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ABSTRACT

The Arndt-Mchregor'(Livermore).nucleon-nﬁcleon phasé shifts
and mixing parameters for partiai waves through. J =4 are fitted
in the energy range O to MOO.MEV by separable'potentials. We have
demanded that the partial—wavé scattering.amplituaes resulting from
our potentials have éingularities only for real negative values.of
the complex energy variable, in addition to the usual right-hand

unitarity cut guaranteed by the Lippman-Schwinger formalism. We have .

also demanded that the appropriate partial-wave amplitudes contain the -

deuteron pole and the singlet antibound state pole at the correct
energies. The use of these fits in probing the off-energy-shell

behavior of scattering amplitudes is discussed.



I. INTRODUCTION

The main reason for the use of non-local separable potentialé
to describe the interaction between particles is their extreme conven-
ience and simplicity. Also separable potentials provide a simple
extension of the two-body scattering amplitude off the energy shell,
because the séparable potential form factors determine the off-energy
shell behavior of the scattering amplitude in a reiatively tranéparent
manner .

A representation of the off-energy-shell two-body partial-wave
transition amplitude for a particular process should éatisfy five

. . 1
general non-dynamical requirements. In the cage of nucleon-nucleon

scattering, we shall shown that separable potential forms may be

chosen which lead to scattering amplitudes that fulfill these conditions.

The five requirements‘are:

(1) Reducfion. The off—energy'shell amplitude must reduce to
the correct on-shell amplitude. 1In ﬁotential theory, this condition
is met by fitting the parameters of a given potential form to the
experimental value of the on-ghell scattering amplitude expresséd in
termﬁ of phase shifts and mixing parameters.

(ii) Unitérity.» The amplitude must satisfy off—enérgy—shell
two-particle elastic unitarity. If the amplitude is generated from
a potential by the Lippmann~-Schwinger equation, this requirement ié

automatically fulfilled.



(iii) Analyticity. The off-energy-shell amplitude
ng'(P; '3 E)' should_be an analytic function of the centerqu-mass
kinétic energy E, With the dnly singularities in E Dbeing the right- .

hand unitarify cut and bdund state or resonance poles. It should be

2>0) and it

anaiytib in the c.m. momentum p(p')' when p2 >0 (p’
should have sihgularities when p2 <0 and p'2 < 0, which beéome the
;éft—hand or driving singuiarities 6f the on-shell amplitude when vp
aﬁd ' are on the enérgybshell. vIn addition, we take the bosition
that the on-shell analyticity properties ofhany model scattering |
amplitude should.be\as:clése és.poséible to the analYtic‘pfoperties
Known from.felativisﬁichheory.g Tn the nucleon-nucleon case, this
means fhaf'the«on-éhell‘émpliﬁUde sﬁouid have driving éingulérities

only for real negdtiﬁe valueé:of E.

(iv) Time Reversal Invariance.

" (v) Proper Threshold Beha&ior..

'Wevéhall see that requirements'_(iii),v(iv),vand (v) can be
met_by a jﬁdicious choice of the.functionél form 6f'the_separable‘ |
potential wﬁich»gengrates the scattering amplifude;

“Ta.’bakin5 has done an earlier'fit to nucleon—nucleonvscattering . 
aata by using a‘separaﬁlevﬁofential of the same general form as ours.

It ﬁas the:suécess of the Tabakin.pqtential in alnumberfof.calculationé
which'prompted the more éxtensive fits preséﬁted hefein.v

We will display three different separable potential fits to.

the nucleon-nucleon scattering data between O and 40O MeV and discuss
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their application to the study of the qualitative off-energy-shell
behavior of partial-wave:émplitudes. It would be a most unlikely
coincidence if a particular separable potential model were to reproduce
exactly the scattering amplitude which occurs in nature. However,

Noyesbr has shown that the usual iocal poteﬁtial modeis arevggi adequate
to explain the obserfed nucleonfnucleon scattering amplitude. Thereforé,
. a potential modél description of the nucléon-nucleon interaction must A
employ a non~local potential. Non-local sepafable potentials are the
simplest type’of non-local potentials, they afe very con?enient, and

we may hope that they give a éood appro%imation to the exact off-energy-

shell secattering amplitude.
IT. BASIC EQUATIONS AND CONVENTIONS

To enhance the utility of our results, we shall set forth in
considefable detail the basic equations and conventions used in ouf
work. Generally, we follow the conventions of Goldberger and Watsc_)n.5

We deal with the non-relativistic two-particle partial-wave
Lippmann-Schwinger equation for nucleon-nucleon scattering, which for

~uncoupled waves is

. . ' 00 - 2 | . 2
. q” dg V,(p, a) T,(q, p'; k)
t e 2 [ QH . £ 4 :
T (P) p'; k ) = ¥V (P: P ) + ).
8 .8 2 2 2 .
h 0 k- - g + i€

(1)
. . 2,2 .
where the c.m. kinetic energy E =1 k /Eu and p 1is the reduced mass

of the two nucleons. For coupled waves, the Lippmann-Schwinger

equation is



. V- N _ N
Ty (o5 25 KT) = Vv, (@ ')
g4l o 2 | -
+ - v . (2)
7> K2 - g° + ie
j=J-1 0 4

© The partial~wavé transiﬁion amplitude or T matrix obtained
from'the“Lippmann=Schwinger equation'satisfiés the off-energy-shéll

‘elastic two-particle uniterity reélation in the form .
. | 5. o ol % TP
ImT,(p, p'5 kX°) =-.xpp T,(p, k3 k7)) T)(k, p'; k) , (3)
for uncoupled waves and

: : :J+l' ' : © :
o v a2 e .AE 2y ¥ o L L2
Im Tﬂﬂ' (P) Pp's 'k ) = .—_ﬁ QE 7 'Tﬂi(p.’ k; k ) Tig(k‘a p'; k ) (u)
' : i=J-1

for coupled waves, where - = uk/ﬁ?. 'We have used time reversal

invariance to cast the unitarity relation in the forms (3) and (4).

The partial-wave § matrix is related to the partial-wave T

matrix by
2y ; C2 |
Sppr(K7) = L-2ndop T (). - 5)
. - 2 2y N o
For uncoupled waves Sz(k ) = Szz(k ) and the S matrix is expressed

in terms of the'phase.shifts by

2
i (k-
2182(_:)‘

Sg(kg) = e (6)



iaﬂ(kg) ' 5 :
= 1+2ie sin 6£(k ). Combining (5) and (6)

2
2) . -2n pp Re Tz(k )

Y

tan ESB(k N
1+ 20 pp Im Tﬂ(k )

Alternately, we can express the T matrix in terms of the phase shifts

. 2
2 1 18,00) 2,
as T (k") = - e sin 3,(k"), whence
Tk : T O £
2 2 : 2
tan Sz(k ) = Im Tﬂ(k )/Re Tz(k ). TFor coupled waves, we use the .

Stapp6 parameterization of the S matrix

218 ~i(8
e cos 2€ i gin 2¢ e

®

7-1+8741)

1(85_1%05,1) 6216J+l

i gin 2¢ e cog 2¢

Then, the coupled wave phase ghifts and mixing parameters are given in

terms of the T-matrix elements by

-21 PR Re TJ-ljJ#l(k )
ta.n 28J"l = 2 b
L+ 2x pp Im TJ_l,J_l(k )
-2¢ p Re T | (x2)
E J+1,J+lY
tan 28 = : )
oI 1402 Tm T (%)
. T Py J+L,J+1
sin 2e co:ig i ieaTO ) P)
RN FS R |
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k) TJ+l,J-l(k.)_'

: ~‘2 if‘ R
where To<k,) = TJ—l,J+1(

We consider a separsble potential model of the nucleon-nucleon

interaction in which

Uy 2 - [”"’“][gz () 8, (") 'hgp) hﬂ.kp'>].

(7).

Thie isygéEAa complex poﬁential, since- £' - £ is zero or two in the
.nucleon-nucleoh case, and the faetor i(gﬂfﬂ) is included-merely to
cheuge the sign of the off;diagqnal'elemeuts of the potential matrix
invtheucoupledeaue case. | -

For uncoupled waves in whlch we have a gingle term separable

potentlal v,(p, ') = A gg(p) gz(p ), we find

1 - =y ' £ .
2 2 2 .
A k™ - g + i€
0
- where ) = +1 glveq a repulsive potentlal and A= -1 g‘iveq an

attractive potential. For a two- term separable potentlal in uncoupled o

waves we find

1,(es D5 k) - Nz(p,vp'é kg)/Dz(kg)Q_ - )



where : _
0 2. 2
5 - 2u dq ¢~ h, (a)
N,(p, '3 K7) = g,(p) g,(»') |1 + =5 J( —
A 5 k- - q° + ie
00 2 2
. o dq 9~ g, (a)
N R
A kK - g + 1ie
0
, o dq q° g,(a) 1,(a)
- e ne) e me) g,00f B f b,
o - g + ile
0
and
00 2 2
oy dg 9~ g,” (@)
D, () - [1-2 Jf —
, i) k™ - g # ie

0

- 0 2
L L2 ® 4g ¢° h, %(a) o a9 gla)nla)
R 2 N 2 2

B4 K- q + ie 4 5 k- - g + ie

In the general case of coupled waves, insertion of the potential (7)

into the Lippmann-Schwinger equation (2) yields
g .2 o '
Typr (P 25 K DEEFIC) Ny, (ps '35 K7)/D (K7, (10)

where



J+1 @ 2

T | ,
- . dq q~ h."(q)
Nyp (osp's K7) = gy(p) &, (') 11 + %§ E , J[ "

k™ - q + i€

aq ¢ q g5 (q)
- hz(p) .hzfv(p") 1- Z ‘O[ 2‘

ﬁ J=J-1

S | ' 'y 3 dg 9~ g.(a) h,(q)
- (eI 1) + ny(oe,, )] 24 y [

=51 o k::— g~ + ie
5 J+1 :
o, 2 * aq o g5 ‘@]
D7) = f1 -5 E * 7
S B o k- tied
J+1
o © 4q 7 hy (q)
1+ =k
2 ZE:: k2 - + ie
j=3-1 q
| g1 @ 2 ’ 2
N dg 9~ &;(a) hi(a)-
e J
ne L K - q° + ie
S 25 B - _

For J =1, the trlplet qca.tterlng length at, the triplet '

effective:rangev rf and the'deuteron‘binding'energy are related by7



S Cabn) R )

1
where the deuteron binding energy is Ej - 57 kDg/Eu.- In the "8,

partial wave, the position of the singlet antibound state (or virtual
state) is related to the singlet effective range and the singlet

scattering length by
' 1
k, = a-1[1- (grs/as)]2}/rS . (12)
. . ' 2 2
The singlet antibound state occurs at EV =-A kV /21 on the second

or unphysical sheet of the complex energy Riemann surface, because the

experimental values of  a and r lead to a negative value of
g 8

in Eq. 12.8

The scattering lengths are obtained from the T matrix as

follows:
a, = lim 7 g% ‘Re To(kg) s
" k— 0 4 '
a, = lim % 3% Re Too(kg) ,
k— O A '
* where To(ke) is the transition amplitude for lSO scattering and
Too(kg) is the transition matrix element for J =1, £ = £' = 0.
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The Schr&dinger equation in momentum space for the.deuteron_ -

wave function isg

2u . | ) gD '
i - B s v ner gy, o)
K+ Ky -

where (ﬁkD)g/Ep is‘the deuteron binding energy. We write the deuteron

wave function as

J+1 : : ' v _ _ .
R R R O B O

1 ’ ’ y * . v )
V(s &) = E V,, 0 k) 0o (R, 8) oF (B 8) , (15)
JSe8'M e I
where ®JM£(9’ g, S) are the normalized eigenfunctiong of J, J, =M '
5 v v 4

and £ given by Hulthen ahd,Sugawara ‘and a. denoﬁes‘the quantum 
nﬁmbers J = 1, I=0,8=1 of the deuteron. Combining (lé),I(lM),‘
and (15); we obtain'the'SchrBdinger equation’for4the;”radial" part of
the deuteron.wave function in momentun spaqe:»v | |

. [

oo ‘ ' S
(x = - gﬂ ___l__ : Z ' ' 42 ' ._
wow(k) = 2 2 kD2 f VM,’(k,k ) wow,(k k'™ dk'.
' ‘ 0 AN : -
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Using the potential (7), we find

Y '
W, E) = - o g, () - Bh,(K)],

@ kil kT o+ kD

where the normalization constants A and B are given by

B-(8) s,

J+l ® 2, .2 ' - 2
ot Yo [ e a) ;: [ 8, ()n, ()K" ak
T 2n D NG M > N
s s B L G SN 53 o (K Ry
J+l o -1
C—'*‘G)QE: [ (k)kd_k
5 o2
= (&7 + k")
with
g+l ® 2 2
g “(k)k“dk
GZ% E 22( 5
LI o e koo+ Ky
J+1 0
g,(k) h (k) k"dk
M=-2—|-2“£ E f £
N o s G * Ky
The normalization is
J+1 @
%, 3. ) o _
fde (k) WD(}'(‘)dk = / Kodk w (k) = 1,
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whence the deuteron D gtate probability is

00

' 2 2
P = J[ k~ dk wdz(k)

Taking the Fourier transform of the deuteron wave function

g,éccording-to

. ‘ I ik
vyz) = ) () % &k
T~ [(en)?]
we find
J+i v
l . .. Lo
@ = F § U (r) 01y (00 Brs 1)
B C 4=J-1 '

 where _ -
ucw(r)/r = (2> f i? (k) Jz(kr) K dk

The nbrmalization of wdz(k) insures the normalization
J+1 ®

[ Lo <

f=51 0
The deuteron quadrupole moment. is given in terms of these radial wave -
_functions by9
© v ®

. 1 , | .
Q- %% .‘/’ r? uao(r) ua2(r) dr —_%5 ./r r?[uae(r)]E
_ : o _ -0 . :

0
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In momentum space, this formula becomes

1 [e9)

i 2
22 2 a , 14 :
q T 10 f K™ () | =5 oo (8) = k dk Wozo(k) dk
5 ak _
@® . .2
1 2 2/d
- '26] [6wa2(k)+k(ﬁwa2(k)) ] ak .
0 _

We take for the nucleon mass M the average‘of the neutron

and proton masses so 2u02 = Mc2 = 938,90% MeV and %c = 197.32

10

MeV F. We take the deuteron binding energy E_ = 2.22452 MeV and

D

the triplet scattering length at'= 5.396 F, which yields a triplet
effective range r, = 1.726 F.| We set the singlet anti~bound state

at an energy EV = ~0.0665 MeV - on the second sheet of the complex
energy Riemann surface and we take the singlet scattering length

a_ = -23.678 F. This yields a singlet effective range r_ = 2.729 F.

We have fitted our potentials to the Arndt-MacGregor nucleon-
nucleon phase chifts obtained at Livermore. We fit all partial waves
through J = 4. According to the standard impact parameter argumentll

the partial wave £ =5 does not contribute significantly to nucleon-
nucleon scattering below a kinetic energy of about 500 MeV. We feel
that our fits should be useful for energies up to 400 MeV and certainly

for all energies below the meson production threshold at 270 MeV.
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'III. POTENTIAL SHAPES

Although the unitarity réquiremeﬁt'fﬁr off-energyjshell
scattering amplitudes is automatically‘met'in the_Lippmann;Schwinéer
formulation of poténtial scatteriﬁg theory, and reduction to the
cofrect Qn—shell amplitude is guarénteed by choosing-@he potential
parameters suitébl&; the requiremeﬁts of time reversal invariaﬁcé,
analyticity, and corredf threshold behavior musf’be satisfied by proper
’choice of the-functional form of fhelsepafable pctentiél;

Time'reverSal invariance is énSured by our separaﬁle'potential
(7). _Theréfore ﬁe must sétiéfy the. analyticity and threshold require—
ménts'by buiidinguthem inté the form.factors gz(p)  andv ﬁﬂ(p), Note
that Aifferent functional forms for these forﬁ factors lead fo‘différénﬁ
off-energy-shell béhavior‘and difféfent highheﬁergy behavior of the
phase shifts. ' | |

| | 'We know that tﬁe.on-shell partial-Wave:amplitudes must go to
Zero as (k2)£ when k- -0, where E =‘h2k2/2p is the kinetic

energy. ,Tovobtain the correct threshold behavior, Egs. (8), (9), and

(10) show that we must have hz(p) ~ pg and gz(p) ~ (p)z as” p2 - 0.

In addition, we will demand that gz(p) and hz(p) have singularities
only for p2 real and negétive, 50 that our model scattering amplitudes
will have analyticity properties as close as possible to théselof the

true nucleon-nucleon scattering amplitude on the energy shell.
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In the following work we consider the family of form factor
shapes fz(p) ~ P2/<P2 + ae)(£+n)/2, which behave as fz(p) ~ pz when

p2 — 0 and have a singularity at p2 ='-a2{ Furthermore, fz(p) ~ p-n

2
as p - .

‘We also consider the form

f,(p) = |=—= Q, {1+
) I A ’

where Qﬁ(x) is the Legendre function of the second kind, which was

-

first proposed by Mitra.12 - This form has the correct threshold
behavior and goes as [(1n pe)/pg]%‘ as p2 — 00. The‘on-sheil Born
approximation to the transition amplitude obtained from a separable
potential with this Mitra‘form‘factor ig identical to that afising from
a superposition of Yukawa potentials. 1In addition, the Mitra form

- factor leads to an on-sheil transition amplitude which has a cut along

2
the negative real energy axis, beginning at k2 = - E— . - Thus, this

'last separable potential form has more realistic analyticity properties
than the preceding forms.

IV. FITS TO THE NUCLEON-NUCLEON DATA

We have fit the Arndt-MacGregor (Livermor_e) nucleon~nucleon
phaseshifts for laboratory kinetic energy from O to 400 MeV for the

partial waves through J = L.
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The fitting wasidéne on a CDC-6600 electronic computer at ‘ N
Lawfence Rddiatioh Laboratory using a least-squares minimization
?rdgram LSGMIN developed By Eric Beals. For each phase pafameter we
used 50 data points at 8-MeV intervals in the range 0 to 400 Mev
laboratory kinetic'enérgy E. The prograﬁ LSQMIN searches for the .
valueg of the input parameters which minimize the sﬁﬁ of the squares
-of the residuals

. | 50 . _
D LA AR AT

i=1

for uncoupled waves, and

5: [6expt (E. ) _ 6flt(E )]

50 . ' :
) [ee"P"‘m ) - e Z [ajiiﬁt(Ei) - 5, (8,)1
i=1

for coupled-wavés.

A1 of our fits were made with the basic sepérable potential
(5 (2'-8) ’
] [gﬂ

~

forn v, (p, ') = (0) g5 (') - 1,(B) by, (0)]. An

attempt was made to fit all the scattering data by using three of the

form factors mentioned in Section III. In Case I,  g2(p) and hz(p)
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(Z+l)/2

were taken as C pg/(p2 + a2) . In Case II, gﬂ(p) and hz(p)

were of the form ¢ pﬁ/(pE n a2 (3+2)/2.

These ghapeg correspond to
the first two members n =1 and n = 2 of the family of form factor

shapes discussed in Section III. Finally, in Case III, gﬂ(p) and
hz(p) were taken to be of the Mitra form
' e L

G2 MQ 5

o Yt )]

P 2p 7

With this approach, we obtained fits to most of the partial-wave
phase shifts. However, in the partial waves lSO and NBPO reasonable
fits could be found only if we used the following special repulsive

form factors:
2 2

b
NN O Vi

Case I: gg’%p) = C 5 P
o P+ a

‘ 2 £

- II,R D D
Case II: g, (p) = C _ s
, , IR (A

N

2 , 2
Case III: giu’R(p) = (°/[p° + v(p?/um[ﬁ—g Q, (1 + “—-2->]
P 2p

In Case IIT, this introduces a pole at the beginning of the repulsive
force cut in the on-shell amplitude. These special repulsive form

factors go to zero as p2 — O faster than the corresponding attractive

form factors, while both types of form factor have the same behavior
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as p2 - ®. Therefore, at low energies, the potential will be mainly
attractive and will have the correct threshold behavior, and the
repulsive potential will become important only at high energies.

We have also used these special repulsive form factors in the

.le fit labelled SR and for the £ = 0 fepulsion in the fit to

the coupled waves J = 1 which is labelled SR.

7 he parameters which fit the phase shifts are given in
‘Tables I to VI, and we haye included the:values of ZR2 gince a
comparisonjqf theéé'humbérs for a éingle partial-wave or éoﬁpled-wave
system J ¥.I, J -.l"gives anvindicéﬁion of the felafiv; goodness
of fit:of tﬁe three”typés_of ﬁarametérization. We havé displayed our
fiﬁé'tb thé:phase paraméters graphicéily'in Figs. 1 to 25, where.the
curve marked _A‘ is ‘the data valué:of thglﬁhaSe‘paraméter in degrees
and ie read with the'left-hand'scale. The other curves are the ébsolute
érror (fitted value minus dafadvalue)-in degrees of the various fits
and are read‘with the fightehand_écale¥f The‘daéhed cﬁrve represents
the Case i fit, the solid curve’mérkévthe Case‘II=fit, and the
dofted ¢grﬁe indicateé the Case IiI fit. |

For the convenience Qf those who would likevto'USe thege fits

‘with the scheme truncated at a lower value of 'J, we have fit the

3

couplgd waves 12 o VBDB, and BFM’ assuming €; =0 and

neglecting ©° in each case. Thué one can discard highér partial

J+1

waves at any poiﬁt. These results are presented in Tables VII to IX

and Figs. 26 to 30.
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In the partial ane lSo, we must it the three IOW'energy
parameters (scattering length, virtual (anti-ﬁound) state pole
position, and effective range) as well as the phase shift. .Only two
of these lbw-energy péfaméters afe independent-and we chooge the
scattering length to be -23;678 F and thé anti-bound pole at |

E, = l-O;O665 MeV on the second shéet,of the éomplex energy Riemann
surface, which implies a ginglet effective range of 2.729 F. To fit
this wave, wé note that thevanti—bound state pole on the secohd or
unphysical.sheet leads to a zero in the S métrix at the corrésponaing
position on the physical‘shéet of the complex eﬁergy surface. The
condition that the .S métrix'have a zero at EV :l-0.0665 Mév was
used to obtain the attractive coupling strength. We then.searéhed for
the values of the repulsive coupling strength énd the attractive and
repulsive inversexrangés>which giVe the best fit to the phasé shift
and the scéttering length. Effeétive range theory was then used to'
determine the value of the effective range produced by the separable
potential model. Our'amplitudes are, therefore, guaranteed to‘contain
the anti-bound state pole at the correct position on the unphysical -

sheet.

if we consider the partial wave 5Sl as uncoupled, we demand
that the S matrix have the deuteron pole at Ej = -2.22452 MeV on
the physical sheet. This is obtained by forcing the denominator

function D +to have a zero at the pole position. This condition

(D = 0) was used to determined the attractive coupling strength.
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Then }ourvseafch programs determined the values of the remaining three
parameters which gave the best fit the phase shift and scattering
length. Later we obtain the effective range from the.relation (11) -

in Section II.

3g 5p

When we at last consider the coupled waves 1 : and

1’
we again-guarantee_the'correct biﬁding'energy for'the'deutéron by
obtaining the attractive strength in £ = 0 frdm the condition that
D =0"at ED'% -2.22452 MeV, Next we searched for the values of the
rémaining seﬁéntpafaméters wﬁich yielded the Eest fit to fﬁe phase
véhifts; miXing ?éfémetéf, sééttéring length;_deﬁteron quadrupoie
:momenf, and D state probability. The éffecfi?e fénge‘was,obtained’
'as before,'from Eq; (il). Sincé tﬁe quadru?ole momenf”of the deuferén
depends on the off4energy-shell béhavior of the tWQ-ﬁucleon interaction,‘
we wéightéd fﬁié quantiiiﬁy g0 that our searchiné routines were heavily
biased in favof df those:paréméter ééfs that led to a nearly'éorrect
Quadruﬁole moment, We’found that the resultiﬁg D state brobabilities
wérg guite low. However, gince the évailable'estimates of the D
stété probability'are imprecise and seem to be.somewhat model dependent,
we do not feel that these low D state probabilities conétitute a |
séribué drawback. | |

Table X gives the loﬁseneréy p;raméters fesultiﬁg from our‘
. fits. | o |
Forvthe coupled waves J = 2 and J = h;vwe were able to

.reproduce the phase sghifts and mixihg parameters with four parameters:
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a repulsive strength and inverse range in. Jb+ 1 and a repulsive
strength and inverse range in J -1. In the coupled waves J = 3, we
need six parameters to fit the phase shifts and mixing parameters.
Since there is.no attractive force for‘ J + 1, éur separable potential
formalism gﬁarantees that the mixing parameter is positive. Note that

. 1f we had taken only the repulsion needed to reproduce 5G3 and the
attraction needed to fit _BDB, this attempt at a four parameter fit

would have €% = O.
We would like to point out that our fits to the important

phase parameters 'lP ' deviate from the enérgy—

1’ 1

’s, and D
‘dependent data cufves in the same way as the energy-independent data
points Qf the Livefmore phase shift analysis. |
Generally speaking, our Ty?e II fits seemvto be the most
successful and this is particularly fortunate since all the relevant
“integrals can be done analytically for £ =0 and £ = 2. The Type III
fits are the least successful, exceptvin the higher partial waves. |
We ha?e not given values of x2 since this number is meaningless
without some knowledgevof the error in the input data, which is not
available for the Livermore energy-dependent phase shift.
Once the best valués of the separable-potential parameters
were found, it seeﬁed desirable to have aﬁ independent check on our

work. Therefore, the separable potentials were put into computer

programs that solve the Lippmann-Schwinger Eqs. (1) and (2) as complex
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matrix inversion problems. The latter programS'were developed completely
' independentlyvof the presént work. Since the values of the T matrices
and phase parametefs'éalculated'from the two appfoaches'agree, thisg

cénétitutes an indépéndent'check of our results.
V. USE OF FITS

These fits_canabé used -in a'stpaightfbrwafd’mannergto reproduce
the on-shell scattéring amplitude. The_separable-potential»approach
also proyides g convenient exténéionvof the scattering amplitude off
the energy shel;;v |

| For calculations ihvdlving off-energy-sheil nucieon—nuc_leon
 scattering‘amplitudes, wé suggest the foliowing apbréach._>1ﬁ-buf

-separable-potential formalism,

. L2 _ L2y 2
TEE'(p’ p'; k ) = Nzﬂv(P: P'v: K )/D(k )5
where £ = £' for uncoupled waves. Thus, when Tze,(kg):+ 0, .
| 2 ' 2y, N ' |

where

it

L2 2y, a2
Fop(@ 25 k) = N (p, p'5 kK7)/N,,, (k, k'; k)

and
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(k: k" 5 kg)

Foo Fpp () = 1.

Now, we can use Eg. (16) in calculations with Fzﬂ,(p, p's kg) '

 obtained from the gseparable potential model and - Tzﬂ,(kg) expressed

directly in terms of the experimental phase shifts and mixing parameters.
Of course, the expression for Tzz,(p, p's k2) in Eq. (16) is still
geparable in the incident_aﬁd outgoing momenta p and p'. Similarly,

. 2 - ' 2
if Tzz,(ko ) = 0 we have Nﬂﬂ'(ko )’ = 0 and

2
Nz2|(p} p'; k )

w0 06%)

o k) o (i) 2
Tzzr(P) p > k ) - Tzzv (ko )

for k- ® koe, where N ,(l)(kog) and T (1)(k02) are the first

L2 28"

s ' 2, 2 2 2
derivatives of N@z'(k ) and TEE‘(k ) evaluated at k = k. . Thus,
we have, for k2 x‘koe,

- 0 L2 (i 2y
Tzﬂ!(p, p ; k ) = FEE' (P,P ; k ) Tﬂﬂ'( )(koi) ) : (l7>

where

0, A 2 (1), 2
Fzﬁ' (P, P k ) = szr(PJ p';'k )/szv( )(ko‘) ’

and again the off-shell_amplitude is giﬁen by the product of a separable
factor obtained from the separable potential model and a quantity

dependent only on the on-sghell scatteriﬁg daté.
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By using Egs. (165'and (17), the exact experimentally
determined scattefing amplitude‘fof k2v> O, in terms of the phaée
shifts and'mixing”pafameteré, can be inserted into calculations and the
jvmodel dependence w1ll lle only in the treatment of the reglon k2 <0
and of off~ energy—Qhell effect The de41rab111ty of this separatlon
between on-Qhell and off-ehell effectq is’ 1nd1cated by recent P-p
'brem qtrahlung ‘calculations. 15 In these calculatlons, the small
dlfferenceq between the on- shell pred1ct10n< of various potentlalq
seem to influence the requth'aq much aQ‘the 1nclus1on of off-energy-
shell effects Wlth our approach ‘any dlfference in the results of two
: potentlal modelq will be a consequence only ‘of dlfferenceQ in off- -energy-
Qhell predlctlons.‘ Although qimilar qeparationQ of'on-shell and off-

" shell behav1or ‘can be made for local potentlals,l they are nghh‘
gimnler and easier to use in a separable—potentlal fOfmalism.

If we use geveral different models for the off-energy-shell
vscattering amplitude in a single calculation, we should get an indica-
tion-of the dependence of the calculation on off—energy-shell behavior
and k2 < O Dbehavior. This'ié particularly true in the approach‘we
havevpnoposed, where we Engy'that the~on-ehell amplitude for k2->,0
"is repreeented enactly, and the only posSible diffefence between the
dlfferent calculationq lie§ in. k2 <0 or off—energy;Qhell effects;‘

" We mlght flnd that many calculatlonq are relatlvely 1n<enq1t1ve to the

detallq of the off- energy-ehell behav1or of qcatterlng amplltudes
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The fits we have giVén will go immediately into any calcula-
tiones involving nucleons that ﬁave“been set up to use separable poten~-
tials and, in particular, they can be used directly inbcalculatiohsv
based on the Tabakin ?otential. Some of the integrals involved in -
our fite will have tQ be done numerically.and put into computing

machines in tabular form, but this is a very simple matter.
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Table I. Case I fits to nucleon-nucleon phase ghifts in uncoupled
partial waves. These partial waves are fitted by the separable

potential‘
Ve, 2') = g,(p) g,(0") - hy(p) bylp ) ’
where the form factors are
g2 o(eel) /e N - S-N O 5 R -
g,(p) = Cgp /(2" + a;") hy(p) = CAp./(p +a,")
except in the partial waves_lS and 5P where the repulsive form

0 0

factor is -

géR(p) - ‘CRpE+2/(p2 + aRg)(WB)/2 -

The units of the attractive "inverse range" 8y
-l, 1F = 1075 cm).

and the repulsive
"inverse range" aR are inverse fermis (F
The units of the_attractive coupling strength CA"and the repulsive .
coupling strength CR are (MeV F)l/g. Dashes indicate that a
form factor is to be set equal to zero. 232 is the sum of the

gquares of.the reciduals
50 ,
2 expt T, it 2
SRT = Z [62 (Ei) 5, (Ei)]
i=1

at the 50 data points spaced at 8-MeV intervals in the range

0 to 40O MeV.
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Table I (Continued).

Repulsgive potential  Attractive potential
parameters - parameters

Partial wave aR(F-l) CR(MeV F)l/2 aA(F-l) CA(MeV F)l72 SR
Singlet
lso 0.1 500.0% 0.786 5.420 698.2
1. ' | ,
TP 1.539 100.0 -- : -~ 596.9
1 | . ‘
Dy -- -- 1.456 4.931 8.972
1 .
F5 0.54k 1401 -- -- 0.708
G, -- -- -0.990 1.979 0.0893
Triplet
5PO 1.6 100.0% 0.957 5.415 81.83
5Pl 1.57h ;9.6& - - 38.39
3, | =
5 - -- 1.059 5.78k4 36.32
5FB' 0.849 2.410 -- -- 0.0871
'BGA ' ' - N . 1.085 L.555 4,205
a

Special répuisive form factor must be used.
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Table TI. Case II fits to nucleon-nucleon phase shifts in uncoupled
‘partial waves. These partiél waves are fitted by the separable

potential

v, »') = g,(p) g,(p') - h,(p) B,(»') ,

where the form factors are

2)(z+2)/2

g,(p) = CRPZ/(p? + ap 2)(2+2)/a

2

' | L, 2

except in the partial waves lS' and VBP

0 where the repulsive form

0

factor is

géR(p) ) CR?3+2/(P2 . azR)(z+h)/2v.

The units of the attractive "inverse range" e and the repulsive
' -1

13 o . -1
"inverse range" a, are inverse fermis (F~, 1F = 10 5 cm) .

The units of the attractive coupling strength C
‘ —1)1/2

A and . the repulsive

coupling strength C_ are (MeV F . Dashes indicate that a
form factor is'to be set equal to zero. ZR2 is the sum of the
.squares of the residuals
-0 , o
: 2 .expt fit 2
ZR_ = E: (3, (Ei) 8, (Ei)]
i=1 '

at the 50 data points spéced at 8-MeV intervals in the range

O to 40O MeV.
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Table IT (Continued).

Repulsive potential Attractive potential

parameters parameters ’ C
: . -1 -1.,1/2 P on=1y1/2 2
Partla} wave aR(F ) CR(MEV F- -/ QA(F ) CA(MeV F) /, IR
Singlet
lsof _, 3.874% 679.3% 0.991 7.049  1284.8
| lPl -0} 500.0° - — 6.9k
D, - - 1.986 21.98 (k.55
F, 0.906 3,926 -- - . 0.157
R , - L 1,333 6.982 - 0.251.

Sp ' | 2.507% v350.2a - 1.117 8.348 - 5.674

o

3Pl | }2.177‘ | 43.87 | | --}' -  : -- 55T
'352 | | - ) - i oL 2305 7.2
:BFB. - i-é35 | .' T5TH ‘_ - e 0;968' |
5Gh ' | - ] . : 3 .lfh39: . 17;78 | ,b ' 8;883.

a Spécial repulsive form factor mist be uséd.
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Table TII. Case IIT fits to nucleon-nucleon phase shifts in uncoupled -
partial waves. These,partial waves are fitted by the separable
potential

v, ) = gy 8, 0)

hz(F) hz(p ) ’
where thé form factors are

B | ug | o c
1 . _R 1 A
g,(p) = G| @ l+——> h,(p) =G ,——-QG*‘?) o
2 Rl 2 z( 202/ ; 'A IR 20 - |

except in the partial waves lSO and 5PO where the repulsive

V=

form factor is

: o o 3 o\ 13
g, (p) = S Q l+ui> |
) = gz 5y 5 .

2 Mg L™
L -

The units of the attractive "inverse range" .“A
. -

, 1F = 10742 cm).

and the repulsive
"inverse range" Mg are inverse fermis (F

The units of -the attractive coupling strength G, and the repulsive

, A
coupling strength G, are (MeV F)l/z. Dashes indicate that a

R
form factor is to be set equal to zero. ZR2 .is the sum of the
- squares of the residuals
50. )
2 . expt _ fit,_ 42
IR® = z (5, '(Ei) 5, (Ei)] ’
i=1 :

“at the 50 data points spaced at 8-MeV intervals in the range

0 to 400 Mev.
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Table III (Continued).

Repulsive potential  Attractive poteritial
parameters parameters

APart;a;.wavel’pR(F'l) Gﬁ(MeV'F)l/é HA(j'l) G, (Mev F)l/2 SR®
'—lso ; C2.319% | 01.50% 1.203'A‘ 9.116, j1805i9}
31Pl j | '6;931 465.7 _;- ) :.--v - éuoé.l

;Dg - | '-; o 1.153 10.86 3. 434
.133 90330 2.6@5 - - 2.562
194  - /L-;k; "'~ - ,. : f .0.520  j . 5.316 0.0018

'Triplét | | | |

| 5P§‘ - 1.800%  ébo,oa7 - 1.550.- 29.00 . 386.7
’p, o193 >5dd;oi" | -- - N 157;6
.?Dé‘ . - .vfo;912. 10.49 3.88l

’F, 0.666 5.583 -- -- 0.216
' 5G4 R o : ,Q-__ o of926’ 118 0.573
é | o

Specialvrepulsive-form'factor must be used.
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Table IV, Case I fitz to nucleon-nucleon phace parameters in coupled partial waves, Thece partial waves are fitted by the separable

potential

2

Ve s ) = (70 1, () 8y (p) - ) By (1)),

where the form factors are

g,(p) = ¢l ¢ (2 H2IV/E

n,(p) - CtAp"/[p2 + (alA)2](e+l)/2 ,

except in the SR fits to the J = 1 system, where the repulsive form factor for J - 1 (¢ = 0) i=

EgR _ céRpZ+2/(p2 . (aln)el(z+3)/2 .

and the repulsive "inverse ranges" af and aR

The units of thg attractive "inverse ranges" aA and aA_ T4l J-1

T+1 g1 are inverse fermis

- -1%
(F l, 1F-= 10 13 cm). The units of the attractive coupling strengths CA and Cé_l and the repulsive coupling strengths

J+1
1 N . . 2 .
C?fl and C§_1 .are (MeV-F)”. Dashes indicate that a form factor is to be Set equal to zero. R is the sum of the squares

of the residuals,

50 . . N
ra€XpL, . _ glit 2 | [ eXpt it 2 expt _ gfit 2
(18557 (By) - 817 (B)IT + [e7PM(E,) - e (B)]7 + [8,77(E;) - 8,7, (B))7),
i=) .
at the 50 data points space at 8 MeV intervals in the range O to h00 MeV,
Parameters for &.=J + 1 - Parameters for ¢ =J .- 1
Repulsive parameters Attractive parameters . Repulsive parameters Attractive psrameters.

Coupled -

wave R -1 R v mE A -1 1 R -l R 3 A -1y 1

oraven 5,0 B e ) ah T C§+1(Mev F) s NN SR LR ¢ Cﬁ_l(MeV )% 2
J=1 0.849 19.37 0.747 10.81 3.836 21,45 0.984 9.75h 2271.3
J=1 SR 1.059 &2.562 0.885 13.07 1.8° 59.63% 1.416 . 10.72 1392.7
J=2 : - - 0.551 0.727 - - W) 5.010 11,16
Fe3 1.019 bzl .- -- . 0.899 3342 1.165 h.628 - 10.29
J = b - - 0.60k 0.776 - - . 1.51h 3,90k T Guroh
&

Special repulsive form factor must be used.
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Table V. Cage IT fits to nucleon-nucleon phase parameters in coupled partial waves. These partial waver are fitted by the separable pocentiél

Mg, 0) 5, (01 - 0yle) B 001

Ve (Bs®) = (
where the form factorz are

g2 = ¢, ot/1p% + (o, fy210822)/2

n(e) = cfe¥ip? v (a,MP1(ER2

ezcept in the SR fite to the J =1 system, where the repuleive form fector for J - 1 (¢ = 0) .is

R R _t&2, 2 R\2,(e+h)/2
efe) = R et p? 4 (a2
The unite of the attractive "inverse ranges" aR and aA and the repulsive "inverse ranges” aR and aR> are inverse fermis
- N . - P J+1 J-1 bl g T+l o0 S .
-1 -13 ' . A A . L R
(F7, IF = 10 cm). The units of the attractive coupling strengths T4l and T-1 and the repulsive coupling strengths CJ+1

. . 1 S . 3 ‘o '_
and ‘CR are (MeV/F)?. Daches indicate that a form factor is to be set equal to zers. IR™ 1s the sum of the squares of the

J-1
residuals,
" 50 . . -
2 [ 15E€XPt _ 5fit 2 expt . Tt 12 expt . 8fit 2
== S UsPENs,) - o1 e ¢ 1FPNE) - M ¢ 5T M) - ol T,
i=1 R ) *
at the 50 data points spaced dt 8 MeV intgrvais in the range 0 to 40O MeV.
' Parameters for £ = J 4 1 . » . Parameters for ¢ =J <1
i Repulsive parameters ' Attractive. parameters " Repulsive parameters ' Attractive parameters
Coupled + = T = T rasae -
usve ‘R -1 R ¥ A -1 1 R -1, - R . a s I s .

ot S G B AN OV S Y G ch,  Gnev/r)2 S L te/RT el Y G ey a?
J=1 ©o1.28% . Lg.1c 17 o7 3.308 . 8L.68 1.979 n.ne T oaeh,9
J=1 SR 1.510 | 33.20 . 0.828 " b.760 “2.411% 60.20% 1.288 15.18 108%.6
j=2 I - 0.932 2,134 - - . 2,00k 21.8% T T 0.02
J=3 1.257 13.92 -- - 1.387 11.46 1,641 17.86 1. 7h
I=b - . -- 0.898 2.330 - C e 1.935 17.45 6.8h7.
a

Special repulsive form factor nmst be used.
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Tatle VI. Case IIT fits to nucleor-nucleon phase parameters in coupled partial waves. These ﬁartial waves are fitted by the ceparable

potential

v

co) = G g, (01) - hy0) ny )],

where the form factors are

R2
ol ()" 17
gp) = 07 =50, 41— ’
| P 2p
21}
A #
NE () ]
ep) = ¢, 5 Y|tttz ;
«p 2p

vwhere 9,(x) is the Legendre function of the second kind. In the SR fits to the J =1 system, the repulsive form factor for

J-1(t=0) is

1
R 2 R27 |2 '
G, P (u, )
Rk £ 1 3
&; (®) ) 2 IR R :
BT ()] e 2p

Tre units of the attractive "inverse ranges' pA and uA and the repulsive "inverse ranges" pR and uR are inverse
= J+1 J-1 J+1 J-1

fermis (F-l, 1F = 1()_13 em). The units of the attractive coupling strengths G?+l and G?_l and the repuleive coupling strengths

- 1
G§+l and G?-l are {MeV F)<. Dashes indicate that a form factor is to be set equal to zero, ER2 is the sum of the squares of the
residuals,
50 .
2 _ expt _ sfit 2 expt fit 2 expt . fit 2
= ) iRt - e« 5P0E) - e - 3R ey - si e 1)
i=1 :
at the 50 data points spaced at 8 MeV intervals in the range 0 to 400 MeV.
Parameters for ¢ =J + 1 Parameters for £ =J -1
Repulsive paramefers Attractive parameters . Repulsive parameters Attractive parameters
Coupled R .
wave R -1 R y A -1 A 3 R -1 R ¥ oo -1 2
systen uJ’l(F ) GJ+1(MeV F) uJﬂ(F ) GJ+1(MeV F) uJ_l(F ) GJ_l(MeV F) pJ_l(F ) cﬁ;l(Mev F) 52
J=1 0.EL7 49,81 0.507 16.51 5.502 52,32 0.97h 13.h2 6027.4
J=1 SR 0.594 15,5 0.512 17.47 3,276 1h5,3% 1.320 13,31 37376
J =2 -- -- . 0,334 1,163 - .- 1.4ké 8.9h2 28..,2
Iez 0.837 16.84 - -- 0.655 6.814 1.055 9.246 6.132
=t .- -- 0.360 1.463 - - 1.546 11.33 6,668
a

<.

2

cisl repulsive form factor must be used.
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. ‘Table VII. Case I fits to nucleon-nucleon phase shifte in coupled waves,

assuming € - 0 and neglecting o) These partial waves are

J
- fitted by the separable potentiall

J+1°

V,(e, 9') = g,(s) g,(0') - h,(p) B,(p") ,

where the fofm factors: are
| R £41) /2 o (4+1) /2.
. £, 2 o, . b2 2
R NP OB A R

33

except invtheJSR fits to the partial wave 1

, where the repulsive
form factor is
R ~ g2, 2 o 2.(8+3)/2
g, (p) = Cpp~ /(" +oap )" 7T

The units of the attractive "inverse range" aA
. : a1

7 -1%3 .
, 1F =10 5_cm).

and the repulsive
"inverse ?ange“ an -afe invérse fermis (¥ »
'The,units.of_thé attﬁactive»coupling strength vCAv and the repglsiVe
"éoupling strength Cp are (Mev F)l/z.’ Dashes indicate that avfdrm
factor is to be set equal to zero. ZRQ: islfhe sum of the squares

of the residuals
| 50
2 ' expt . fit 2
SRT . = _E: ‘[SzAv (Ei) 3, (Ei)] s

i=1 -

at the 50 data points spaced at 8-Mev_intervals in the fange

0 to 400 MeV.
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Table VII (Continued).

Repulsive potential
parameters

Attractive potential
parameters

Partial wave aR(F'l) Cp (MeV F)l/é aA(F'l) CA(MeV F)l/2 TR
, 581 | 2.230 - 75.58 | 2,0k 70.48 1746
BSl‘SR 2.0563. 76462 1.7%5 12,45 179.8 -
3P2 - - 1.406 '5.007 | u.9551
BDB» -- - 1.83%6 L.6hy o.oh7b '
BFM -- -- 1.562 h.176 10.15u

Special repulsive form factor must be used.
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Table'VfII. Case II fits to nucleon-nucleon phase shifts in coupled -

waves, assuming €

7 =0 gnd.neg;ect}ng 6J+l' These partial waves

are fitted by the separable potential
ty ' v ' . ' 1 '
v,(p, ') = g,(®) g,(p') - h,(p) hy(@") ,

where the form factors are

’ hzfﬁ) ) CAP?/<P2 . gAe)(E+2)/2

b N

o k2 2 (e2))/2
gy(p) = Cpp™/(p”™ + ap™ )™’
‘except in ﬁhe SR fits to the partial wave 'BSl, where the repulsive

form factor is

géR(p) _ CRP£+2/<p2 N aRQ)(z+h2/2;

The units of the attractive "inverse range" &, and the repulsive
o N~

"inverse range" a, are inverse fermis (F =, 1F = lOflj cm). The

units of the atfractiVe coupling strength ¢

A and the repulsive

coupling strength C are (MeV F Désheéwindicate that a

R

form factor is to be set equal to zero. ZR2 is the sum of the

squares of the residuals
2 _ ' expt fit,, 42
IRT = Z [5, (E;) -3, ()]

i=1

at the 50 data points spaced at 8-MeV intervals inathe range

0 to LOO MeV.
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Table VIII (Continued).

Repulsive potential Attractive potential
parameters parameters

-1 -1,1/2 -1 -1.1/2 .

Partial wave aR(F ) CR(MeV F) / aA(F ) CA(MeV.F ) / ZR2

581 2.6k 8k.69 2.176 68.10 = 164.9

’s, SR 2.515% 62.67% 1.330 13,82 186.6
5P2 -- - 2.080 21.62 0.310
5D5 -- - 2366 22.50 0.020
' BFu - - 1.977 18.51 0.%19

& Special repulsive form factor must be used.
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Table IX. Case III fits to nucleon-nucleon phaseishifts in coupled

waves, assuming eJ = 0 and neglecting &

are fitted by the separable potential

Ja1° These'Pgrtial waves

V,(m, p") = g,() g,(p") - By(p) B,(e')

where: the form factors are

' : /. 2; 1

o : {0 >
()—G—Q ) , 1,6 = 6 [ Q<l+——‘A>,
R 2‘< Pv A]-szz. 22 /|

except in the SR fits to the partial wave 381, where the repulsivé

form factor is

| ST
g, (®) = |op/lo° +i§—> ( )

The units of the attractive "inverse range" and the repulsive

o
s . o . 2 -1 ™. _15
inverse range Hp are inverse fermis (F ~, 1F = 10 cm).

Thevﬁnits_of_the attractive coupling strength GA‘ and the repulsive

cqupling strength Gp are (MeV F)l/g.

form factor is to be =set equal to zero. ZR2 is the sum of the

Dashes indicate that a

squares of . the residuals
50 5
: 2 - ‘ .. expt flt '
w2 Y [5, 7%, - o )]

i=1

at the 50 data points spaced at 8-MeV intefvals in the range

0 to LOO Mev.
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Table IX (Continued).

Repulsive potential

Attractive potential

‘parameters parameters
Partial wave pR(F-l) Gy (MeV F)%/é pA(F-l) G, (Mev F)l72 SRS
551 b 306 300.0 1.818 39.52 690.8
551 SR 3.387% 200.0% 3.092 08.27 646.2
’p, - - 1437 8.952 22.90
5D3 -- - 2.048 v11}96 0.248
’r,, -- -- 1.620 12.1h 1 0.0158

& gpecial repulsive form factor must be used.
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Table X. Low-energy pafameters,@l

lSO parameters

Singlet scattering length Singlet effective range’

ag (fermis) T (fermis)
Experiment -23.678 o - 2,729-
Case I fit o ~23.679 . 2.728
Case .IT fit L -23.677 - . ~2.73l
[Case IIT fit = 523,681 - _. 2.722
?Si ,parameteré (coupling_to 5Dl neglected)
Triﬁlef'écatfériﬁgilength' Triplet séattering length
at (ferm;s) o T, (fermis)
Experiment . - ‘ | ' 5.?96' R 1.726
| case T fit "ﬁ_”5.591 D S my
ﬁith SR '."', : 5.59& , 1723
Case TI £it . 5.39% S 1.702
with SR .”5.567_ R o 1.938"v
~ Case IIT fit o506 1.739
with SR 5.411 . '1.7u5‘

&A1l fits to the partial waves lSO

state pole at E = -0.0665 MeV on the second or unphysical sheet

contain a singlet anti-bound

of the complex energy Riemann sﬁrface.
All fits to the Jd = i coupled wave'éystem'and to the 5Sl

partial wave neglecting the coupling to 5D contain the deuteron

1
pole at E = 2.22&52 MeV on the physical sheet of the compiex

energy Riemann surface.



Table X (Continued).

-43-

-J =1 parameters

Triplet Triplet Deuteron
scattering effective Deuteron D state
length ey range r quadrupole probability

(fermis)” (fermis)  moment (F (%)

Experiment 5.396 1.726 0.278 --
Case I fit 5.655 2.04k2 0.277 0.7
with SR 5.482 1.83k 0.276 1.0
Case II fit 5.39% 1.723 0.278 1.1
with SR 5.592 1.968 0.278 0.8
Case TIT fit 5.988 2,409 0.278 0.5
with SR 5,634 2.018 0.276 0.5
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FIGURE CAPTIONS

Fitelte the siﬁglet phese shiff lSO uiﬁh sﬁecial reﬁulsive

ferm’fecteis. 'Thelcufve‘mafked A is‘the data value of ‘the

phase parameter in degrees and is read with the left-hand

scale. The other curves are the absolute error (fitted value

minus data value) in degrees of the various fits and are read

" with the rlght hand qcale. The dashed curvevrepresents the

Case I flt the qol:Ld curve markq the Case IT flt and the
dotted curve 1ndlcates the Case III. flt

Fite to the anglet phaqe shift TP

1 Description of curves

is as for Flg. 1.

Fltq to the anglet phace thft- lD Description. .of curves

X

is as for Flg 1.

Fits to the singlet phase shift lF Description'of curves

. 3 )
is as for Fig. 1.
Fits to the singlet phase shift lGu.' Description of curves

is as for Fig. 1.

. Fits to the (uncoupled) trlplet phase shlft 5P with quc1al

repu151ve form factors. Description of curves is as for Flg 1.

Fits to the (uncoupled) triplet phase shift 5Pl. Description
of curves is ag for Fig.vl.
Fits to the (uncoupled) triplet phase shift 5D2} Description

of curves ig as for Fig. 1.
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12.

13.
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16.

17.

18.

19.

" Fits to the triplet phase shift 5F

-hB%

Fits to the (ﬁncbupled)'triplet phase shift

of curves is as for Fig. 1.

Fits to the (uncoupled) triplet phase shift

of curves is as for Fig. 1.

Fits to the triplet phase shift 3Sl (Jg=1

Description of curves is ag for Fig. 1.

Fits to the triplet mixing parameter €l

waves). Description of curves ig as for Fig.

(F

Fits to the triplet phase shift 5Dl (7 =1

Description of curves is as for Fig. 1.
SR fits to the triplet phase shift 581
waves) with special repulsive fprm factor
Description,of curveé ig as for Fig. 1.
SR fits to the triplet mixing paramete?
waves) with special repulsive form factor
Description.of curves.is as for Fig. 1.

SR fits to the triplet phase shift 5Dl

waves) with special repulsive form factor i

tion of curves is as for Fig. 1.

(7

in

€l

in

oy

» Desgcription

5

5

Gy, - Description
coupled waves).
=1 coupled

1.

coupled waves).

= 1 coupled

£ = 0,
(F =1 coupled -
£ = 0.

= 1 coupled

£ = 0. Descrip-

Fits to the triplet phase shift 3P2. (3 = 2 coupled waves).

Description of curves is asg for Fig. 1.

Fits to the triplet mixing parameters €2 (J = 2 coupled

wavesg). Description of curves is as for Fig. 1.

2

Description of curves igs as for Fig. 1.

2

coupled,waves).
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Fig.

20.

21.

22,

23,

2k,

o5,

26.

o7,

28.

29.

30,

L6

3

Desgcription of curves is as for Fig. 1.

Fits to the triplet phase shift 5p (F = 3 coupled waves).

Fits to the triplet mixing parameter €3 (J = 3 coupled

‘waves). Description of curves is as for Fig. 1.

% coupled wéves).

Fits to the triplet phase shift 3G5° (7

Description of curves is as for Fig. 1.

L coupled waves).

Fits to the triplet phase shift °F, (J
Déséription.of curves is ag for Fig. 1.

Fits to the_ﬁfipief mixihglparametér el (J = 4 coupled

" waves). Description of curves is as for Fig. 1.
Fits to the triplet phase shift 3Hh.f(J~=‘L'L coupled waves).

" Description of curves is as for Fig. 1.

Fits to the triplet phase shift 'BSI (assuming €l = O and

‘neglecting SBDl). Deseription of curves is as for Fig. 1.

SR fits to the triplet phase shift 581' (assuming. €l =.0

and neglécting BBDl) with special repulsive form factor.

- Description of curves is as for Fig. 1.

Fits to the triplet phase shift 5P2 (assuming €2 = O and

neglecting ‘63F2).' Description of curves is as for Fig. 1.

Fits to the triplet phase shift 3D3 "(assuming. . €3 = O and

neglecting 83G5)° 'Deséription of curves'ié as for Fig. 1.
Fits to the triplet phase shift 5Fh, (assuming b = O and

neglecting SBHh). Description of curves is as for Fig. 1.
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This report was prepared .as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
. of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








