50 1.045 0,012
65 1,023 0:012
90 1,000 0,006
380 4.14 T.07 0.30 710/
4.69 4,26 0.17
S5e28 3,08 0s12
6042 1.783 0.0
756 1.435 0,040
8,73 1.238 0,028
9.9 1.176 0,027
11:0 1.176 05020
12.1 1.173 0.027
13.2 1.165 0,015
14.3 1.176 05022
15.4 1.151 0,018
5 1. >
17:6 1.154 0.015
19.8 1.133 0,020
21,8 1.141 0,016
2450 1.114 0,016
26,2 1,130 0,018
28,4 1,103 0,017
30.6 1.084 0.017
K)Difforehtial cross section are given in terms of the wval at <)(r<“

(_

d
5

)90000111050

= (3070 + 0.06) mb/sterad
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Table 2 - Continuation

Parameter Energy {Tz.n.a. Measured Statistical Refs.

MeV value error +
(45), ()0
*) 17
op 437 17 1.182 0.035 Nz/

25 1.223 0,023

28 1.156 0.031

1,152 0:.015

36 1.160 04010

1.014 0,015

65 1,037 0.017

90 1,000 0.014

P 415 15.5 . 00317 0.041 N3/

22’ 0:353 05027

33 0,421 0:036

43.5 0:.402 0,029

5545 0,317 03028

65 0.260 0,030

15 0.117 0.021

90 =0.017 0.023

a5 52.0 0,39 0,03 7 37 %%)

9500 0.38 0.03

5805 0030 0.03

63.0 0.28 0.03

65,7 0.23 0.03

69,6 0,20 0.03

74.0 0016 0,03

*) Differential cross section are given in terms of the value at 900.

( dé% 90%.m.8. (3°49 + 0.17) mb/sterad.

This data were taken from the graph (see ref, /3/).



Parameter Energy 17?:.:0..3.

Table 2 - Continuation

Measured Statistical Refs.

MeV value error *
Ppp 415 7845 0,09 0.03 / 3/
8l.5 0,08 0.03
82,3 0,09 0.03
83,1 0,07 0,03
86.2 0,06 0,03
87.0 0,01 0,02
88,0 0.03 0,03
430 30 0.33 0,06 714/
45 0.40 0,06
60 0,25 0.04
15 0:16 0.03
90 0,00 0.02
105 =0223 0.05
120 =-0540 0,11
Dpp 415 90 0042 0.09 s/
430 30 0.34 0022 714/
45 0,60 0,19
60 0,47 0.13
15 0552 0511
30 0,67 0,10
105 0.65 0.15
120 0.59 0,25
Rpp 430 30 0.06 0.1l 714/
45 0040 0511
60 043 0,08
15 047 0,07
90 0047 0,05
105 0.35 0511
120 0.34 0,18



Table 2 - Continuation

o
Porsmeter  BISfSS Joum.s, Meamied Statisticml  Rafe.
Ay 430 30 0.25 0016 nas
45 -0515 0,12
60 0.36 Q.09
75 0,35 0,08
%0 0527 0,07
105 -0512 0516
120 =05l2 0.22
A;p 430 30 0047 0020 714/
45 0.06 0.1
60 0506 0,09
75 0,22 0,08
90 0.36 0.07
105 0,01 0.11
120 0.08 004
chp 382 90 0041 0409 716/
400 50 0082 0047 ns
90 0060 0509
415 52,0 0,60 0,07 73/ %)
55.0 0,58 0,06
5845 0,56 0,06
63.0 0,51 0,05
6507 0049 0,05
69.6 0047 0.05
7450 0.54 0,05
T8o5 0.35 0,05
81.5 0,48 0,05
82,3 0,40 0,05
83.1 0048 0,05
86,2 0041 0,05
87.0 0042 0,05
88,0 0044 0,05
90,0 0.42 0,04
2

This data were taken from the graph (see ref, /3/).
16



Table 2 - Continuation

Parameter Energy J: .n.s, \Measured Statistical Refs.

MeV value error *
cP® 400 60 0060 0.46 N/
90 0.32 0,09
6 ;p mb 410 0.0l 2609 0.7 na/
O'np 400 12.7 3.73 2,10 719/
15 4.43 0,46
mb/sterad 20 3.07 0,37
30 2.84 0557
40 3.33 0120
45 3:35 0620
3.38 0.12
55 2.56 0,23
60 2.48 0,08
70 2522 0.09
1:.85 0,06
90 1.54 0,06
100 1.42 0.06
110 1.50 0.08
120 1.94 0,08
130 2:50 0,09
140 3.21 0.09
150 4.17 0.11
160 5.25 0514
165 5.82 0.22
170 7:93 0328
175 9.57 0.34

180 13:43 0.91

17



Table 2 - Continuation

Parameter Energy 1}.0 Meesured Statistical
MeV cms Value error + Refs,
Ppp 400 33.8 0.442 0.014 /4/
47.8 0.419 0,008
48.0 0.419 0.011
6305 0.275 0,008
65.2 0.272 0.010
80,6 0,105 0,008
82.5 0,084 0,009
Ppn 400 33.1 0.411 0,087 /4/
4803 00264 00023
66,6 0,083 0.032
83.1 ~0a152 0.026
99.7 -0.309 0.025
116.5 ~0.2T72 0.022
131.1 «0o158 0,018
144.3 -00104 0,056
G rp 410 3307 1.3 720/

/mb/

18




Table 3

The Phase-Shifts in Degrees (the Stapp parametrization)

for 400 MeV Nucleon—Nucleon

19

Scattering
shirts d tad dz:ad S 1ad I+ ad J+ad
Real Parts of Phase Shifts

b5, 12,58 1.57  ~3827 4082 -16.16 1.65  ~14.47 1.52  =43.39 6038
¥, 5.63 3.25 2042 4.34 6.73 3.60  38.03 2.70 39.13 4.01
3p, -12.65 1.44  -17.60 2,05  -12,11 1.51  -13.27 1.55  -18.89 2.13
Ip) ~43.29 2.50  =37.95 2.37  =33.74 4.12  -22.33 5.28  -20.58 12.7T4
3p, -32.66 0.65  -29.53 1.02  -32.82 0.69  -32.40 0.77  -28.83 1.16
3p, 18.90 0.39 19.18 0.46 18.93 0.41  18.91 0.43 19.16 0.58
€, ~0.652.35 4027 1,90 16.89 2.34 26,24 2.25  ~13.78 6.98
3p, =35.50 2,42 =34.09 2.19 38.63 3.28  31.12 3,60  43.03 3.18
1p, 13.17 0.30 11.58 0.45 13.27 0.26 13.33 0.28  11.63 0.40
3p, 11.82 3.44 17.77 2.15 14.49 2.29 9.60 2.01 2.50 6.74
I, -1.74 Lee2 -2.15 1.58 5.64 1.60 3.31 1.14 3.05 1.53
€, 0.08 0.55 ~0.83 0.71 ~0.16 0,50 0,09 0.60 ~1.65 0.73
3,  0.79 0.40 0.28 0.54 0.47 0.40 0.62 0.39  =0.54 0.59
¥, ~4.08 1.03 -5.78 0.81 0.12 1.73  -3.89 1.25 ~4o14 2,82
3F3 -1.95 0.40 ~2.05 0049 ~0.17 0.38 -1.69 0.41 -1.65 0.54
’,  3.370.19 3.05 0.20 3025 0.19 3.36 0.19 2.96 0.21
£, 8.010.68 9.02 0.60  =5.51 1.40  =0.54 1.79  —0.T4 4.86
3G3 ~0.14 lews =030 1.84  -1.80 1.02 ~0.30 1.58 3.60 1.64
%,  2.610.20 1.95 0.24 2.51 0.20 2.68 0.20 1.67 0.25
%, -1.80 0.82 —1.71 0,94  =3.13 0.87  =2.92 0.87  =2.99 0.74
%, 4078 1.57 27.04 6,01  -3.46 1.79  =5.14 1.53 36.01 6.79

Imaginary Part of T hase Shift

D, 4.150.85  ~0.67 0.55 3.65 0.86 3.97 0.85  =0.95 0.54
£2 0,083 0,007 0,071 0.007  0.083 0.007 0,093 0.009  0.065 0.013
#' 1s5.67 124.05 138.06 138.27 141.80
”72’* 0.91 0.98 1.10 1.10 1.12

Solution 1 2 3 4 5



Table 4

The Phase Shifts in Degrees (the Stapp Parametrization) for
400 MeV Nucleon-Nucleon Scattering ( ¢ . =5),

?n?::s J * Acf :::::s 0(' i‘AC{‘
Real Parts 31-4 3.13 0.24
s, ~19.51  1.22 &, 7.16 3.11
3s, = 3.75 23.40 %, ~1.46 6.33
%, ~10.21 2.27 Y, 2.52 0.19
e, -37.11 20.71 %, T.23 8.56
3, ~32.29  1.04 %, ~141 1.41
%, 19.40  0.94 £, “1.®2 0.26
& 5,28 11.62 334 ~0.56 0.63
3, -30.29  5.94 ta, ~2.91 1.67
1p, 13.18  0.43 335 ~0.80 0.50
3, 21.69 11.74 3 ~0,08 0.43
3n3 -24.71  1.64 Imaginary Part
£, 0.54 0.61 'p, 2.41 0,67
3, 0.26  0.54
e, - 47T 2.90 £ 0,070 0.010
3, ~1.28 0,57 xt 113.32

/177 0.94
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Table &

The Dislribution Coeeflficienls for the Phase Shill I'mersy [)#'DelNIPHC(“Q'

Phase Distribution Coefficients =K/ ) IZ/L
Shift Q,«10 a,x10° a0’ a,xiof asxi0® X4
15, = 0.62167 = 50.516C1  19.56261 - 1.73342  0.00 7.80  1.10
35, <321.37470 29115107 -133.75979  22.54389 0.0 35459 5,00
3p, = 21.39313  157.98911 -204,25080 93.23066 -14.37793 4.89 070
P, - 17.40493 47.53864 = 50,04244 12.76300  0.00  11.99 1.33
3, - 8.57288 2.43745 = 9.79476  3.33477 0.00 4.51 0,50
3, 0.00 —2.78793  46.21441 -48.46290  17.97259 8.39 1.40
£, - 36.14370  B1.47201 - 52.86998 10.65984  0.00  1L.70 1.45
3, 18.95803 ~ 47.34628  20.63553 = 2.57192 0.00 27.43  3.14
1o, - 4.99527  25.74542 -3L.16457  17.37099 - 3.38205 9.44 1.35
3, 0,00 0.00 68.61407 —~60.91444  13.59093 1.56 0.20
3n3 - 4.36333 9.96765 - 3.91386  0.00 0.00 8.89 1.1l
£, ~-1.94010  -1.53039 1.15249  0.00 0.00 3.88  0.97
3p, = 0465337 -2.48530  4.43860 144189 0.00 7.06  2.35
ey 3.88930  -13.41809  8.48576 -1.65464  0.00 2.08  0.70
3, 3.29351  ~6.84631 2.31248  0.00 0.00 1.86  0.62
3F4“") 0.00 0.00 —11.79384 20.64142 =11.00275 3,52 1,76
€5 3.19683 0.48349 0.00 0.00 0.00 2,63 1.31
oy - 284551 0.92549  0.00 0.00 0.00 475 2.37
Yo, - o0.79857 1.09860  0.00 0.00 0.00 4.51  2.25
%, 6026666 -1,69013 0.00 0.00 0.00 0.004 0.004
%, 0.86262 ~0.83942 0.00 0.00 0.00 4.85 2442

*) The distribution coefficients are calculated using the 3-rd set of
630 MeV phase shift analysis.

0c)

The coefficient _a
55, (a, =180

o
and

is equal to zero for all

lso( a, =60,22901).

hase =hifts except

For the description of the energy dependences of phase shifts

®p, and

BF

4

ag” 10 =-2,17953 and

the coefflicient a,

[}
as-lo =1.86752, respectively.
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is used. It is equal to
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Fig.1l. Energy dqpendences of phase—shiﬂ.ls in 10-700 MeV region,
The data S, (14.5, 52 MeV) and 'D; (14.5 Mel) were not
taken into account.
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Fig,3. Energy dependences of phase shifts in 100-700 MeV region,
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Fig.4. Energy deperdences of phase shifts in 10-700 MeV region,
The value ¢, (310 MeV) was not taken into accounts
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Fig.6. Energy dependences of phase shifts in 100-700 MeV region,
18.6.
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