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Calculation of (n, p) scattering observables with a separable R matrix

between 20 and 140 MeVT
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%'e calculated the differential cross section and polarization (Io' py Cyy and K,} for (n, p) scattering at
energies between 20 and 140 MeV with a separable potential model. It is shown that (a) the potentials fitted

to the results of an unconstrained phase shift analysis cannot reproduce the experimental data and (b) the
mixing parameter c, is most probably positive at all energies and a smoothly varying function of the energy.
More polarization experiments are needed to settle these questions unambiguously.

NUCLEAR REACTK)NS (n,p) scattering observables, 20-140 MeV calculated~
with separable R matrix.

I. INTRODUCTION

The rapid progress in the phenomenology of the
two-nucleon system achieved in the last two
decades was summarized by several authors' '
who pointed out also the fundamental difficulties
of the theory. Recently many suggestions were
made to obtain a more precise representation of
the experimental data even at the cost of replacing
the simpler forms of the potential by introducing
heavier meson exchange4" and more complicated
separable potentials. ' Fitting the free param-
eters of these phenomenological potentials in the
usual way" particular problems arise in connec-
tion with the large uncertainty in the values of the
mixing parameter ~, at low energies" for the im-
portant (n, p) channel 'S, -'D, . In addition to this
negative c, values obtained in previous phase shift
analyses for energies below 80 MeV cannot be
ruled out."

A direct correlation between the experimental
data and a given potential model may give, how-
ever, more information on the above problems.
Therefore a direct calculation of the (n, P) ob-
servables, e.g., Io, p„C„, and Z"„ from the
given potential becomes increasingly important. "
The main objective of the present paper is to study
the above correlations with a particular emphasis
to the energy dependence of the e, phase at low
energies and to suggest measurements to remove
the ambiguities in the determination of the z,
values.

The theoretical foundation of the method used
was elaborated by Stapp, Ypsilantis, and Metro-
polis' and refined calculations of the experimen-
tal observables were carried out, e.g., by Bin-
stock and Bryan. " Our analysis differs from the
previous ones essentially by using separable po-
tentials in the calculations. Since we intend to

show the changes in the scattering observables
by varying the important 'S1 D1 channel we must
choose for our calculations a standard potential
which includes all partial waves except the 'S„
a„and 'D, waves. The basis for the selection
of this potential was a discussion of the charac-
teristic properties of the separable potentials
given in a paper by Plessas et a/. " In detail we
have used for 'So, 'D„and 'D, the Qraz poten-
tial, ' and for 'P„'P, (Set B), 'P„'P„and 'D,
the Doleschall' parametrization of these partial
waves.

We studied the energy dependence of the (n, p)
observables only between 20 and 140 MeV where
the ambiguity in the I=0 phases is rather large,
particularly in the 25-95 MeV range. Therefore
we considered in our calculations only partial
waves with L —2 for the standard potential. For
the coupled 'S, -'D, channel we used the paramet-
rizations given in Refs. 6-12. It is necessary to
emphasize that we are not only varying the e,
phase" but carrying out the calculations with
different partial wave potentials for the 'S-'D
channel in order to study the influence of the whole
coupled channel on the experimental observables.

Finally we also calculated the above cited ob-
servables (for a systematic picture see Appendix
I) with a local potential model" and with the ex-
perimental phases given by Seamon et al." and
MaeGregor et al. ,

' to see how well a separable
potential model predicts observables compared
with a local one and to experimental phases.

II. R MATRIX AND PHASE SHIFTS

We denote the spin wave function for the initial
and final particles by X, and Xf, respectively, and
the relative momenta in the e.m. system by k, and

kf . Then the total final wave function is
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1 e "~"
tg=

( )$n e'""IX(&+
(2 )$12

f(kz, k, ) =M(kz, k, ) lg, &, (2)

where I is the spin scattering amplitude operating
on the initial spin state and which is related to the

usual scattering matrix"'2'

M(e, y)= —.
' g &e,y, ls,'„6„,le, y, &

~$

(e and p the c.m. angles). Performing a partial
wave expansion this can be cast into the following
form

II, +sI I J+sl
&S'm„ lM(e, P) lSm, ) = —. Q Q F~; "(e, y)C~, $(J'm„'m, —m„m, . )

J=tz, -sl I;= J-sl

&& cI.$(Jm „;om )& L 'sJm 3 l sg, g - 5 /, ~ l
Ls(l m

where C~s are the Clebsch-Gordan coefficients, '~ m, the z component of the spin s, and the quantization
axis has been chosen along the direction of motion of the incoming particle. Let us define a set of new
matrix elements a

(4)

&r.or,m,. l s, - 1 lL0Lm, &= a„. s=0, L+a,
&Ll~m,.ls„, 1IL1~m,.&=n„, s=l, r. =L,
&8+1, 1Jm, ls~, ~ —5~, ~l j+1,1',.&=n~, S=1,L=J+1,L'=Jul .

Following the commonly used notation &00 lM loo&=M„and (lm, , lM l1m, &=M we obtain from E(l. (4)
the explicit formulas for the various 34 matrix elements

M„= —.„gP~(cose) ,'(2L+ l)n~—,
L

2L+1
M„, „=—. Q 4 C~,(Jm„m, —m,'m, )C~,(Jm,„om,)n~J

zk J g I (
47T

2L'+ 1 Cn„(Jm,„'in.,— „m)Cm(J nmO ) mInYn" "n'(8, () .
J= 5+1

(6)

The numerical calculation becomes simpler if we
use the real R matrix instead of the complex T
matrix which is connected with the R matrix by
the Heitler equation. Finally we obtain for the
singlet case, S=O, L=L'=J:

2mipsR~
1+im'pEB~

with

p = p. =k p, w. ,m2
~+m1 2

and for the triplet case, S=l, L=L'.
2m'i PEA ~~

LL 1+zmpEB J.~

S=1, I =J+1=I&,
L' =J+1=L&,

I,, —=I &L&;

n„= —' [R„+i)Tps(R R„-R()')];D

S=1, L=J -1=L&,

L'= J+1=L&,

2 71'2PE
Q&& =-

D R&&

with

D=(1+impzR )(1+i7(psR )+m'ps'R&&' .

(12)

S=1, L=J—1=L&,
L'=J -1=L&,

L&, —= L&L&,

n„= Ps [R„+i~p, (R„R„R„')]; (1O)

With the formulas given in Appendix D we are now
able to calculate the observables for a given
separable potential. The results of this calcula-
tion are compared with the values calculated
directly from phase shifts using the following re-
lations'
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Q« —cos2Eg e

n„=cos2E

n&& =i sin2&&e" ~&' I-&'

(14)

(g, g the usual bar phase shifts). The above com-
parison was carried out with the same experimen-
tal data which were used by Breit ' and Mac-
Gregor'~ in their phase shift analysis.
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III. RESULTS AND DISCUSSION

One can study all the curves in Figs. 1 to 8 in
order to see the inQuence of different 'S-'D pa-
rametrizations (i.e., to determine which of the
neutron-proton observables is most sensitive to
&,). A comparison of the experimentally deter-
mined observables with the theoretically predicted
ones showed that some of these quantities (es-
pecially the spin-transfer coefficients) are rather
insensitive to e, (see Fig. 9) in the whole energy
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FIG. 2. Neutron-proton differential cross section I0
at E,=99 and 137.5 MeV. Description of curves as in
Fig. 1. Experimental data are taken from VAlson (Ref. 31).
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FIG. 1. Neutron-proton differential cross section I~

at E)@,——23.1 and 50 MeV for the potentials Doleschal1
3T4 (-"-), Doleschall T4D (-".-), Doleschall T4M
( ~ ~), Reid {-~ -) as well as computed with the phenom-
enological phase shifts of MacGregor et al. ( ) and
Breit et al. (—-). In Figs. 1, 3, and 5 the calculations
for Reid (-.-) and Breit (—-) were'done at 24 MeV in-
stead of 23.1 MeV. Experimental values are taken from
Scanlon-et al. (Ref. 28) (data at E,~= 22.5 MeV),
Rothenberg (Ref. 29) (data at E&~= 24 MeV), and Mont-
gomery et al. (Ref. 30) (data at E&~——50 MeV).
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FIG. 3. Neutron-proton polarization p at E&+—- 23.1
and 50 MeV. Description of curves as in Fig. 1. Ex-
perimental data are taken from Perkins et al. (Ref. 32)
and Langsford et al. (Ref. 33).
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FIG. 4. Neutron-proton polarization p~ at E&~ ——99 and
137.5 MeV. Description of curves as in Fig. 1. Experi-
mental data are taken from Wilson (Ref. 31, pp. 215 and
217).
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FIG. 6. (a) Neutron-proton spin correlation param-
eter C at E&~——23.1 MeV for the potentials Mongan II
(-.—), Mongan IV (- ~-), and Tabakin (-- -); (b) for
the potentials Graz preliminary ( ), Graz I (-—),
Kahana b (-.—), Kahana a (-"-), and Hamman (—--)
as well as MacGregor et al. ( ~ ~). Experimental data as
in Fig. 5.
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FIG. 5. Neutron-proton spin correlation parameter
C at E,~=23.1 and 50 MeV. Description of curves as
in Fig. 1. Experimental data are taken from Simmons
(Bef. 26) and Johnsen et al. (Bef. 27).
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FIG. 7. (a), (b) Neutron-proton spin correlation pa-
rameter C~ ~ at E&~~= 50 MeV. Description of curves as
in Figs. 6(a) and 6(b) and experimental data as in Fig. 5.
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FIG. 8. Neutron-proton spin transfer coefficient K",
for E&+= 99 and 137.5 NeV. Description of cuxves as in
Fig. 1. Experimental data are taken from Hoffmann et
al. (Ref. 34).
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range considered. " Our results are in a good
agreement with the results obtained by Binstock
and Bryan" at 50 MeV.

Figures 1 and 2 show the behavior of the dif-
ferential crops section I, calculated with our
standard potential and using the different Dole-
schallparametrizations" for the coupled channel
'S, -'D, . We have also plotted the results obtained
from the phenomenological local Reid soft-core
potential, '0 and the results calculated by us di-
rectly from the latest Livermore'4 and Yale '
phase shifts, in order to check also how well the
experimental data are reproduced by the so-called
"experimental" phases. The influence of the
mixing parameter z, on the differential cross sec-
tion can be neglected; this is most clearly demon-
strated by comparing the results of the Doleschall
T4D and T4M parametrization. The slight devia-
tions between the experimental data and the theo-
retical calculations at higher energies (E,~= 99
and 1SV.5 MeV, Fig. 2) are due to the fact that
we have restricted our calculations to I, & 2 as
shown in Ref. 18.

In Figs. 3 and 4 we plotted the calculated angular
dependence of the polarization p„with the experi-
mental data. One can see easily that the curve
obtained from the Doleschall T4M potential de-
viated significantly from the other curves. This

0 100 200 300
E (~b (MGV)

FIG. 9. (a) Mixing parameter && of the Doleschall
potentials T4M (- ), T4D (---.-), and 3T4 (-"-). Dots
and crosses mark the phenomenological phase shifts
and their errors resulting from the energy-dependent
phase shift analysis (constrained solution) and circles
the corresponding quantities resulting from the energy-
independent phase shift analysis of MacGregor et al.
(Ref. 14). (b) Mixing parameter e& of the potentials Graz
I (=- ), Graz preliminary (—-), Mongan II (-.—~ ),
Morgan IV (---), Tabakin (-- -), Kahana b (-""-),
Kahana a (- ), and Hamman (-'.—). Description of ex-
periment as in (a).

4QO

is due to the fact that this parametrization cannot
reproduce a reasonable 'D, phase shift. All other

p, curves are in a good agreement with each other
and with the experimental data. According to this

p„ is not sensitive to variations in z, .
Figures 5 to 7 show the calculated angular de-

pendence of the spin correlation observable C„,
with the experimental data. Prom these curves
more information can be obtained on the correla, -
tions between observables and the c, phase. Qne
can see from Fig. 5 that the results for the Dole-
schall T4M potential (good 'S„good a„bad 'D, )
are in good agreement with the experimental val-
ues and the T4D potential (good 'S„bad „egodo
~D,) yield to high values for C„,. In Figs. 6(a) and
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7(a) the effect of negative e, values can be studied
with the Mongan potential which leads to unaccept-
able results for this observable. It can be shown,
however, that too large positive a, values, e.g.,
the Graz potential, also cannot reproduce the ex-
perimental values [Figs. 6(b) and 7(b)]. This shows
a strong correlation between the &, phase and the
observable C, , in agreement with the results of
Binstock and Bryan, "Simmons, "and Johnsen
ef a/. Among the other polarization observables
only K", shows a slight sensitivity to &, but only for
energies beyond 137.5 Me& (Fig. 8).

Thus we conclude from our investigation of the
correlations between observables and the mixing
parameter &, in the 20 to 140 MeV range that ne-
gative values for the c, phase (e.g., the Mongan
potential) do not lead to results in agreement with
experi. mental data. From Figs. 6 and 7 it is easy
to see that too large fj values predict too large
values for C„, and too small e, values (e.g., nega-
tive) predict too small C, , values. Negative a,
values should be ruled out; 6y is most probably
positive at all energies and a smoothly varying
function of the energy. For more definite state-
ments further refined measurements, e.g., of

C, , over the whole angular distribution and of
energies up to 50 MeV, would be very important
and from the theoretical point of view extremely
desired. These measurements should make it
possible to remove the ambiguities in the deter-
mina, tion of the &, values.
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APPENDIX I

Systematic pictures of nucleon-nucleon observ-
ables calculated in this paper are given in Fig. 10.
A complete listing of various observables can be
found in the article of Binstock and Bryan (Ref.
16).

Observables in terms of M matrix elements:

APPENDIX II

I.= l IM„I'+-'IM..I'+-'IM..I'+ l IM,.I'+-'IM. , I'+ llM. -, I',

Iy, = ,'WaRe[f(M„-M„-)(u„-M, ,+M„)+],

z, (1 c„)=-,'(IM,.I
+ IM„+M, , I ),

I+"=—2 sin28Re Moo+(cos8+1) . ~0 (M~~+M~ ~+M, )+ — . M~0+ . Mo~ (M~~+M~ ~)+
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