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Una'Ylbiguous Phase Shift Analysis of Nucleon-Nucleon 
Scattering at 400 !'/leV and the Energy Dependence of PI;,"''· 
Shifts Above the Pion Production Threshold 

'fhe phase shift analysis of Nucleon-Nucleon scatlet"inQ clol<l o~l 

~nergies near 400 MeV has been performed. The search for· II'""' ""' , 
ions of the phase shifts has been carried out for the maxinwJ (Jt"IJil· ,[ 
momentum ~ max =1. Only the 

1 
D2 wave is assumc•d lo have nn itnlll<t­

~inary part. Seven solutions have been obtained in the region x 2 ~ 1.5 ):: 2 . 

~ detailed investigation has sh-::>wn, that six of them can be t'L~j(• te-d 
with the _probability of Tvpe I error. smaller than o.:>~J •I.,. 

Tables of phase shifts and the angular dependences of th< · • ·•, I' . 
imental quantities are given. The energy depenclcnc0s of pl>a . .;C' ,..;hills 
n the region 10-630 MeV are shown in the graphs. 
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Introduction 

The first simultaneous phase shift analysis of n - p am p- p 

data at 400 MeV was performed previously in ref./
1

/. The search 

for solutions from ramom initial comitions was carried out for the 

maximal orbital momentum f max =3, i. e . the phase shifts for states 

with f ~ 3 were foum from experimental data am 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 u sed for the phase 

shift analysis and therefore, all the foum solutions were specified 

for f max =4. Then, a reasonable desc ription of the experimental data 

was obtained / 1 /. Latter, the three solutions foum in /
1

/ were s p e ­

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 exp erimen­

tal data at energies near 400 MeV was obtained, namely the p o lari­

zation am spin correlation in p - p elastic scattering were· measured, 

using a polarized proton target /
3

/. The quantities P n P and P P P 

were also measured ctt 400 MeV in double scattering experiments/
4

/. 

3 



Results of these experiments tog ether with the previously known 

data a re used in this paper to determine the phase shifts more 

accur atel y a nd to investigate unambiguity of the phase shift analy­

s i s with e max= 4 , i .e. in the conditions which are n ecessary for a 

sufficie nt desc ription of experimental data. 

2 . Experimental D ata 

The experimental quantities used in the phase shift analysis 

are g i ven in Table 1 . Unfortunately the total n u mber of experimen­

tal p o ints equal to 14 9 is not distributed uniformly between the p- p 

a nd n- p systems. The p- p d ata (120 points) were measured well 

accur a te l y and lie in the e n ergy region 380-437 M eV. The diffe­

rential cross section for n- P scattering and the polarization P n P 

were measured at 400 MeV. The "averag ing " of the experimental 

d ata over such a n energy r egion and their reduction to one energy 

should not influence the r esults of the phase shift analysis, si n ee 

the angula r dis tributi ons of the experimental quantities only slightly­

depend on the energy in the reg ion considered. All the experimen­

tal d ata a re g iven in Table 2. 

3 . Phase Shift Analysis 

The search for random initial parameters was performed ac-

4 

cording to the progr 

were performed and 

the basis of 149 ex1 

e max =4 were detern 

shifts and of x 2 for 

the sixth and seven 
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Since a g reat 
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previously known 

:>hase shifts more 

phase shift analy-

re necessary for a 

>hase shift analysi s 

umber of experimen­

·mly between the p- p 

Nere measured well 

.7 MeV. The diffe-

~ polarization P o P 

:>f the experimental 

~ction to one energy 

shift anal ysis, si n ee 

~antities only s lightly 

I . All the exper imen-

was p e rformed ac-

cording to the programme decribed in /
5

/. As many as 170 searches 

were performed and 7 solutions with X 
2 < 1.5 x 2 

were found. On 

the basis of 149 experimental points, 23 variable parameters for 

f max =4 were determined ( X 2 
= 126) • The values of the phase 

shifts and of x 2 for the first five sets are g iven in Table 3. For 

the sixth and seventh solutions the X 
2 

values are equal ~o 158.7 

and 181.6, respectively. The first set with the minimal X 

corresponds to set 1 obtained previously in /
1

•
2

/. 

value 

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 

:2 X ~l of 

the appearence of the X 2 2 
XI value, which i s larger or equal to 

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 0.1o/o, respectively. It follows from the found values of P <x 2
z..xi''l, 

that only solutions 6 and 7 can be rejected according to the x 2 

criterion, because their probabilities P (X 
2 >--x 1

2 
l are small. 

A method suggested in /
6

/ 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 X 2 value. This set was taken as the model of 

the real solution. 

According to ref. /
6

/ for the calculation of the majorized es-

timation of Type 

the repeating 

error probability P 
1 

it is necessary to model 

of the exp eri ment (pseudoexperiment) . It was made 

using the .Mont e Carlo method and P 1 can be expressed by the 

formula: 

PI 
_1_~ fo, fo,' 

N J= l pI l ( ::::, I - 8 1J ) • 2 • •• • 7 • (1) 
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where N i s the number of pseudoexperiments, p 
II 

of the Type I error for the j -th pseudoexperiment. 

P (~ >LV -8 
II - I II 

1 • if ~, -8 < O, 
I II 

the probabilities 

p (~ > ~' -8 
II - I II 2 

( 1 - ¢ ( v ~ , - 8 ) ) . if 
I II 

~, -811 20, 
I (2) 

¢ ( y ~ ' - 8 ) is the integr a l of error, ~ ' = X 2 - X 2( i = 2, •• 7 ) 
I II I I I 

is the diffe rence between the X 2 values of i -th an::! first solutions, 

obtained in the phase shift anal ysis 8 = X 2 - v 2 is the v 2 diffe-
11 lj "'Il A 

renee of the i -th and firs t solution, realized in j -th pseudoexpe-

riment. 

In view of time sparing the probabilities P 
11 

a re determined 

for the lineariz ed hypothes es /
6

/. For this reason the quantities 

Y jk a It were used as the experimental data after 

riment. Here a k is the standa rt deviation of the 

a re the r a ndom numbers , in the region - 4 < y <4 
- lk 

j -th pseudoexpe­

k -th point, y lk 

satisfying the 

Gauss distribution law with unity dispersion. In our c ase 103, 103, 

34, 31, 25, 25, 25 p seudoexperime nts were performed for sets 1-7, 

res pectively. The numbe r of pseudoexperiments N depends on 

the accuracy, t o which we wish t o determine the probability of the 

Type I error • 

The majorized estimation of the probability of the Type I error 

was obtained p = ( 0.59 + 0 . 06)o/o for the second set and i s 
I -

smaller than 5. 10-4ofc, for all other sets. Since in all the cases the 

calculations were p e rformed using a linearized hypotheses, the value 

P 1 i s the upper limit of the pro bability estimation. 

From this results it follo 'IS , that. on the basis of this method 

only the first s olutio n of 400 M e V phase shift analysis remain and 

all other solutions can be r e jected. Then the pha~e shift a n a lys is 

6 
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P 
1 1 

the probabilities 

!nt. 

0 ' 

) ' if 1'1 , - 0 lj 2 0 ' 
I (2) 

2 -X 2
( i = 2, •• 7 l 

I 

1 an:! first solutions, 

~ i s the X 2 diffe­

i -th p seudoexpe-

are determined 

1 the quantities 

i -th pseudoexpe­

k -th point, y 
jk 

4 satisfying the 

•ur case 103, 103, 

armed for sets 1-7, 

depends on 

probability o f the 

of the Type I error 

ond set and i s 

1 a ll the cases the 

ypotheses, the value 

on. 

tsi s o f this method 

::tlysis r emain a nd 

oe shift a n a lysis 

at 400 MeV, can be considered to be unambig uous at present. 

The measurement of new experimental data and inc reasing of 

the accuracy of the previously known values make it necessary the 

specifying of the phase shift analysi s so luti o ns a t higher values 

o f f max , i.e. to increase the number of phe.se shifts for satis-

fying desc ription of experimental data. It was i nteresting to prove 

the specification of the r emaining solution >f.) f o r e max= 5 . The 

phase shifts for e max = 5 are shown in Table 4 . It follows fro m the 

table that the mean values o f the phase shift s a re not c h anged, but 

their errors are essentially increased, mainly for the phase s hifts 
a 1 a a a 

with the i sospin T = 0 ( S 
1 

P
1 

, c 
1 

D 2 G 3 G 4 ) • 

The unan:big uous result of the phase s hift anal ysi s at 400 MeV 

makes it possible, to extrapola te 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 i s better described by curves 

extr apol ated from the l ow energy region. For this reason the r e ­

sults o f the phase s hift analysis a t 9. 7 , 14. 5 , 18. 2, 23. 1, 40, 52, 66, 

95, 147 , 210, 310, 630 /7 •
8

/ and the present result a re used. The 

ene r gy dependence of each phase shi ft can be approximated by the 

formula 

o (E) (3) 

where k=y F. E i s the energy in the lab. system. The coeffici­

e nt a 
0 

o 
i s taken t o be equal to 1 80 for the phase s hift of the 

a s 
1 

wave and to be zero for a ll other waves except 
1s 0 • For 

I the s 
0 

wave the r egion 0 -10 MeV i s not taken into account. The 

coefficients a 1 
were determined using the l east squar es method 

a nd are g iven in Table 5. The number o f coefficients was chosen 

*J The specification o f the second s olution a t tra n s ition to 
g ives the same res ult as that o f the first s olution. 

7 

max 
= 5 



using the c riterion, that the increasing of the coefficients gives not 

a better description of the phase shifts energy dependence. It was 

found that 3 - 4 coefficients g ive a good description. The energy de-

p endences o (E) a re g i ven in figs. 1-6. In the same figures the 

phase shifts are shown, 0btained from the energy independent phase 

shift analysi s (s~e refs/7 • 8~. From 'ihe graphs it follows, that all the 

c urves in the region 400-70 0 MeV can be well extrapolated from 

the l ow ener gy reg ion. It can be stated, that the third phase shift 

set a t 630 M eV better coincides with the extrapolated curves than 

the second one. For 630 MeV the values of the third phase shift 

set a re taken into account /
7

/. If the curves for second and third 

solution con s id e r abl y differ, both the dependences are given. 

The following parameters do not coincide with the calculated 
3 3 

curves: Phase shifts G 4 a t 400 MeV arrl F
4 

at 14 7 MeV, the 

mixing para meter f 
1 

a t 310 MeV and due to 
3 

S 
1 

and 
3

D 1 at the 

same e nergy. The investigation of the x 2 
profile a t 400 MeV shows, 

that in a ll cases o nly one minimum exists (fig. 7). 

4 . Results 

I n the phase shift analysis of the nucleon - nucleon scattering 

data near 400 MeV, s even solutio ns for E =4 (23 free parameters) 
max 

were found in the reg i o n 2 - 2 
X 5- L5x • The majorized estimation of 

the probability Type I error b y rejecting each of this solutions shows, 

that the solutions 2-7 can be rejected with probability of 0.59"/o from 

-4 ll ·the s econd set a nd smaller than 5 • 10 '7o for a ll other sets. 

The known experimental data, used in the phase s hift a nalysis 

are well described at f max = 4 ( x 2 /x2 = 0.91). For f max =5 (28 

free parameters) the description of experimental data is not improved 

8 

(X~ /x ~ O. 94). The rr 

within the errors by 

The obtained p i 
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dent phase shift anal 
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coefficients gives not 

;y dependence, It was 

:)lion. The energy de-

same figures the 

·gy independent phase 

it follows, that all the 

J extrapolated from 

•e third phase shift 

.po lated curves than 

te third phase shift 

>r second and third 

. ces are given. 

ide with the calculated 

at 14 7 MeV, the 
3 
s 

I 

a 
a nd D 1 at the 

ile a t 400 MeV shows, 

7). 

on - nucleon scattering 

,4 (23 free parameters) 

'l.jorized estimation of 

of this solutions shows, 

)bability of 0 , 59"/o from 

>r all other sets. 

2 phase shift a nalysis 

For f max =5 (28 

1 data is not improved 

( x2 I x a.: 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 

energy dependences 8(E) obtained in Livermore /
9

/ for the phase 

shifts of waves with isospin T = 1 in the energy dependent 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 P P for the 1-st and 2-nd sets 
nn 

at 400 MeV are given. In this case the experimental data are b e tte r 

described by the 2-nd set ( /':;. X 2 = 9, 5 for the 2-nd set and 1 5. 00 

for the 1-st set). 

The "- N coupling constant calculated for all the phase 

shift sets at 400 MeV coincide with the f 
2 value obtained in the 

" - 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,I,Lapidus and P.Winternitz for u seful 

discussions, E.Dudova, V.A.Maximova, J.Cechova , J.Fingerova a nd 

L.Janoutova for help in the work. 
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Table 1 

The Experimental Data, Used in P h ase S hift A nalys i s a t 400 M eV 

The Ex 

Enetogy 
for 

Measured Angular Number 
LlJl+) 

Authors Refs o 
Quantity /MeV/ Range /CM/ of Points 

Parameter Ener, 
(]'- pp 380 4°-31° 20 4.,80 Harting et al /10/ MeV 

380 30°-90° 6 5.26 Holt et al. Ill/ 
437 17°-90° 8 4o26 Sutton et al . /12/ 

33°-83° /4/ fJ *) 
ppp 400 7 3.40 Cheng 

pp 380 
415 52°-88° 14 9ol8 Beretvas et al./3/ 
415 15°-90° 8 10.17 Kane et al. /13/ 
430 30°-120° 7 7.19 Roth et al . /14/ 

D 415 900 1. 2o07 IGme et al. /15/ pp 
30°-120° 430 7 4ol9 Roth et al , /14/ 

30°-120° 
380 

R 430 7 3ol2 Roth e t al. /14/ pp 

A 430 30°-120° 7 1.4~46 Roth et al . /14/ pp 
A' 

PP 
430 30°-120° 7 l5o84 Roth et al . /14/ 

cPP 382 900 1. Oo004 Allaby et al. /16/ nn 
400 60°,90° 2 4ol5 Engels et al . /17/ 
415 52°-90° 15 15.00 Beretvas et al./3/ 

cPP 
m1 400 60°,90° 2 Oo61 Engels et al , /17/ 

p.p 
o-t 41.0 1. 0 . 39 Dzhelepov et al./18/ 

(jnp 400 12°-1.80° 20 9.94 Hartzler et al. . /19/ 

Ppn 400 33°- 144° 8 1.63 Cheng /4/ 

()~p 410 l CoOl Nedzel /20/ 

~ The c ontribution t o )( 
2 

for the 1-st set. 

-:}Diffe r e ntia l c r oss 

(-~-Q) 
1l 90°c 

12 
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Tabl e 2 
-.alysi s a t 400 M eV 

T h e E xpe r i men tal Data U sed in P hase - Shift Anal ys i s 

Authors Refs o 
fo r pp- a rd n p - Scatte r i n g a t E n e t"gy 4 00 MeV. 

~) 
Parameter Ener~ ~.moBo Measured Statistical Ref' so 

MeV value error ! Harting et al /10/ 
Holt et al . /11/ 

( a ~ ~ j t g :. ).o' Sutton et al . /12/ 

0 *) 
Cheng /4/ pp 380 30 1o092 Oo010 Ill/ 
Beretvas et al ./3/ 36 1~092 o;.o14 

Kane et al. /13/ 43 1~082 Oc.OlO 

Roth et al . /14/ 50 1;.045 0;.012 
65 1C.023 0~012 

IUme et al. /15/ 90 1~000 o;.oo6 
Roth et al , /14/ 

380 4o14 7o07 Oo30 /10/ 
Roth et al. /14/ 4~69 4~26 oa1 
Roth et al. /14/ 5C.28 3c.os 0012 

6;.42 1;.783 0;.054 Roth et al . /14/ 
7.56 1;.435 0;,040 
8c.73 1;,2)8 Oc.028 

Allaby et al. /16/ 
9;.9 1C.176 0C.027 

Engels et al . /17/ 
llc.O 1;.176 0;.020 

Beretvas et al./3/ 12;.1 1o173 o;.o27 

Er..gels et al • /17/ 13;.2 1~165 Oc.015 
14o3 1C.176 0;.022 

Dzhelepov et al/18/ 15C.4 10151 0;.018 
16;.5 1;.154 0;.016 

Hartzler et al. .·/19/ 17;,6 1;.154 0~015 

Cheng / 4/ 19 ;.8 1:.133 Oo020 
21;.8 1;.141 o;.o16 

Nedzel /20/ 24<.0 1<.114 Oc.016 
26C.2 10130 Oo018 
28;.4 1;.103 Oc.017 
30o6 1c.oa4 0C.017 

,.)Di f fe r e ntia l c r o ss section a r e g jve n i n te rms o f the val u e a t 90°. 

(-~-Q) 
.Jl 90°c.mo8o 

= (3o70 ! 0.06) mb/sterad 

13 



Table 2 - Continuation 

~.m.a. Statistical 
Parameter Energ 

Parameter Energy Measured Refao MeV 
- MeV value error!: 

(-#r v( :¥rJ.o. ppp 415 

6 
*) 

pp 437 17 1o182 0.035 /12.1 
25 1<.223 0<.023 
28 1~156 0~031 

30 1<.152 OC.015 
36 10160 OC.010 
50 1~014 0C.015 430 
65 1C.037 OC.017 
90 1C.OOO 0~014 

ppp 415 15o5 Oo317 0.041 /13/ 
22 ' 0~353 Oc.027 
33 0<.421 o;.o36 
4Jo5 0:.402 0C.029 
55C.5 0~317 0:.028 Dpp 415 
65 ' 0C.260 0:.030 
75 0C.ll7 o•o21 430 

90 -o;.ol7 OC.023 

415 52.0 Oo39 Oo03 I 3/ ~~) 

55o0 Oo38 Oo03 
58o5 Oo30 Oo03 
6)o0 Oo28 Oo03 
65o7 Oo23 Oo03 
69o6 Oo20 0.03 Rpp 430 
74.0 Ool6 Oo03 

·,.,) Differential cross section are given in terms of the value at 90°, 

( -t~) 90°c.m.s. "' (3o49 ! Ool7) mb/aterad. 

,._.q This data were taken from the g r a p h (see ref. 13 1). 

14 
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Table 2 - Continuation 

Parameter Energy ~.m.s. Measured Statistical Ref's. 
!ltistical Refs. MeV value error! 
srror! 

d6) 
ppp 415 78.5 0.09 0.03 I 3/ 

'd"1L 90° 81.5 0.08 0. 03 
82.3 0.09 o.o3 

0.035 /12/ 83.1. 0.07 0.03 
Oc.023 86.2 0.06 o.o3 
0<.031 87.0 0.01 0.02 
oc.o15 ss.o o.o3 0.03 
0;.010 
oc.015 430 30 Oo33 o.o6 /1.4/ 
0;.01.7 45 0.40 0 ~06 

o;.ol4 60 0C.25 0;.04 
75 oa6 04.03 

0.041. /1.3/ 90 oc.oo 0C.02 
oc.027 105 -QC.23 0:.05 
04.036 120 -oc.40 O;.l.l 

OC.029 
OC.028 Dpp 415 90 Oo42 Oo09 /1.5/ 
OC.O)O 
0:.021 430 30 0.34 0.22 /1.4/ 

o;.o23 
45 0;.60 0;.19 
60 0C.47 0C.l3 

o.o3 I 3/ '+'*) 75 0<.52 Oc.ll 

0.03 90 Oc.67 Oc.10 

0.03 105 0;.65 0015 

0.03 120 0C.59 0C.25 

o.o3 
0.03 Rpp 430 30 Oo06 Ooll /1.4/ 

0.03 45 0;.40 OC.l.l 
60 0;.43 o;.oa 

f the value at 90°. 75 OC.47 oc.o7 

sterad. 90 0C.47 0C.05 

f. /3/). 
105 0;.35 0:,11 
120 o;,34 oa8 

15 



Tabl e 2 - Continuation 

Parameter Energy .J"~.m.a. lleaaured Statistical Ref' a. Parameter Enere 
MeV value error ! KeY 

~p 430 30 Oo25 Oo16 /1.4/ cPP 
ml 4oo 

45 -oc.15 Oc.12 
60 o;.)6 0:.09 
75 Oc.35 Oc.OB 6t mb 410 pp 
90 0;.27 o;.o7 

105 -oc.l2 0016 6np 400 
120 -oc.12 oc.22 

mb/sterad , 
~p 430 30 Oo47 Oo20 /1.4/ 

45 Oc.06 o;.u 
60 0C.06 0C.09 
75 0;.22 o;.os I 
90 0;.]6 Oc.07 

} 105 O•Ol Oc.U 
120 Oc.OB 0C.04 

cPP 
nn 362 90 Oo4l Oo09 /1.6/ 

400 50 0..82 Oo47 /1.7/ 
90 Oc.60 Oc.09 

415 52o0 Oo60 Oo07 /31 1f) 
55o0 Oo58 0,.06 J 5Bo5 Oo56 Oo06 
6)o0 Oo5l Oo05 j 
65o7 Oo49 0.05 
69.6 Oo47 Oo05 
74o0 0.54 Oo05 
7Bo5 Oo)5 Oo05 
Blo5 Oo48 0.05 
82o) Oo40 Oo05 
8).1 Oo48 0.05 
86.2 Oo41 Oo05 
87.0 Oo42 0.05 
ss.o Oo44 Oo05 
90;.0 0.42 Oo04 

..) This data were taken from the graph (see r e f, 13 /) . 
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Table 2 - Continuation 

iatical Refa. Parameter EnerQ J:.m.ao Keasured Statistical Ref a. 
ror! lleV va1ue error ;t 

o16 /14/ cPP 
ml 4oo 60 Oo60 Oo46 /17/ 

c.12 90 Oc.32 0:.09 
~09 

c. OS 6t mb 410 0.01 26.9 Oo7 11.8/ pp 
· ~07 

!;.16 6np 400 12o7 3o73 2.10 /19/ 

'o22 15 4C.43 0C.46 
mb/sterad 20 3~07 0~31 

lo20 /14/ 30 2;.84 0:.57 
1~11 40 )~)) 0~20 

1;.09 45 );.)5 Oo20 
1~08 I 50 );,.)8 0~12 

1;.07 

1 
55 2c.56 0;.2) 

IC.U 60 2~48 o;.os 
)C.04 10 2c.22 0<.09 

80 1~85 0C.06 
lo09 /16/ 90 1C.54 o:.o6 

100 1:.42 0~06 
lo47 /17/ 110 1C.50 oc.oo 
>c.09 120 1c.94 Oc.08 

lo07 /31 *) 
130 2;.50 0;.09 

>.06 ,f 
140 )C.21 Oc.QIJ 

>.06 
150 4~17 0;.11 

' 
160 5•25 0<.14 

lo05 
165 5C.82 0C.22 

lo05 
170 7:.9) 

lo05 o:.2s 
175 9<.57 0C.)4 

lo05 180 13;.49 
lo05 

o;.91 

lo05 
lo05 
lo05 
lo05 
lo05 
lo05 
lo04 

'. /3/). 
17 



Table 2 - C o ntinAalion Table 3 T 

Paramete:- Ener gy 
J~ms r.~eesured Statistical Phase MeV Value error !. Ref's. Shifts ! ±tuf 

ppp 400 33.8 0.442 Oo014 /4/ 
'so -12.58 1.57 -31 

47o 8 0 .. 419 O.OG3 3s 5.63 ).25 1 
48o0 Oo419 OoOll 

Jpo -12.65 1.44 - 1' 
63.5 Oo275 Oo008 lp1 -43.29 2.50 - 3' 

65o2 Oo272 0.01.0 Jpl. -32.66 0.65 -2 

80o6 0 .. 1.05 Oo008 3p2 18.90 0.39 1 

82 .. 5 Oo084 Oo009 c:1 -o.65 2.35 

3n1 -35o50 2o42 -3 
ppn 400 3Jol. 0 .. 411 Oo087 /4/ 

ly,2 13.17 0.30 1 
48o) Oo264 Oo02) 

3n2 11.82 3.44 1 
66o6 Oo08) Oo032 

3n3 -1.74 1.82 
83ol. -o .. l52 0 .. 026 

E.2 o.os 0.55 
99o7 -<>.309 Oo025 ~2 0.79 0.40 

ll6o5 -<>o272 Oo022 1-3 -4.08 1.03 
l.Jlol. -Gol.58 Oo01.8 ~3 -1.95 0.40 

1.44o3 -<>ol.04 Oo056 ~4 3.37 0.19 

£3 8.01 0.68 

t 3G -o.l4 1.40 
G"'xip 410 33o7 1.3 /20/ 3 

la4 2.61 0.20 
/ mb/ 

3a -1.80 0.82 4 

3a5 -4o78 1.57 

ln 
2 4.15 0.85 

~ 0.083 0.007 

~l. 115.67 

Jl/1? 0.91 

.Solution 1 

lil 



Tabl e 3 The Phase-Shifts in Degrees (the Stapp par amet r i zation) 

for 400 MeV Nucleon-Nucleon 

Scatteri ng 

stical 
r:!. Refs. Phase J' ±Ad d :tAd d ±Ad d± A.J d +Ad Shifts 

Real Parts of Phase Shifts 
14 /4/ 

'so -12.58 1.57 -38.27 4.82 -16.16 1.65 -14.47 1.52 -43.39 6.38 
00 

3sl 5.63 3.25 2.42 4.34 6.73 3.60 38.03 2.70 39.13 4.01 
11 

Jpo -12.65 1.44 -17.60 2.05 -12.11 1.51 -13.27 1.55 -18.89 2.13 
08 

lpl -43.29 2.50 -37.95 2.37 -33.74 4.12 -22.33 5.28 -20.58 12.74 

10 
Jp1 -32.66 0.65 -29.53 1.02 -32.82 0.69 -32.40 0.77 -28.83 1.16 

08 Jp2 18.90 0.39 19.18 0.46 18.93 0.41 18.91 0.43 19.16 0.58 

09 c:1 -Do65 2o35 -4.27 1.90 16.89 2.34 -26.24 2.25 -13.78 6.98 

87 Jnl -35o50 2o42 -34.09 2.19 38.63 3.28 31.12 3.60 43.03 3.18 
/4/ 

1>2 13.17 0.30 11.58 0.45 13.27 0.26 13.33 0.28 11.63 0.40 
23 

3n2 11.82 3.44 17.77 2.15 14.49 2.29 9.60 2.01 2.50 6.74 
32 

3n3 -1.74 1.82 -2.15 1.58 5.64 1.60 3.31 1.14 3.05 1.)3 
26 

£,2 0.08 0.55 -o.83 0.71 -o.16 0.50 -o.09 0.60 -1.65 0.73 
25 

1-2 0.79 0.40 0.28 0.54 0.47 0.40 0.62 0.39 -o.54 0.59 
22 

l:r3 -4.08 1.03 -5.78 0.81 0.12 1.73 -3.89 1.25 -4.14 2.82 

18 
1-3 -1.95 0.40 -2.05 0.49 -o.17 0.38 -1.69 0.41 -1.65 0.54 

56 ~4 3.37 0.19 3.05 0.20 3.25 0.19 3.36 0.19 2.96 0.21 

t3 8.01 0.68 9.Q2 0.60 -5.51 1.40 -o.54 1.79 -o.74 4.86 

3G 
~ 

/20/ 3 -o.14 1.40 -o.30 1.84 -1.80 1.02 -o.30 1.58 3.60 1.64 

~4 2.61 0.20 1.95 0.24 2.51 0.20 2.68 0.20 1.67 0.25 

3G 
4 -1.80 0.82 -1.71 0.94 -3.13 0.87 -2.92 0.87 -2.99 0.74 

3G 
5 -4.78 1.57 27.04 6.01 -3.46 1.79 -5.14 1.53 36.01 6.79 

Imag inary Part o f r hase Shift 

1n 

' 
4.15 0.85 -o.67 0.55 3.65 0.86 3.97 0.85 -o.95 0.54 

~ Oo083 0.007 Oo071 Oo007 0.083 0.007 0.093 0.009 0.065 0.013 

~J. ll5o67 124.05 138.06 138.27 141.80 

.v7_r 0.91 0.98 1.10 1.10 1.12 

.Solution 1 2 3 4 5 
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Table 4 

T h e P hase S hills in Degr ees (the S tapp Par ametrizatio n ) for 

400 M eV Nucleon-Nucleon Scatte ring ( f m ax = 5). 

Phase 
J :t. .Ad Phase 

d !: tld Shifts Shif'ta 

Real Parts ;.4 )ol3 0 .. 24 

Iso -19 .. 51 1 .. 22 c) 7.16 3oll 
3s - 3 .. 75 23o40 )G -1 .. 46 6 .. 3) 1 3 
Jpo ~4 -10.21 2 .. 27 2.52 0 .. 19 
lp -37.11 20 .. 71 )G 7 .. 23 8o56 1 4 
Jpl -32 .. 19 1.04 )G -1 .. 41 1.41 5 
Jp2 19.40 0.94 E" -1.92 0 .. 26 

El 5o28 11 .. 62 3a 
4 -o.56 0.63 

3nl -30.29 5o94 ~ -2.91 1.67 

ln2 13.18 0 .. 43 1!5 -o.eo 0.50 

3n2 21.69 llo74 ~6 -o .. oa 0.43 

3n3 -24o71 lo64 Imaginary Part 

<52 0.54 0.61 ln2 2 .. 41 0 .. 67 

~2 0 .. 26 Oo54 

1-3 - 4o77 2o90 ~ Oo070 0 .. 010 

~3 - 1.28 Oo57 .zt 113 .. 32 

~~ Oo94 

20 

The Distribution < 

Phaae Distribu· 

Shift a1 :do a~ 

Is a - 0 .. 62167 -50. 

3s 
1 -321.37470 29lo: 

Jpo - 21 .. 39313 157 

lp1 - 17o40493 47 

Jpl - 8o57288 2 
3p _, 

2 o .. oo -2 

e1 - )6.14370 81 

3D 1 18 .. 95803 - 47 

~2 - 4 .. 99527 25 

3D 
2 o .. oo 0 

3n3 - 4.36333 9 

£2 - 1.94010 -1 

~2 - 0.65337 -2 

1-3 3.88930 -13 

) .. 29351 -6 ~3 
~ _,) o.oo 0 

4 

£3 
3G 

3 

la4 

3a4 

3a5 

3.19683 0 

- 2 .. 84551 0 

- 0. 79857 1 

6 .. 26666 -1 

0 .. 86262 -o 

><) The distribution co< 
630 MeV phase s h ' 

K>E-) The c oefficie nt a c 
8 S 1 ( a 0 = _180 ~ 

~ For the d escrip· 
• p 2 and 8 F, th< 

"6 · 10 =- 2. 1795:' 



•trization ) for 

= 5). 

J !: t1d 
3 .. 13 0.24 

7 .. 16 3.11 

-1 .. 46 6 .. 33 

2.52 0.19 

7.23 8.56 

-1 .. 41 1.41 

-1 .. 92 0.26 

-().56 0.63 

-2.91 1.67 

-().80 0.50 

-().08 0.43 

Imaginary Part 

2.41 0.67 

0 .070 0.010 

113 .. 32 

0.94 

Table 5 

The Distribution Coefficients for the Phase Shift Energy Dependences..) 

Phaae 

Shift 

Distribution Coefficients ~ 

a uo3 · a uo4 a
1 

uo a,_uc1 ~ * 
ls0 - o .. 62167 
3s1 -321 .. 37470 

3p0 - 21 .. 39313 

lp1 - 17.40493 

Jpl - 8 .. 57288 

3p2 _, o .. oo 

e1 - 36 .. 1437o 
3n1 18 .. 95803 

~2 - 4 .. 99527 

3D 0,.00 
2 

3n3 - 4.36333 

E.2 - 1.94010 

~2 - 0.65337 

1-3 ).88930 

~3 3 .. 29351 
'L -"') 
""F 4 o.oo 

£3 ).19683 
3a3 - 2 .. 84551 
1a4 - 0.79857 

3a4 6 .. 26666 

3a5 0 .. 86262 

- 50.51601 19.56261 - 1.73342 

291 .. 15107 •133 .. 75979 22.54389 

157.98911 -204 .. 25080 93.23066 

47 .. 53864 - 50.04244 12!76300 

2.43745 - 9.79476 3.33477 

-2.78793 46.21441 -48.46290 

81.47201 - 52.86998 10.65984 

- 47.34628 20 .. 63553 - 2.57192 

25.74542 -31.16457 17.37099 

o.oo 68.61407 -60.91444 

9.96765 - 3.91386 o.oo 

-1.53039 1.15249 o.oo 

-2.48530 4.43860 -1.44189 

-1).41809 8.48576 -1.65464 

-6.84631 2.31248 o.oo 

o.oo -11 .. 79384 20.64142 

0.48349 o.oo o.oo 

0 . 92549 o.oo o.oo 

1.09860 o.oo o.oo 

-1.69013 o.oo o.oo 

-().83942 o.oo o.oo 

o.oo 7.80 1.10 

OoOO J5o59 5o00 

-14.37793 4o89 Oo70 

o.oo 11.99 1.33 

o.oo 4.51 0.50 

17.97259 8.39 1.40 

o.oo 11.70 1.45 

o.oo 27.43 ).14 

- 3.38205 9.44 1.35 

13.59093 1.56 0.20 

o.oo 8.89 1.11 

o.oo 3.88 0. 97 

o.oo 7.06 2.35 

o.oo 2.08 0.70 

o.oo 1.86 0.62 

-11.00275 ).52 1.76 

o.oo 2.6) 1.31 

o.oo 4.75 2.)7 

o.oo 4.51 .2.25 

o.oo 0.004 0.004 

o.oo 4.85 2.42 

><) The distributi on coeffic i ents a r e calculated u s ing the 3-rd set of 

630 MeV phase s hift anal ysis. 

K>«) The coefficie nt a 
0 

i s equal to zero for a ll ,.phase s hifts except 
3 s

1 
( a

0
=.180")and ' s 0 ~ • 0 =60. 22901-J. 

For the d escription of the e n ergy dependences of phase shifts 
8 P 

2 
and 8 F, the coeffici e nt a 

6 
is u sed. It is equal t o 

6 
•

6 
· 10 =-2, 17953 a nd "ti 10 = 1, 86752, respectively. 
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