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A simple approach of the Coulomb correction to the p-4He low-energy scat-
tering phase shifts is proposed, in which the channel radius of each partial wave
istaken as an adjustable parameter. By using the Coulomb correction the n-*He
scattering observable predicted from p-4He scattering phase shifts are in
excellent agreement with the experiment. Our calculations show that the
neutron polarization depends sensitively on the channel radii of P waves and
the obtained channel radii are adequate to all different sets of phase shifts.

1. INTRODUCTION

Helium is the most widely used analyzer of polarized neutrons. The accurate data for
n-*He scattering are required. It is well known that, for reasons of the beam preparation
and detection, scattering processes with charged constituents are more readily performed
than those involving neutral particles. According to the charge symmetry of nuclear force
the only difference between the Hamiltionians of the mirror systems p- *He and n-*He is
the Coulomb interaction between the incident particle and the target nucleus. Then, the
p- *He scattering phase shn‘ts after making Coulomb corrections may be used to predict
the observable of the n-*He scattering.

Because of the spin-orbit potential in strong hadronic interaction, the scattering phase
shifts depend both on the orbital angular momentum / and the total angular momenta /.
From the expenmentai data the resultant phase shifts Aj can only be determined. The
p- *He phase shifts é/,, given in literatures and defined by the following relation.

Ay =agy + 5y, ' (1)
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Where oy is the phase shifts due to the point-like charge Coulomb interaction.

Writing 61,043 = &1+, 8,13 = 5,_, the differential cross section do/dQ and the
polarization P(f) are expressed as follows [1]:
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and fc(6) i ts the Coulomb scattering amplitude.

The p- *He phase shifts 5jj are determined from the experimental data of observable
do/dQ and P(G) by using the above formulas. It should be noticed that §jj are not real p- “*He
phase shifts &jj due to the hadronic interaction. In order to obtain djj the following Coulomb
distortion effects have to be corrected.

(1) The real charge distributions of the proton and “Heare not point-like. It is important
for high energy scattering to take into account their form factors.

(2) 8 are the phase shifts of Coulomb distorted wave caused by both the short range
hadronic interaction and the residual electromagnetic interaction. It is different from djj
which are the phase shifts of plane wave caused only by the short range hadronic
interaction. This Coulomb correction is vital for low energy scattering.

The mathematical details of the above arguments are derived in the Appendix.

2. CORRECTION OF THE COULOMB DISTORTION EFFECT

We compare the wave functions between the p-4He and n-*He scatterings in twe
regions. Inside the channel radius the electromagnetic interaction may be totally neglected
as compared to the influence of the hadronic interaction for such few-body systems and
then their wave functions are almost the same. It is reasonable to assume that the
logarithmic derivatives of the radial wave functions of the p-“He and n-*He are equal at
the channel radius Rec.

Outside the radius of the elastic scattenng channel there is only a long-range
electromagnetic interaction between p and *He. This interaction contains both the direct
folding potential and the exchange potential as known from the resonance group method
(RGM). The exchange potential is shortly ranged and may be neglected outside the
channel radius. The residual Coulomb interaction is

2
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where e denotes the charge of proton, Iabels 1and 2 indicate neutrons in the *He nucleus
and labels 3 and 4 indicate protonsin the “*He nucleus. g and ri are the relative coordinate
between the proton and “He and the coordinate of the i-th nucleon relative to the center
of *He respectively.

Inthe region outside the channel radius, g > rj, the multipole expansion ofthe potential
is :
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where the first term is obviously equal to zero and the other terms depend onthe charge
distribution of the *He nucleus and they are also equal to zero by Winger-Eckart theorem,
if ¥(1,2,3,4) is of a spherical symmetry.

It is true that outside the channel radius the residual Coulomb potential of the p-4He
system vanishes. Then the radial wave functions of the p- “He scattering are described by
the regular and lrregular Coulomb wave functions Fi(kq) and Gi(kg). The radial wave
functions of the n-*He scattering are described by the spherical Bessel function ji(kq) and
the spherical Neumann functions ny(kq).

Let Rij(kq) and Rij(kq) denote the radial wave functions of the proton and neutron
respectively. At the channel radius ¢ = Re, their logarithmic derivatives are &j and &ij
respectively and

1
£, = G d Rij(R9) | o==.
= [File) + €5,G; (o) 1 (6)
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where the primes denote differentiation with respect to p, and k is the wave vector of the

incident particle relative to the target nucleus. The following formulas have been used for
obtaining Eq.(6)
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As discussed above, it is reasonable to make the approximation,

§li = fl,'. (8)

This equation gives the relation between the phase shifts &) and djj. If the pure strong
hadronic phase shifts d;j are obtained, then, it is easy to calculate the n-*He scattering
observable by using Jj instead of J/j and putting o7 = 0 in Eq.(2)-(5).

3. RESULTS AND DISCUSSIONS

We can obtain djj from 8 by Eqgs. (6)-(8) with an adjustable parameter Rc. We take the
same value of Rc = 2.0 fm for each partial wave. The Calculated observable for four
different incident neutron energies are shown in Figs. 1 and 2. As compared to those fitting
to the experimental data by Morgans and Walter, the differential cross sections do/d<2 are
in good agreement, while the neutron polarizations P(6) have some deviations at lower
incident energies. In order to improve the defects we take into account the different ranges
of effective interactions for various partial waves. Thus, the channel radii for various partial
waves should have different values. In addition, from the RGM calculations [2] we know
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that the effective potentials are weakly dependent on the incident energies. The energy
dependence on R¢ can be neglected.

Using R. G. Satchler’s [3] p-4He phase shifts as input and taking Morgan’s resuits [4]
of fitting to the experiment as a reference we adjust the channel radii R for various partial
waves. It turns out that the neutron polarization is very sensitive to the channel radii of the
P waves, especially for P3/2 wave. We keep the channel radii of the D and F waves at 2.0
fm since their contributions are very small for low energy scatterings. The channel radii
for the S and P waves are taken as follows,

R.(S) = 2.52fm, R.(Py;) = 2.08fm, R.(P.;) = 2.51fm ©)

The calculated differential cross sections forthe n-*He scattering as well as the neutron
polarizations are in excellent agreement with those obtained by Morgan and Watter [4] as
shown in Fig. 1 and Fig. 2. ]

The results of the phase shift analyses are not unique. Besides Satchler’s work, others
have published independently their phase shifts for the p-“He scattering, including those
obtained from the effective interaction range theory by Schwandt [5] and Arndt [6], and
fromthe parameterfitting of the R-matrix by Stammbach et al.[7]. In order to test the values
of Re in Eq.(9) we intrcduce the coulomb distortion corrections to other sets of phase
shifts. The calculated polarizations are compared with the Morgan'’s results in Figs.4 and
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FIG. 4 Comparison of the neutron
polarizations for the n- “He scattering
at £n = 3.00 MeV. The calculated
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5. From the comparison one finds that this set of the channel radii given in Eq.(9) is
adequate.

The calculated differential cross sections from different phase shifts almost overlap

each other. In Fig. 3 we compare the theoretical total cross sections for the p-“’He
scattering with the results from the R-matrix method.

APPENDIX
The Coulomb distortion effects can be derived from the A-S equation [8]
CUTi(p-"He) |I> = ITC|1) + ¢#91(C,1 | TSR(p-*He) | C,ly, (A1)

where index C denotes the point-like Coulomb interaction, index S denotes the short-range
hadronic interaction and R the residual electromagnetic interaction. |I> and | C,I> repre-

sent the /-th partial radial wave functions of the plane wave and Coulomb distorted wave
respectively, namely

1> = iiCheds <1C5 1y = L Fi(hr),

The transition matrices expressed according to phase shifts are as follows

4 — h? 1 ‘a2il;
<ITi(p-*He)|l> = _T/I 7R (e384 — 1) (A.2)
AITO Dy = =B L (grie, gy (A.3)
2 2k
2 o -
G TFR(p-*He)|C, Iy = __;’_; 21_1,{ (351 — 1) (A.4)
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Substituting (A.2)—(A.4) into (A.1) we have
Ayj=0,+65;

The phase shifts jj from the pure strong interaction should be the same for the p-4He and
n-*He scatterings under the assumption of the charge symmetry of nuclear force, namely

722

AITS(p=*He) Iy = | Tj(n-*He) |I> = — L (et — 1) (A.5)

H
where
{AIT§(p-*He) 1) =J 1(kr)TS(p-*He)j (kr)rdr (A.6)
<Cy L T$R(p=*He)|C, Ly= kl’ j Fi(kr)TSR(p=*He)F (kr)dr (A7)

It is apparent from (4) and (5) that the differences between dj and Jj are due to the
differences between T§ and T$R aswell as |I> and |C, D).
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