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ABSTRACT

A survey of the alpha-nucleon interaction is made. The experimental

work on angular distributions of differential scattering cross-sections and

polarizations in proton-alpha and neutron-alpha scattering is described. The

phenomenological approach vhich includes the study of both local and non-local

potentials reproducing the experimental alpha-nucleon scattering data, is

discussed. Basic studies of the alpha-nucleon interaction attempting to build

an interaction between an alpha particle and a nucleon from first principles

are then described. A critical discussion of the results with some concluding

remarks suggesting the direction for further investigation is made.
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Considerable interest has been shown by "both the theorists and

experimentalists in the study of alpha-nucleon scattering as it gives an insight

into the nuclear structural problems and also throws some light on the basic

tvo-body interaction. Added interest is also due to the fact that it essentially

Involves the study of A = 5 systems. Incidentally, there is no experimental

evidence, so far, for the existence cf bound states of 5-baryon systems except

that of AHe. The other facet of this study is the domain of alpha-nucleus

scattering, models of which are built from the alpha-nucleon interaction, the

simplest of all nueleon-nucleus interactions. However, so far no attempt has

been made to give a broad survey of the whole subject of alpha-nucleon

interaction except a very early reviev by Hodgson (1958).

In the present review ve have made an attempt to present such a

survey of the subject. The format of the reviev vill be as follows:

We shall first review the experimental work on the alpha-nucleon

scattering vhich vill include the angular distributions of differential

scattering cross-sections and polarization and phase shift analysts of the

combined data. We shall then describe the phenomenological studies of

alpha-nucleon interaction {both local and non-local). Discussion of basic or

fundamental studies of the alpha-nucleon interaction will then follow. Finally,

a critical discussion of the results with some concluding remarks indicating

possible trends for further investigation into the subject will be given.

II. REVIEW OF EXPERIMENTAL WORK ON ALPHA-HUCLEON SCATTERING

In the presentation of the alpha-nucleon scattering results, proton-alpha
scattering usually features first because of i t s earlier historical initiation
over the neutron-alpha scattering. Experiments on the scattering of alpha-particles
by hydrogen nuclei yield the same information as those on the scattering of protons
by helium nuclei. Incidentally, in the earliest experiments, the alpha-particles
emanating from alpha-emitters were used as projectiles. Later, with the advent of
accelerators, protons were more frequently used as projectiles. It ia, however,quite
amusing to find that just after sixty years of the first experiment on the scattering
of alpha-particles by hydrogen, the alpha's circulated in 1982 for sixty hours in
one of the CERH Intersecting Storage Rings (ISR) before colliding vith protons in
another ring for a total CM. energy of 88 GeV (Jaessler, 1983).

To date, a large number of experiments on p-a and n-a scattering have Tieen
performed. Tables I and II l i s t the p-a and n-a scattering experiments and the

- 1 - - 2 -



energy ranges covered. Although, some of the earlier scattering work have either

been discarded or improved upon later, ve include them in the present review for

the sake of complsteiiess. In describing the experimental work, ve could have

chosen a chronolc; rcil order which would be fine in principle. But since this

would lead to unavoidable repetitions and to presentation of unrelated facts, we

chose, instead, to describe the experimental results and analyses in order of

energy regions, from low to high. In a way, this will be, in part, a. chronological

ordering also, because the various proton energies became available that way.

Today, the p-a experimental work is vastly rich, ranging from a few KeV's to a few

GeV's. The recent work on intermediate and high energy p-a scattering is part of

the general programme of proton-nucleus research. The added interest in this

work is due to its prospects in testing various theoretical models, eg., Glauber

Multiple Scattering Theory, Optical Model etc. Although Table I includes the

recent experiments with GeV energies,ve shall not deal with them extensively but

shall refer the reader to an excellent review by Igo (1978) of some recent

intermediate and high energy proton-nucleus research. As is known, Lhese

experiments are yet to be conclusive and consistent with each other, and a correct

parametrization of the nucleon-nucleon amplitudes in the analysis of the high

energy data is yet to emerge. In our review, we shall focus our attention

principally on the work done with proton energies less than 100 MeV, although we

shall comment on the results of the very recent high energy scattering experiments.

Since the study of polarization in alpha-nucleon scattering is an important

aid in the understanding of nuclear structure, it is worthwhile considering the

concepts and definitions used in the a-N polarization work in some detail.

Polarization of nucleons (i.e., more nueleons spinning 'up1 than 'down' or vice

versa, relative to the plane of the scattering event) in a scattering can be caused

by the spin dependence of forces (inhomogeneous magnetic field, tensor forces,

spin-orbit forces, etc.) Naturally nucleon-polarization in a-N scattering proved

to be of great interest. Firstly, this experiment was one of the first experimental

evidences which proved the existence of spin-orbit forces in nuclear physics.

Secondly a-H scattering gives rise to the polarization of nucleons over a wide

range of energies through the mechanism of spin-orbit forces so as to make it the

most useful polarization analyser for double scattering experiments. Thus a-N

polarization experiments are one of the convenient sources of producing polarized

nucleons needed for different reactions, although for polarized protons the best

sources are polarized ion sources.

It vas first pointed out by Schwinger (19-1*6, 19,1)8) that the spin-orbit

coupling could be observed by doing a double scattering experiments of neutrons

off helium. He suggested that the anomaly in n-a scattering was due to the

presence of a P. /p-P , doublet in He with a splitting of 0.1* MeV but at

that time, it was difficult to perform double scattering with 1 HeV neutrons and

in fact, it was shown later that the splitting of P ,^-7 , doublet in He is

much larger than Schwinger had thought. Then Wolfenstein (19h9) came forward with

a suggestion for p-a scattering assuming that a similar effect would be observed

in the mirror nucleus Li which should also exhibit a large splitting between

Pl/2 "
(1952).

P ,„ and P-./O levels. This experiment was then done by Heusinkveld and Freier

The object of interest in a double scattering experiment as shown in

Fig.l(a,b) is primarily a direct measurement of polarization. It has been shown

by Enge (1966) that for a given scattering angle 8, the intensity of the particles

emerging from the second scattering centre can be written as

I (6,*) = I (6,|) (1 + F^cos*)

where <f is the angle between the two scattering planes and P. = P^(B) and

P = P (e) are the polarizations which would result from the first and second

scattering events respectively if the incoming beams on both the centres were

unpolarized. For identical scattering targets and scattering angles, one obtains

Thus for a given energy and a given 9, a determination of the polarization parameter

needs the measurements of intensities at two values of $, for example, <fi = 0 and

J . However, in most of the double scattering experiments the polarizations are not

measured individually but only as inseparable parts of a product of two polarizations.

The quantities of interest, namely polarization P(9) and the asymmetry £(6) .in

the second scattering may be defined (Wolfenstein, 1956). for spin TJ- particles, as

P(e) =
(e) - ii (e)

u+(e)

(LL) -
(LL) +

+ H_(e)

(LR)
(LR)
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Ktri' 11 (G) is the number of par^ir l . • i.~. ti,". bcarc -4'r.b '.-•.mi •joii.v.'Oiv n:. parfii: .i

to a. prefer red d i r ec t ion and N (6 ) , the number of part. Lclc-s wil-h ant iparaj1e]

spin component. (LI,) anci (LB) denote- the number- of parti'-l<.v;, for "both spin

up and spin dowi^which are (twice s ca t t e r ed to the l e f t ) and (once to the l e f t

and once t o the r i g h t ) respect ively .Exper imenters ,whi le s c a t t e r i n g polar ized

nucleon beams^orten use the notat ion £( 6) = (L-H)/(L+R) where L and R nov

denote the coincidence counts in the l e f t arid r i g h t d e t e c t o r s . A term which i s

often used in the l i t e r a t u r e i s the analysing power A(e) which, for He, i s •

given by

= g(B)/P1

where PI = P_ is the incident beam polarization which is determined from data

taken simultaneously in the polarimeter. Since the analysing power A(S) is the

same as the polarization P2(e) for the elastic scattering case, the term

"analysing power" and "polarization" are often used interchangeably in the literature.

The experimental work on a-N scattering consists primarily of the

measurements of angular distributions of differential scattering cross-section

~ (e) and polarization P(6). These and also the spin rotation parameter 0 are

connected with each other. The connnecting relations are

:-.MJu ^piii-ueptnJc::t (sp:n-jf"i.L;:) re-Tutoring ampli tudes,

2fie (g h)

2 Im(fih
B = arctg

A quantity, which is also measured especially in high energy p-a

scattering experiments, is the Wolfenstein R parameter which is.defined to be

the component of the final polarisation vector perpendicular to the outgoing

direction, vhen the incident beam is completely polarized, and is given by

R(6) = [1 - P 2(9)] 1 / 2 cos (9 - 9)

In the above relations, g(8) and h(e) are the spin-independent (non spin-flip)

g(0) = f (fl) + r

h ( e ) = r -

£ le (cosO)

dcos9
P (cose)1

where f is the pure Coulomb scattering amplitude and o , the Coulomb phase

shift. 6 and S are the nuclear phase shift for J = % + ̂ r and j = JI _ ix. y. 2 2
corresponding to whether I and s are parallel or antiparallel respectively.

In order to see the sensitivity of ~r (8} and P(6) to phase shifts,

the above expressions can be recast differently. One can write (Scott, 1958)

p =
da

an

with P H =

and

2*2sin6 ) [ (-̂ j) + a In

-sin<SQ s i n ( 4 1
 + 6 i +

i
+ cose

^3- exp(-Ia In s2

exp(i(S* +

- 3 cose

exp(i«0)

+ sinfi"

sin£8

where 8 = scattering angle, S. = s-vave phase shift, 6* = p-wave phase shift
3 - 1 9 92

for J = g- , 6^ = p-wave phase shift for J » g- , s = sinj , a = le y/ltf ,

tĵ  = Stan a , * = */»(> > >J"= incident velocity, u » reduced mass of the proton,

P measures percentage polarization. The expressions given above include s and

p waves only.

From these expressions, one immediately sees that phase shifts provide a

link between cross-section and polarization. One can calculate phase shifts from

the differential cross-sections and then predict polarisations through the above

connecting formulae. In fact, earlier, this had been done in the literature.

But it was noted that the calculation of phase shifts from the angular distributions

only not only makes the phase shift solutions less unique but also their use in the

-5 -



prediction of polarization yields uncertainties. Since polarisation depends on

phase shifts differently from angular distribution in that all the terms are

proportional to a trigonometric function of the differences of the two p phase

shifts, polarization is found to "be more sensitive than angular distribution to

errors in phase shifts. This point had been illustrated in detail "by Scott (1958).

Thus,in order to obtain more unique phase shift solutions at given energies, a

combined analysis of the available cross-section and polarization data is usually

made, making it as statistically significant as possible.

p- He , n- He cross-sections and polarizations

There has 'been an early recognition of charge symmetry "between the

p- He( Li) and n~ He( He) systems. Since a comparison of p- He and n- He

scattering has been useful in., providing a test of the validity of the charge symmetry

hypothesis for nuclear forces, it is in the fitness of things to consider p- He and

n~ He cross-sections and polarizations together. In revieving the experimental

results for these, a major problem that one faces in that not only the experimenters'

energy regions are different, but the inputs of their experimental analyses also

vary. In some cases, the inputs are cross-sections only or polarizations only,

while in some others,they are a combination of both. In a few cases, besides

scattering cross-sections and polarizations, reaction data have also been used.

It is found in the literature that while some experimenters confine themselves to

the phase shift analysis of their data only, others include the measurements of

previous investigations and make a combined analysis. Different data have been

normalised in different ways and the x criterion of fits have been defined

differently, depending on the inputs used. Thus, it often becomes quite difficult

to make a direct comparison of the data, although the judgements for phase shift

selections have been specified in almost all cases. However, in the present review,

we chose to present, whenever possible, results of combined phase shift analysis of

cross-section and polarization data.

In the presentation of the scattering experiments and also the results of

analyses, we chose a number of energy regions. The regions are 0 to 10 MeV

including the Pq/V au(^ p- ip resorM..icRS; fror*. there to about £0 MeV, the region

of data from tandem accelerators and Ti-<vjd energy cyclotrons; 20-50 MeV, the region

of data from variable energy oyclotro::L; £,M proton linear- accelerators; and 50 MeV

and above, with data fron synehro-cy^lotT'ons. This division is naturally not

rigid, as there will always be some overlap:;. :ince till of the experiments are

listed in Tables I nnd II, and sincr: the rc-ulc:: of some experiments have been

"superseded by ethers, we ;;ave not i:o:itriL-r,to:, ..in a!l V of them. We have r.ried to

identify the experimental results and analyses that made si^nj ficant rirojrresr;

towards the final solutions. In Tables III-and IV are listed the most recent,

and as far as possible, final phase shift solutions:

0-10 (MeV)

In this energy range, a number of phase shift analyses have been made.

We have quoted in Table I I I , the results of analyses of Brown et al.(1967) and

of Schwandt et al. (1971) which have proved to be fairly reliable. The

measurements of Brown and Trachslin (196?) of the left-right assymmetry in

proton-alpha scattering in the energy range 0.9-3.2 were analysed by Brown et al.

to determine the polarization of the proton beam in order to find the phase

shifts that best fit the polarization and cross-section data for proton energies

below 3.2 MeV. In fact, Brown et al . used the polarization measurements of

Brown and Trachslin and the cross-sections of Freier et al.(l9^9) extrapolated

to the energies of the polarization measurements. The experimental uncertainty

of the cross-section was 3% which included no additional error for interpolation.

Brown et al. observed that the best fit values of the s-phases can be shifted to

the values given by the hard sphere calculation without destroying the quality

of fit provided adjustments in the p-phases were made. Although not quoted
2

againsts the phase shifts, x -values were calculated by Brown et al. for all the

solutions. For a fixed s-phase, searches were made at each energy, for the

P and P , phase shifts so as to minimize the error fraction

n+m £ AP. j
(El)

where P(e) and cr(8) are the polarization and differential cross-section at

angle 8,AP and Ac are their respective experimental uncertainties and the

subscript 'cal ' and 'exp' designate values calculated from the t r ia l phase shifts

and values directly obtained from the experimental data respectively, m and n '

are the number of experimental cross-section and polarization data points

respectively. The final values of the phase shifts were obtained by taking the

s-phase to be the hard-sphere value and the p-phases to be the best fit values

for the fixed s-phase. d phases were found to be negligible at these energies.

These phase shifts are plotted in Fig.2. The hard-sphere s-phases, were

calculated for an interaction radius of 2.k% fm . This hard sphere radius was

close to the value of 2.5 fm determined by Barnard et al • (196M ™ the basis of

phase shifts for energies up to 10 MeV. The phase shifts of Brown et al . agreed

essentially with the earlier ones of Critchfield and Dodder (19^9), although now,

evidently, a muc:h rare accurate determination of &he p-wave splitting could be

-8 -



The next set. of p-a phase shifts considered are those of
Schvan-it et al . (l:.;'-"l). They measured tegular distributions of the. polarization

for proton er.eL , ! ~s near It.6, 6,0, 7 ,9 , 0.9 and 11.9 MeV enf. performed a

ph9.co--.Mft -m " ." - - ' - of aTsila.Hc cross-nection and polarisat icr . - " ^ i l i r

dist-rit-xitions T-jâ -.-.-.-n 3-0 and 17.5 Mc-V. They used the cross-; --tV:n -ivtc Df

Q.irr-t.i e t_al . ! l ^ 9 ) and ru!ta>]y extrapolated the cross-section .ic*-•. cf

Barnard et a l . , Miller and Phi l l ips (1958.1959) and Brockman (1957). Since i t

is difficult to determine the d and f-wave phase shifts with great accuracy

from the data at any one given energy, Schvandt et al. thought i t test to

obtain the energy dependence of the 1- and d-wave phase shifts by using the

following effective range expansion

2n 1
where E i s the proton laboratory energy (MeV), k i s the wave number, v the

reduced mass of the a-p system, n = yz zoe /ft k , cr:{n) = 2irn(e "" - l ) ,
o p o o o i ̂n i

0 , ( 1 ) « 0 . . (>)) - ( I + ti / i ) and H(tl) = n / ^ 5 r In n - T with

Y » O.5T7216 (Buler's constant).
s=l B(S

With f- and &*vave phase shifts fixed at values calculated from the effective'

range expansion, cross-section and polarization data at each energy -were analysed

to determine optimum values of the s- and p-wave phase shifts. These solutions

are plotted in Fig. 3, the numerical values being shown in Table III along with

the duality of fit criterion y? (defined by Eq.El). Excellent fits to the

data with y * 1 (not shown) were obtained. The phase shift predictions of

Schwandt et al. for energies below 3 MeV were in good agreement with the

best-fit phases of Brown et al. discussed earlier.

The reason we have tabled the 3 MeV p-a phase shifts twice, once from

Brown et al. and secondly from Schwandt et a l . , i s to point out that the negative

s-wave phase shifts can eith«r be interpreted as due to a repulsive potential or

the same can be interpreted (by adding IT) as reflecting the presence of a bound

state in the potential.

It was pointed out by Schwandt et al.that the linear expansion for the

d- and f-wave phases breaks down above 20 MeV. Thus, Schwandt et a l . ' s

effective range expansion is not useful beyond about 22 MeV because, as pointed

out by Darriulat et al.{1968), the d,,2 state in 5Li around 23 MeV becomes

effective. Their phase shift3 solutions are therefore unique only as long as the
constraints imposed on the d- and f-w&ves are valid. The polarization
calculated by them is plotted in Fig. h , as a function of the laboratory energy

and angle. Curves O- constant polarization are labelled "by percentage values.

a feature of practical utility that emerges from the calculations of Schvantlt et al.

la that their 12 HeV pha.se shift solutions predict values of polarization at
n = 111.5° vV.-l- _;'•'• v^rv nearly unity and are inswisi,five to the phase shifts
lab * ^

i.t-. 0.997 ^ " (3 ; i- O.?59. Thus s-t this energy and ancle, p- He spattering would
stim to provide ar. accur&te &rid nearly absolute calibration of proton polarization.

As far as the n-a phases in the 0-10 MeV region are concerned, these
have been provided through the investigations, amongst others, of Hoop and
Barschall (1966), Morgan and Walter (1966), and Stambach et al. (1970). For

quite sometime, a reliable n- He phase shift analysis has been that of Hoop

and Barschall who measured the n-a differential scattering cross-sections for

neutron energies between 6 and 30 MeV , and fitted their data as well as the

earlier measurements of elastic scattering and total cross-section and polarization,

with phase shifts shown in Fig. 5. For reasons mentioned later, we have included

these phase shifts in Table IV only up to 22 MeV. The phase shifts of Hoop and

Barschall for the entire region 6-30 MeV were based largely on the p-a phase

shifts. Below 10 MeV they found that the phase shift set DGS proposed by

Dodder and Ganmel (1952) gave a satisfactory representation of the existing data,

with the P, / 2 phase shifts modified slightly to give better agreement with the

total cross-section data. Above lk MeV, their observation was that the p-a

phase shifts, derived by Weitkamp and Haeberli (1966) from their own proton

polarization and cross-section data, were in agreement with their n-a data.

Hoop and Barschall's analysis showed that for neutron energies below 6 MeV, the

d waves could be neglected. It was shown that the s-wave phase shifts could be

represented by a hard sphere phase shift with a hard sphere radius of 2.U fm ,

a value very close to the one (8.U8 fm} used by Brown and Trfichslin (19<>7) in

the analysis of the low-energy p-a data.

10-20 (MeV)

The p-a phase shifts included in Table III for this region are the

continuing ones of Schwandt et al.. Although phase shifts have been quoted for

a selected number of energies at which polarization measurements and cross-section

data were analysed, those between 10 and 16 MeV have been calculated in Intervals

of 0.5 or 1 MeV . These are the phase shifts obtained by them with the use of the

effective range expansion after the coefficients . of the expansion were determined

from a fit to the data at the energies of measurements. The phase shifts thus

obtained Join fairly smoothly with the ones quoted in the table, whose adequacy

has already been discussed. The n-a phase shifts in t M s region are the ones

of Hoop and Barschall. The derivation of these phases has Just been mentioned.

- 9 - -10-



In the energy ranges of 0-10 and 10-20 MeV , a number of K-matrix

analyses have beer performed (e.g.,that of Morgan and Walter (1966) for n-a

scattering from 0.?-7.0 MeV , of Stambach and Walter (1972) for n- o and

p-a scattering for energies up to 20 MeV, of Bond and Firk (1977) for n-a

scattering below 21 MeV, and of Dodder et al.(l977) for p-a scattering in the

energy region 0-17 MeV). The analysis of Dodder et a l . is not only the most

recent but also one of the richest ones in terms of the Inputs that went into i t .

The authors made accurate measurements of the p-a elastic scattering cross-sections

at energies of 11.157, 12.01*0, 13.600 and l!*.230 MeV. They subjected their data

and all available cross-section and spin-dependent measurements of p-a scattering

between 0 and 18 MeV to a general purpose R-matrix analysis. Strict s tat is t ical

cr i ter ia were followed for the elimination of data and the final search on 1131 data

produced a unique R-matrix f i t with a x
2 per degree of freedom (weighted variance) of

1.001 which was within one standard deviation in x -space.

Since, following the work of Lane and Thomas(1958), the R-matrix formalism has

been frequently used in the literature, we shall not go into it but shall merely

outline it in the way it has been used in the nueleon-alpha scattering. For the

one channel cases, the R-matrix reduces to a R function

was r.ade up of s-, p- , ti- and f-states with an additional level each in the

R =
E^-E

where the ^ are the reduced widths and E, are the eigenepergies. This

function is used to describe the scattering phase shifts in terms of the model

states of the nucleus. The boundery values B , at the channel radii a , are

defined to be the ones which the logarithmic derivatives of the radial parts

of the total wave function take at the eigenenergies. Using the equations given

by Lane and Thomas, the phase shifts for a given Jt are related to the

R-function through the equation

which Dodder et al. used. Here P S and $. are the penetration factor,

shift function and hard sphere phase shifts respectively. They are all energy

dependent and can be computed from standard Coulomb functions. The to are the

Coulomb phase shifts. The non-resonant "background" contributions are not

bracketed with the hard sphere phase shifts but are included with the resonant

contributions directly in the R-function. The parameter space used by Dodder et al.

and P , states. For the P , and
3/2 3/2 1/2

states, the R-matrix

expansion was truncated to include two levels. One of these was a low-lying

level to produce the observed resonance and the other a high lying level to act

as a distant background. Other states were described as single level backgrounds.

The values of 'a' and B were taken to be a = 3.0 fm and B - 0 . The phase

shifts obtained by the R-matrix fit to the scattering data are shown in Table V,

wherein central values of the phase shifts have been quoted, and the corresponding

R-matrix parameters in Table VI, It is seen that the background E ' s for the

P-waves were fixed by Dodder et al. at 1000 MeV. These seemed to be unusually

high. It was, however, pointed out that the search routine was unable to

determine these parameters when they were treated as free ones and that no

significant improvements could be achieved by placing these levels at low energies.

The effect of having a high background E. was to make the background contribution

essentially constant. An interesting new feature of Dodder et al•'s analysis was

that the reduced width y.'s for the same I but different J values were very

similar. Comparing their phase shift solutions with those of previous work in

different parts of the energy region considered, Dodder et al. seemed to favour

the phase shift analysis of Etambach and Walter (1972) and Arndt et al.(1971),

although it was emphasized by them that it Is difficult to make such a comparison

satisfactorily in view of the differences,in the data sets. Their highest energy

phases were compatible with the lowest energy phases of the 20-1*0 MeV analysis

of Plattner et al..

20-50 (MeV)

The previous phase shift analyses In this region were superseded for

quite sometime by that of Plattner et al.(l972) who made a phase shift analysis

of the cross-section and polarization data of Bacher et al.(l972) between

20 and 1*0 MeV proton laboratory energy. Because of the observation

(Darriulat et al.(1968), Bunker et al.(1969?) of the well known resonance in

Li at an excitation energy of 16.7 MeV (corresponding to an incident proton

energy of 23-39 MeV}, measurements were made in small intervals of energy between

22 to 2k MeV in the overall energy range of 20-^0 MeV. In this range, one

encounters inelastic processes, the first inelastic threshold {a + p •+ d + He)

being at the cm. energy of IS. 35 MeV, and the phase shifts have to be regarded

as complex. Plattner et a l . made a three-channel R-matrix parametrization of
\

the D , phase shifts over the p- He resonance corresponding to the second
5 ^ 1

excited state of LI. The three channels considered were (l) p + He (i = 2,s = --)

(2) d + 3He U - 0,s = ~ ) , (3) d + 3He (SL = 2,s = \ and | ) . The real parts of

-11-
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the phase shifts as well as the absorption or inelastic parameters extracted for

all the states from s
1/2

 t o Sg/g are shown in Table III and are plotted in

Fig. 6 and Fig.7 , As can be seen from these figures, the phase shifts of

Plattner et al. match very well with the previous values below £0 MeV and above

kO MeV. A look at the d,/<3 phase shift in the vicinity of 23.39 MeV shows
3+ 5

its rapid variation pointing to the — second state of Li. The improved level

parameters obtained for this state were ER = 23.39 MeV corresponding to the

second excited s t a t e , y^ = 122 keV , y2 = - 1580 keV , y2 = 158O keV , 6^ = O.OHi ,

8, = O.765 , 8 * 0.765 where 1, 2, and 3 refer to the channels considered
2 2

earlier in the E-matrix analysis, and 6 is the ratio of the reduced width y

to the Wigner limit (3E /SMa ) ; the channel radii used were a = 3 fm ,

a = 5 fm and a = 5 fm.

The most striking feature of Plattner et a l . ' s phase shifts was that they

.saw a dominant absorption in even % waves above the inelastic threshold of about

23 MeV. This,is in sharp contrast with the analysis of Ramavataram et al,(1971)

wherein rapid variation of both the s-^g and d , phase shifts had been found

and were interpreted as evidence for the existence of two excited states around

20 MeV in Li with J11 = — and ^ . An unsatisfactory feature of

Plattner et a l . ' s phase shifts was that below 26 MeV, their predicted values of

the absolute cross-section were,on the average, 7-8$ higher than the experimental

values. This discrepancy mignt be due to the inconsistencies of their data used

for normalization. Also, there wa.s 10 information on reaction cross-section and

hence no direct constraints could be place,1, on the inelastic parameter:;.

Thus, witli a view to improving the available p-a data, Houdayer et al. (1978)

measured p-a elastic scattering anjul^r distributions at 13 energies between

20 to 55 MeV. The absolute scale of tbe::e measurements ''lad "an uncertainty of

less than 2.5$. Th^ir measurements were made, wherever possible, at the same

energies as the polarization angular distributions of Bacher et a l . . These data

along with the angular distributions of differential cross-section and analysing

power from selected reforenses verii analysed, and si.igle energy continuous phase

shifts through G-waves were obtained up to 1(5 MeV. These phase shifts shown

in Fig.8 are not in striking disagreement with the ones of Plattner et al . and

we have included in Table III those phase shifts of Houdayer et a l . . which were

obtained at energies higher than the ones considered by Plattner et a l . . The

definition of x used by Hcjdayer fit a}__. has been different from that (Eq.El)

used In other analyses and has been explained at the bottom of Table I I I , The
2

difference arises from the inclusion, in x 1 of the total reaction data which

were employed as a constraint on the imaginary parts of the phase shifts (Fig. 9).

The contour aiagra^i of polarization of Houdayer et al. (Fig.10) was based

on the phase shift solution of Plattner et al, up to and including the resonance

region, on their own phase shift solutions at higher energies and1on an

additional analysing power angular distribution from Boschitz et al. (19-65) •

This diagram shows the striking feature around the resonance region at 23.^ MeV

for the d ,. state, observed earlier by Plattner et aJ... Houdayer et al. 's

analysis also supports the earlier finding that absorption is strong in even

partial waves. They also obtained some improvement above ^5 MeV with the

inclusion of a h-wave contribution. Thus with this analysis, the p-a work in

the energy-region 20-55 has been further strenthened.

The n-o work in the same region is, however,not that rich because of

obvious experimental difficulties, namely because of the lack of a calibrated

source of polarized neutrons and by uncertainties in the properties of neutron

polarization analysers. In fact,the cross-section and polarization analysis of

Hoop and Barschall (1966) which gives n-cc phase shifts from 6 to 30 MeV was

till recently the oft-quoted work. The field received further important inputs

from the analyses, amongst others', of Broste et al.(1972) who made polarization

measurements from 11.0 to 30 MeV, and of Lisowski et al.(1976) who measured

analysing power from 20-30 MeV and more recently of York et al.(1983), whose

analysing power measurement at 50.lt MeV confronted with that of Imai et al. (1979)

at about the same energy, provided the first opportunity of comparing p- He and

n- He analysing power above 30 MeV. Coming back to Hoop and Barschall's work,

their phase shifts below 22 MeV have already been shown in Table IV. The reason

we did not include their higher energy phase shifts in the present energy region

is that Broste et al. in the analysis of their polarization measurements at

11.0, 17.1, 23-8, 25.7, 27.3 and 30.3 MeV observed that there are significant

differences at the higher energies between actual experimental values for P(8)

and the predictions for P(fl) of the previously existing n- He scattering phase

shifts. Broste et al. subjected these new polarization data along with other

published cross-section and polarization measurements to a phase shift analysis

and claimed to have obtained an improved set of phase shifts above 20 MeV {shown

in Table IV and Fig.11 ). That such an improvement was necessary is evident from

a plot of their polarizations at various energies (Fig.12 ) wherein a comparison

of their data with those obtained from the phase shifts of Hoop and Barschall

indicate that the polarization predictions of previous phase-shift sets are

found to be inadequate above 23 MeV. On the other hand, the single energy phase

shift solutions of Broste et al. provided a better description of the polarization

data and showed a smooth energy dependence up to 25.7 MeV. However, the phase-shifts
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solutions at 27.3 and 30.3 MeV were rather poorly defined and the -f values

in the f i ts were rather on the higher side; the solution at 30.3 MeV was

extrapolated from lower energy and could not claim uniqueness.

Later, Lisowski et al.(l9T6) using the 3H(d,n) He reaction as a

calibrated polarized neutron source, measured the neutron analysing power of

He(n,n> He from 20 to 30 MeV. They, for the first time, compared n-̂ He

data vith the p- He data of Bacher et a l . in this energy region and provided

the first i l lustration of the equality of the analysing powers of n- He and

p- He scattering.

Above 30 HeV, the n-a polarization measurements have been pratically

non-existent. A limited set of asyometry measurements was provided at 30.4 MeV

by Arifkhanov et al. (19-66). and very recently York et al. (1983) measured the

n- He analysing power at 50.h MeV. This measurement again provided a further

opportunity to make comparisons with p- He data and obtain a test of charge

symmetry. The problem here was that the experiments were not done at the same

energy; also the Coulomb effects and neutron-proton mass differences between the
h h

p- He and n- He systems have to be accounted, for. York et a l . handled this

problem through the mechanism of a phase shift analysis. Their problem was that

in order to obtain a set of n- He phase shifts at their energy of measurement,

they needed a larger number of data sets . Assuming charge symmetry, this they

obtained from the p-a data of Imai et al.(1979) who made p-a polarization

and cross-section measurements at about the same energy (52 MeV) and a few other

energies (k5t 60 and 65 MeV). Saito (1979) made a phase shfit analysis of

Imai et a l• ' s data, which we shall discuss below when we consider p-a data for

proton energies over 50 MeV. By comparing their results for analysing power

and differential cross-section (shown in Fig,13) vith the nearest 52.3 MeV

data of Imai et a l . , York et al . obtained good agreement when Coulomb correction

to the phase shift was considered. According to the suggestion of Hoop and

Barschall, the neutron and proton data should be compared at the cm. energies

equally displaced from the energies of the respective mass-5 excited states.

Taking this into account, the n- He polarization data of York et a l . should

have been s t r ic t ly compared with p- He data at a laboratory energy of 51.7 MeV.

Since1 the energy of 52.3 MeV is not too far form th is , the similarity of n- He

and p- He data as is revealed by a comparison at this energy is indeed quite

impressive.

More recently, there has "been a phase shift analysis by FrShlich et al.(l98g)
h h

in an attempt to predict n- He phase shifts from p- He data between 20 and

55 MeV. The authors applied effective two-body Coulomb corrections to R-matrix
k

n- He phase shifts belov 20 MeV ohtaming charge symmetric phase shifts that
It

were qualitatively consistent with the R-matrix p- He phase shifts. Above

20 MeV, the inverse procedure was followed, i.e. by applying Coulomb correction,
k h

n- He phase shifts were obtained from p- He phase shift solutions. For energies
between 20 and 30 MeV the predicted n- He phase shifts seemed to be compatible

h k
With the available n- He data. In view of the fact that the n- He scattering
data above 30 MeV are very sparse, it would indeed be very interesting to analyse

k h
the future n- He scattering data on the basis of fiimly established p- He data.

Summarizing the experimental results for p-a and n-a scattering in the

three regions (0-10, 10-20 and 20-50 MeV), it is seen that the measurements of

nucleon-alpha differential scattering cross-sections and polarization have been

continually improved and we now have access to a significant amount of accurate

p-a data, although the need for more n-a data in the higher energy side (> 30 MeV)

is greatly felt. On the whole the data for the He(p,p) He and the He(n,n} He

reactions have not only created a suitable experimental basis for the understanding of

the nucleon-a interaction but have also provided valuable inputs in the construction

of the energy level diagrams of Li and He (Figs.iU and 15; see Tables VII

and VIII for the energy level parameters of Li and He respectively). Other

reactions which have been used for observing the levels in these nuclei have been

discussed,in detail, by Ajzenberg-Eelove (198U). As far as the informational

content of nucleon-alpha scattering for level studies is concerned, it is found

that the ground state of He (J = -5- ) can be reached at a neutron energy of
about 1-MeV and manifests itself as a resonance in the phase shifts.

5

A few MeV upwards, there is a broad state in He as is indicated by the p-,/2

phase shifts, A second resonance is observed at E = 22.15 MeV corresponding

to the excitation energy of 16.7 MeV of the J •> — state. In n-a scattering,
one notices this state as resulting in a rapid variation with energy of the D.

pahse shifts. Beyond these three states, the n-a phase shifts vary smoothly

with energy.

'3/2

Concerning the relevance of the He(p,p) He data to the level studies

In Li, it is seen that the p-a P3/2 Phase shifts show a pronounced resonance

corresponding to the 2.3 MeV (J = — ) ground state of Li. The slow variation

of the P .„ phase shifts over a range of several MeV suggests that the first

excited state (̂  ) is very broad and is seated 5-10 MeV above the ground state.

The reduced widths of the p-wave resonances are nearly the sajne. Thus the ground

and first e.xcited states of LI are pure single particle states consisting of a

P-uiive proton in the potential well of a closed s-shell a-partlcle. This is
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it; out by '.he fact that the p- He s-tfave phase shifts are accounted far by

repulsive har'l-sp',,--re interaction scattering. The evidence for the second excited

level in Li (•] ~ — ) at l6.7 *teV excitation energy is obtained fror; the

p-a nhase shii",. analysis below 50 MeV. A striking anomaly i? observed iii the

ajnaJv?;jng pover contour diagram for p- He e la | t ic scattering at E = f'i MeV

and the cL/- phase shifts clearly show the — state. The other phase shifts

Absorption takes place mainly in the even partial waves, particularly in the

and Partial waves. The P-j/p and p ,„ inelastic parameters in the phase

shift analysis of p-a scattering show a somewhat anomalous behaviour around an

incident proton energy of 30 MeV; the absorption first increases and then decreases

to stay rather constant at B > 1*0 MeV. These results seem to be consistent with

broad and overlapping states with J = •% and — at excitation of E *- 22 MeV
C £. C X

in Li , which were predicted by Heiss and Hackenbroich (1971) and were explained

as nucleon- He (0 first excited state of He) cluster structures, f wave phase

shifts show l i t t l e split t ing of real phase shifts up to HO MeV, and there is only
7

an indication from the g ,g phase shifts of a ± level around E -*> 29 MeV

(corresponding to an excitation of 21 MeV). Above 40 MeV the phase shifts show

a smooth behaviour as function of energy. This behaviour persists as we shall see

in our discussion of the N-ce data over 50 MeV.
h

The measurement of the analysing power of n- He scattering in the 20-30 KeV

region by Broste et al. and Lisowski et al. and i t s comparison ,vrith the analysing

power of p- He scattering,by Lisowski et a l . would seem to provide, together

vith the same comparison by York et a l . at 50.If MeV, further experimental support

for the charge symmetry" hypothesis of nuclear forces.

50 MeV and above

The n-a scattering experiments above 50 MeV are extremely limited in

number as can be seen from Table I I . Of these, the one that has measured polarization

and has been phase shift-analysed for both analysing power and differential

scattering cross-section is that of York et al-(1983) which we have earlier

discussed. The situation is a l i t t l e better for p-a scattering; there also,

the number of experiments in the 50-100 MeV range is limited although a large

number of experiments at high energies including the GeV region have been

performed.

The recent p-a data crossing 50 MeV have been the ones of Imai et al .(1979'

whose angular distributions of cross-section ar.ri poiiri /.ai i on at •'!% S?, 60 tirir.

6 5 M e V w e r e m e a s u r e d i n o r d e r I f ] L n v e i . t i ; r a t > - '.is Lieh;i •,. r : u " :••'' t h e f i h a e f s h i r* i '"

an extsnJfed ciir-rfi' raaif. In particular, the measurements we-e made over a vide

ranee of angles (between 15° and l6o° lab) including the Coulomb interference

region. The relative uncertainties of the analysing power measurements were

typically t 0.01. These measurements provided an accurate proton polarization

analyser up to 65 MeV. Interestingly, the analysing power near 6 ^ lU0D

exceeded 90'! at all energies and showed very l i t t l e energy dependence not only

in shape but also in absolute value. Saito (1979) made a combined analysis of

these analysing power and cross-section measurements, in which 4 = 0 - 5 partial

waves were considered. The analysis also made use of the experimental and

theoretical information on total reaction cross-section from the work of

Sourkes et al.(1976) and Cairns et al.(l96k). The results of this analysis did

not agree with the contemporary results of Houdayer et al . and the ones of

Plattner et al. vhose phase shifts, i t was noted by Saito, could not reproduce

the analysing power data of Imai et a l . . These phase shifts agreed roughly with

those of Saito below kO MeV but differed at higher energies. However, i t should

"be pointed out that the phase shift analysis of Saito produced at least two sets

of phase shifts between 39.80 and 59.6 MeV and four sets at 6k.9 MeV (values

given in their paper). Although all of these sets reproduced equally well the

experimental data of Imai et al. ,the various phase shift solutions vere considerably

different from each other and none could be uniquely established on i t s own merit.

The difference was prominent in the absorption parameters also. Thus i t is not at

all sure how far the comparison of the phase shift sets of Saito vith those of

previous analyses would be of significance. It is to be further noted that the values

of the spin rotation parameter calculated by Raito at given energies varied drastically

at larger angles and at higher energies for the different phase-shift sets. This

may provide a clue. An accurate experimental determination of the spin-rotation

parameter together with precise measurements of more analysing powers between

6O-65 MeV, and studies of inelastic processes could presumably resolve the problem.

The next higher energy p-a data below 100 MeV,considered by us, are the ones

of Perez-Mendez et al,(1969)• They measured the analysing power of p-a elastic

scattering at 70 and 80 MeV and made a phase-shift analysis based on their

data, the polarization measurements at 63 and 96 MeV (Conzett (l968),Gotow (1959)),

azid the differential cross-section measurements at 66 and 9̂  MeV

(Cormack et al.(1959))• In order to obtain solutions at their energies of

measurement, they interpolated between the differential cross-section data at

6(, and 91" MeV. The justification given was that the differential cross-sections

at V":, 66, 93 and It7 MeV, when plotted as functions of momentum transfer
9

sin™ -ongruerv ovrr in the range of O.I4-3.O fm~ i . e .
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from 10° to 100° in the centre of mass. The cc-p phase shift of Conzett

at 55 MeV was usea as the starting point. Although it was recognized that

phase shift solution.- at isolated energies are not unique, Perez-Mendez et a l . ,

however, found only one set of solutions that were consistent with the results

at lower energies and had a plausible energy dependence up to 9U MeV. These

phase shifts and the associated absorption parameters (quoted in their text in

radians) are shown in Table III (in degrees). At each energy, partial waves up

to 1 = 5 were considered. The phase shifts obtained at the four energies are

consistent with each other apart from being compatible with the results at lower

energies. The s-wave phase shifts remain practically constant at -135°, the
P l /2 5 h a s e s h i f t continues i t s gradual downward trend from resonance; the

d-phases stay within 10°-20° ; the higher £ phase shifts are small. Thus a

slow variation of the phase shifts with energy is observed.

Above 100 MeV, a large number of p-a elastic scattering experiments

have been performed at proton energies ranging from a few-tenths of a GeV to

a few GeV's. These experiments form a useful part of the overall programme for

hedron-nucleus scattering at intermediate and high energies. For the case of

proton-nucleus scattering, the definition of intermediate energies can follow

from the physical features of the N-N interaction, the lower limit of the

energies "being the onset of pion production and the upper being the disappearance

of isobar resonances. The objective of performing the intermediate and high

energy proton-nucleus scattering is to shed light on the machanisms of interaction

and more specifically, to probe matter over very small intervals of space and

time. Highly energetic particles traverse matter for extremely short periods of

time. The questions that arise are: what structure of the target matter do these

energetic probes see ? do they interact with the nucleus as a whole or individually

with each one of i ts constituents ? Also, at these energies, nucleons can actually

'do' things which they can do only virtually inside the nucleus. Again, the question

is , which of the suppressed degrees of freedom appear to make themselves felt in

the interaction mechanisms ? The helium nucleus being a spin-isospin saturated,

tightly bound spherically symmetric structure serves as an applicational ground

for testing some of the ideas in high energy proton-nucleus scattering and for

Judging the adequacy of the theoretical tools in dealing with them.

The first high energy proton-a scattering experiment was done at BKL at

1 GeV by Palevsky et al. (19-67) who observed a deep diffraction minimum in their

angular distribution data. A second measurement made at Eaclay in 19lh at 1.05 GeV

by Baker et al. did not show the deep minimum in the BHL data; their dip was

a shallow one (see Fig.27). These two experiments stimulated a lot of interest in

both experimental as well as theoretical work on high energy proton-a scattering.

The BKL and the Saclay groups tried to understand each others' data better.

The original Saclay data (referred to in the literature as Saclay A) was normalized

to the Brookhaven data at small angles. Later, a normalized version of those data

(Saclay B) has appeared in the literature (Aslanides et a l . , 1977) with i t s own

absolute normalization. These new data are in reasonable agreement with the

Brookhaven experiment except for the deep dip reported earlier. The results of

the BML and the Saclay experiments initiated a large number of other high energy

p-a scattering experiments, covering a wide spectrum of s (total cm. energy)

and a wide range of t (square of the four-momentum transfer). These experiments

exhibited a diffration minimum or dip in the differential scattering cross-section.

The structure is more pronounced at higher energies. A number of theoretical

investigations have been made in order to understand the shape of the differential

cross-sections. A very good account of the experimental and theoretical work t i l l

1978 has been given by Igo (1978) in a review of some intermediate and high energy

proton-nucleus research. Since then, a number of experiments at even higher energies

have been performed and more theoretical investigations made. All these experiments

have been listed in Table I and some of the latest analyses briefly reviewed in the

section on the basic studies of the alpha-nucleon interaction.

III. PHEMOMENOLOGICAL STUDIES OF ALPHA-NUCLEOI INTERACTION

After having discussed the Mucleon-Alpha scattering data we now propose

to deal with the phenoraenological potentials that have been constructed so far

from these data. A number of analyses have, in fact, been made of the low energy

scattering of nucleon from He in terms of both local and non-local two body

interactions having central and spin-orbit terms

Local phenomenoloflical alpha-nucleori potential

We start with post-1950 period when more and more a-IJ data were becoming

available. Blanchard et al. (1950) .Blanchard and Avery (1951) and Adair (1951,1952)

suggested that the alpha-nucleon interaction could be looked upon as a one body

interaction i .e . the nucleon moving In the average potential of the closed shell

core of the a-particle. They postulated a central and spin-orbit force between

the nucleon and the a-particle. This idea gained support from the work of

Mayer (19^9, 1950) and of Haxel et al.(1949) and from that of Koester et al.(1951).

Hochberg (1953) usea a square well potential of the form

V - (1 + S W)V(r)
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V(r) = for r < a

r > a

ana found a good fi t to the experimental s- and p-wave phase shifts with

VQ = -70.9 MeV , a = 2.5 fm and B = 0.15 .

Earlier Burgel (1952) found the best f i t values of V = -33.0 MeV , a = 2.55 fm

and S = 0.103, using similar calculation as that of Hochberg. Sack et_al_. (195U)

fitted the P^2 and P ^ p-a phase shifts up to 10 MeV by using a central

potential along with Thomas type spin-orbit interaction which is a derivative of

the central part. Their potential had the form

V(r) = f(r)

where $ - r- (—) and a is a parameter.

For f(r), exponential.Gaussian and square-well shapes were used. The

Gaussian well was found to give an overall good fit to the experimental phase

shifts. It was also observed that the exponential well gave a splitting Increasing

too rapidly with energy while the square well gave splitting increasing rather

slowly with energy. The parameters for the central part of the Gaussian potential

with r(r ) = exp(-Br?,) ; g = 0.37 fm"2

The other parameters were adjusted to give a singlet-even strength

V0 " 3Va + V T ' 3 V m = 3T M e V a n d a t r i P l e t - e v e n strength VQ + V^ - 3V T - 3 V ^ = 62 MeV.

Experimental values of the singlet scattering length and effective range and the

triplet scattering length were reproduced well with these parameters. Though the

fitting was not very good, the calculated differential cross-section showed the

qualitative features of p-a scattering at 1*0 and 90 MeV. Herzenberg and Squires

were aware of the fact that the nuclear potential they used was rather too simple

and should have contained a repulsive core. However, they gave arguments suggesting

that the tail of the nuclear potential gave the principal effects in this problem at

least for forward angles while the effect of the repulsive core was probably

important at larger angles when the exchange effects predominated. It was concluded

that to give a qualitatively correct account of p-a scattering around 100 MeV, it

was necessary to include the effects due t.o both nucleon exchange and target distortion.

Assuming a two-body effectivf (*. ::lial, Gammel and Thaler (1958) obtained

a precision fit to both s- and p-wave phase shifts below 9 MeV. The angular

distributionE of 1*0 and 17-5 MeV protons scattered off helium, were calculated

with the following potential

V(r)

Vr> exp(- K r )

m"2were VQ = 1*7,32 MeV and K2 = 0.17 fm"2 and 6 = 7.1< i^f . Feingold (19%)

used the variational method to calculate the splitting of the p-a doublet for

Gaussian and Yukawa potentials. He found that for a reasonable choice of the

nuclear radius the splitting was within the order of magnitude of the experimental

value.

Herzenberg and Squires (i960) also used the Gaussian interaction to describe

the p-a scattering at kQ and 90 MeV taking into consideration the effects due

to the antisymmetry of the incident, and bo'.in<; nucleons, Incoherent multiple scattering

and the distortion of the incident plane wave and of the nuclear wave function.

For the nuclear potential, they took

-[Vc(r) L-g]

where,

V r ) " 1 + [r/D - 1] exp{{r-R}/D} ;

At kO MeV, this potential with

R = 2.0 fm , D = 1.0 fm

=22.5 MeV
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gave

t(s1/2) = - 210% 6(P3 / 2) = 82° , «(P1 / 2) = 58.9°

with r » 0.183 fm and '. _ V = 1*6.6 MeV

and

6(sJ,£) = - 105° with

rc = 0.5 fm and V = - 55,1* MeV

The analysis was also done at 17.5 MeV and it was found that the potential

strength V (r) was energy dependent and different in odd and even angular

momentum state. An interesting feature of 6(s , ) phase shifts was observed,

namely, that almost the same values of <S(s , ) were produced by central potential

with very different strengths and signs, This was also obvious later from the

analysis of Pearce and Swan (1966} who obtained phase equivalent potential from

s- and p-wave scattering for n-a scattering up to 12 MeV using a potential

shape of the type

v(r; exp(- r/pb)

They observed that practically there was no difference between the phase shifts

calculated by the barrier solution or by a well solution for the s-wave. For

example, a 2.5 GeV repulsive barrier with a radius of 1.2 fm gave the same

phase shifts as that given by a 2.1 GeV well with a radius of 1.2 fm. Thus

the inner part of the potential cannot really be determined from the low energy

phase shifts over a rather limited interval. A similar situation has also been

observed for non-local separable II-a potentials (see later). This observation

is also consistent with a later calculation of Swan (1967) who observed that

phase/binding energy-equivalent of n-cc potential in the s-state should have
2 £

a Pauli barrier 3fi ur MeV arising from the exclusion principle. Swan used

a distorted inverse square barrier wave approximation and deduced from experimental

phase shifts an entirely repulsive potential for £ = 0 phase shifts.

So far we have discussed only real pheiiomenological potentials for nucleon-

alpha scattering. Complex potentials have also been used in describing the a-N

system. Bunch et si. (19-5^) applied an optical model analysis for p-a scattering

with 31 MeV protons to test the validity of the optical model for a tightly bound light

nucleus l ike He, and to get information on He(p,d) He reaction cross-section.

The analysis was carried out with a potent ial

V = V
Opt CM

V + V
so Coul

where V and V were respectively the complex central and spin-orbit potentials
CN so

and the Coulomb potential V_ was that corresponding to a uniformly charged

sphere of radius R. The real part of V^ was defined according to

Hodvic et al. (19-62)

- Vf(r) with f(r) = [1 + B =

and i t s imaginary part was taken to be

j (V ,) = - W, exp[- ( r - K ) W ] - W [l + exp{r-R)/0.69 b]

which accounted for both volume and surface absorption. The spin-orbit potent ial

was taken to be

f*.

Fi ts to the e las t i c - sca t t e r ing cross-section data were made by minimizing the
2 2

values of x • T h e minimum values of x were obtained for values of E

between 1.1 fm and 1.3 fm and accordingly several sets of optical model

parameters were obtained. Such a typical set i s , for example

HQ - 1.2 fm , a = 0.281) fm , b = 0.9 fm , V = I48.8 MeV

W = ll.O MeV , w = -1.0 MeV, Vg = -5.2 MeV, Oj,(fm ) = 6.91

x2 = 166.9

An attempt on the line of the above analysis was made for just one energy and it

seemed to indicate that the optical model night reasonably describe the scattering

of nucleons from as light a nucleus as He . Later, an extensive analysis

of nucleon-alpha scattering below the inelastic threshold was carried out by
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and U is the Coulomb potential from a uniformly charged sphere of radius R ,

so, U = 0 for neutron scattering.
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•: • r,e;i^ ;:^ w "̂"! *i^cii >>^;i ^i v^ i j: :"'orT;;:it :'.oi: alx>'.:t. the ir.. \ : in ' i ry r:v.vt of "he
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p-a i icat tering at 31 , 'lO, l i • • r.J ':') "eV witli a p o t e n t i a l of the form
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c
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m c (V + iW } ^ (4-) (s s T dr
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x i

r - r A
so

1/3

Several sets of parameters were given. The parameters which gave the best compromise

fits to the experimental data (differential scattering cross-sections and

polarizations) were,

Ul.8 MeV (for neutrons)

E > M e V

=1*3.0 MeV (for protons)

Vg = (2.7 + 0.1 E ) MeV

r0 = (1.50 - 0.01 E) fm

rg = 1.0 fm

= as = 0.25 fm

Figs . l 6 and IT give the p-a and n-a phase s h i f t s r e spec t i ve ly , ca lcula ted with

the above parameters . These parameters were found to be energy dependent and

were chosen t o give good f i t near thi" resonance region i . e . around 1.2 MeV for

E and E . I t was found t h a t the s-wave phase sh i f t s W3re affected more by
p n

changes in the .^Irenath of the cen t r a l poteriLHii V i.tinri oy chiu^ea i r; r 0 ajid

they changed hardly at a l l by changes in ' a ' . li-cv.-h t ht p-«"ivo phases were-

affer ted by the change'; in spin-^jrbil iia^nrr.ipl.̂ r-., M^v u::n; ' es.s o Tf t:!.'t^d hy cfinngfjs

i n ' a ' . T l , w ; i . : , f o u n d l , V i : i i , I : i .V r= f .• p ; i i . - i r n e ' . ^ r ;, ^ f M ' t : :.:•! ( i • : ' : • : ' " i : l . r r o r r - i.'r.v o j ; ' . . I i - n l

Search was raaae for an optimum set of optical model parameters which would give

best values for the differential cross-section and polarization data. The energy

dependence of the central part was found from the relation V = 71* - 0.57 E MeV.

While, the imaginary part, the spin-orbit part and the radius also showed some

energy dependence, the calculated real phase shifts seemed to follow the trend of
Pi &

the low energy data and the inelastic parameter (= e " |n| exp(2iR S) was

found to be evenly distributed among various partial waves. An optical potential

with an exchange term given by

U(r) = V(k,r) + iW(k,r) W (k,r) + V (k,r)ex so

was used by Goldstein et al.(1970) to analyse the scattering of 100 MeV protons

off He and specially to investigate the backward peak in the angular distribution.

The other parts of the potential consisted of a real part of the familiar Woods-Sexon

typa> possessing a variable radius, diffuseness and strength. A spin-orbit

interaction of the standard form was included and possessed the same radius and

6 "J ̂ fuoeness as the real part. Parameters which gave the best fit vere:
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E

(MeV)

31.0

fco.o

55-0

100.0

V

(MeV)

61.6

65-8

46.2

11.9

w

{MeV)

5.5

13.5

19.5

14.8

a

(flu)

0.05

0.51*

O.56

0.24

b

(fin)

0.42

o.aU

0.13

O.hS

R

(fm)

1.55

1.55

1.74

1.67

V
so

(MeV)

7.8

4.3

6.9

8.4

wex
(MeV)

4.9

5-8

-3.2

O.65

aex
(fn)

0.32

0.22

0.44

0.66

2
X

1.1

2.7

14.0

3.3

The agreement with the experimental data was very good which indicated

that backward peak might be due to exchange phenomenon. Although one may wonder

whether it is permissible to use the optical model shape for the exchange term, it is

found that In the Born-Approximation calculation, their structures are the same

and differ only by (-1)* factor.

Though the magnitude^of the exchange potentials for different energies were

reasonable,the negative value at 55 MeV was difficult to explain. The analyses

at 31, 40 and 55 MeV vere done for comparison of results for optical potential

with or without an exchange term by Bunch et al., and Thompson et al. and it was

found that the agreement was quite good. Although there have not been cany

significant optical model analyses of low energy nucleon-alpha scattering 3ince

that of Satchler et al., such analysis has recently been extended to intermediate

energy p- He scattering. This will "be discussed in Sec.IV together with Glauber

theory, another tool employed in high energy p-a scattering.

Hon-local potentials for alpha-nucleon Interaction

So far ve have dealt with local phenomenological nucleon-alpha potentials.

As ve would shortly see in Sec.IV the basic studies of N-a interactions starting

from first principles show that these interactions, when constructed from two-body

n-c forces, are non-local as well as 'I' and energy dependent. Phenomenologically,

however, it has been possible to admit of energy dependent local N-a interactions,

nevertheless, it would seem interesting to introduce phenomenological non-local

separable (KLS) potentials to describe the N-« Interaction. Considerable

interest has recently been aroused in the studies of N-a systems using HLS

potentials. Although the non-locality of N-a potentials Is an accepted feature,

its separability remains an ansatz. For certain special shapes of the two body

H-N forces (e.g. Gaussian), the non-local H-a interaction can presumably be

recast in the same manner as the o-a interaction, using Hille's formula

(Leung and Park, 1969), as the sum of a very large number of separable terms.

However, in practice, one usually employs a finite rank separable potential.

Thus the separability of the non-local N-a interaction still remains a convenient

assumption. The interest in separable interaction has further been enhanced because

of the ease vith which 3-body problems involving N-a interactions can be tackled.

Till recently, all the analyses of H-a data with non-local separable interaction

were made in momentum representation. The first such analysis was performed for

neutron-alpha scattering by Hitra et al.(1962). They considered the s- and p-wave

interactions and found that the spin-orbit potential was much smaller than the central

potential. Their attractive 3-wave interaction admitted a bound state. The next

attempt was by Barguil et al.(1971) who studied the elastic scattering of nucleons

off He below 22 MeV using a one term separable potential based on their method

(Pigeon et al., 1970). Using a form factor of Yukawa type they reproduced the

neutron-alpha and proton-alpha s- and p-wave phase shifts up to 20 MeV rather

accurately. Later, they (Pigeon et al., 1971) extended their analyses up to 50 MeV,

by mailing the interaction complex. It is known that, an adequate description of

p-a phase shifts needs taking into account the Coulomb interactions In an exact way.

This can be done both in the co-ordinate and as well as in the momentum representation.

Although Pigeon et al. calculated the Coulomb effect exactly in the momentum

representation^heir analyses were rather Involved, This effect can be accounted for

In a much simpler way in the co-ordinate representation (All et al., 1972;
M i et al., 1974; Rahman et al., 1974). A typical outline of their method is given

below. One added advantage of using the co-ordinate representation is that for a

given non-local separable potential one may have some insight into the corresponding

local potentials obtained by a suitable prescription

Method

The non-local SchrSdinger equation with Coulomb forces nay be written as

(PSD

in usual notations.

If K (r,r') Is separable and Is of the type

It

Kt(r,r') *~ (PS2)

t=l

the solution of Eq.(PSl) is
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where

zj(r) (PS3)

and ^(r) satisfy the equations

and

d r

The formal solution of Eq.(PS5) is

with

O0(r,r') g^(r') dr
1

(PS10)

fl2

^~2 (PS5) r' < r

with boundary conditions

F£(0) = 0

= 0

i

V r ) %Cr) dr

The functions F^fr) and Gjtr} are the regular and irregular Coulomb wave

functions respectively.

From the asymptotic form of y (r) one obtains

and

where

ij
dr

(PS8)

(PE9)

With this formulation,analyses have been done for proton-alpha and neutron-alpha

scattering lay Ahmad et al. (1975) and Rafiqullah et al . (1975) respectively.

Figs.18 and 19 give the calculated phases of Ahmad et al. together with the

experimental phase shifts. For the above analyses a one term potential was

chosen with a form factor of simple exponential type

with

The above one term separable potential vas found to be quite adequate in describing

the elastic scattering of nucleons off helium, specially for p-a scattering where

higher partial waves up to 9. = 3 were fitted accurately, and for n-a scattering

the equivalent local potentials were also calculated using the prescription of

Husain and Ali (1970). One of the most interesting features which had been observed

in the behaviour of s-wave phase shifts with different strengths of potential was

that equally good fitting for s-wave could be obtained with an attractive potential

= °-S' Tm~ and with repulsive potential of strengthof strength 1Q = - 6.5 fm and

XQ = 17.0 fnf
3 and BQ - 0.39 fm"

1 (Fi«.20) which implies that it is virtually

impossible to distinguish between attraction and repulsion at lower energies, a

point which we noted earlier in the discussion of the s-wave experimental phase

shifts.
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A separable potential approach to nueleon-nucleus scattering vith the
exact treatment of Coulomb effects was also made by Cattapan et al.(1975) in the
Coulomb state representation using form factors of the modified Yukawa type
g^d") = exp(-ar) r IT . In this work, Cattapan considered the p-a as well as
the n-a phase shifts for the energy region 0-5 MeV wherein the details of
the — single particle resonances are well evidenced. In spite of calculational
differences, the results of Ahmad et al. and those of Cattapan et al. were consistent
with each other.

More recently, in a folding model approach (in which projectile-nucleon
interactions are folded into the nucleonic density distrubution of the target to
generate projectile-target potentials). Lee and Eobson (1982) generated a non-local
nucleon-nueleus optical potential by using a separable H-H potential in the folding
procedure. In the case of n- He scattering, they used the Tabakin, the Doleschall
and the Strobel N-H potentials of Yukawa and Gaussian forms with variable parameters
for each partial wave. Spin-orbit and tensor forces were included. Their resultant
non-local potential, with the H-H potential fitted to the H-H data,reproduced
the Sy2 scattering well but failed to describe the p . and p , resonances.
However, they had to consider the higher order corrections (in the first order,
the H-H interaction is actually the phenomenological B-ff interaction) and
introduce an effective H-H potential in the G-matrix concept in order to reproduce
the p ^ 2 and p ^ £ resonances.

IV. BASIC STUDIES OF TEE ALPHA-HUCLEOH IKTERACTION

By basic studies of the a-N interaction we would mean those studies which

attempt to build an interaction between an o-partlcle and a nucleon from rather

first principles, using the two-nucleon interaction as the building block. Such

microscopic studies have, in fact, been made more or less within the framework of

the Resonating Group Method (RGM) of Wheeler (Bransden and HcfCee, 1951*;

Hochberg et al., 1951*; Hochberg et al., 1955; Van der Spuy, 1956; Sugie et al., 1957;

Hagata et al., 1959; Laskar et al., 196l; Kanada et al., 1963a, 1963b; Franco, 1968;

Thompson et al., 1969; Heiss and Hackenbroich, 1970; Heiss and Hackenbroich, 1971;

Omojola, 1970; Reichstein and Tang, 1970; Thompson and Tang, 1971;Thompson et al.,197£;

Chwieroth et_al., 197I1; Hackenbroich et al.,197*4; Thompson et al., 1977).

A typical outline of the RGM as applicable to the a-H system is given

below.

The wave function describing the scattering of a nucleon from an a-particle

is assumed, in the one channel approximation (namely pure elastic scattering),to be

(BSD

Here A is the antisymmetrization operator; t denotes the appropriate charge-spin
function; + describes the spatial behaviour of the a-cluster. F(r) describes
the motion of the nucleon relative to the a-cluster. If, for example, the two
neutrons and the two protons In tbe a-partlcle are labelled "particles 1 and 2"
and "particles 3 and It", respectively, and if the outside nucleon is denoted as
"particle 5", then

- HU5) _ H(25)]

when the outside nucleon is a neutron, and

- H(35) -

when the outside nucleon is a proton. K(15) is the Heisenberg exchange operator
exchanging the space and spin co-ordinates of particles 1 and 5, and so on.

The basic idea then is to start from the antisymmetric wave function (BSl)
and the total Hamiltonlan of the system

• • * £ < • £ (BSS)
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where V. is the -wo-nucleon force, ind derive a;; equation of ruobitn for F(r),

thereby reducing the five-tody problem Into a tvo-b'.jdy one. This is usu

accomplished by •. '

j

F(r) from (.lie variativniti prinejp}.^.

- E1 ) Hid = 0 (BSD

where E' is the total energy. The calculations! schema is as follows.

The function <t> is usually assumed to be of the form

I 2 1=1
(r. - R) (BSl»)

where I! is the position vector of CM. of the a-cluster. The width parameter

a is usually fixed by a fit to the r.m.s. radius of matter distribution of the

alpha particle as observed from electron scattering data and is thus determined to

be o = 0.51k for \r\$ = l.UU fm .

For the nucleon-nucleon potential V. , generally a central Gaussian form

with exchange terms is chosen

- VQ exp(- + b

(BS5)

(1 + T. ){i + T. )
1Z J Z

with

rj-.-i obtains ar. integrodifferential equation Tor

?

dr

E = E' - E,

E - VD(r) - Yr

(BST)

dr1

(binding energy of the a-part ie le ) i s the re la t ive energy in

the C M . system, u is the reduced mass of the a-II system. V (r) is the

Coulomb potential applicable to the cc-proton system. V (r) is the direct part of

the a-H interaction (corresponding to no interchange between constituents of the

a-particle and the N ) . k^tr.r') is the non-local kernel interaction vhose origin

lies in the antisymmetrization of the wave function. Since the latter ensures that

particles having the same spin and charge should not overlap appreciably, kAr,r')

does incorporate the general character of a repulsion. Eq.(BST) is solved numerically

with proper boundary conditions for a-H scattering phase shifts using standard

procedures (e.g. the method of finite differences). It should be noted that Gaussian

shapes are assumed for <f> and V in order that the calculation of k.(r,r') be

done analytically. The expression for k,(r,r') is a rather complicated one and is

a function of w, m, b, h, V Q, B, a and E'(= E + E a ) . The ways of determining

V , g, a have already been mentioned. To determine v, m, b, h one needs further

relations between them besides (BS5(a)). Such relations are provided if one writes

V as a linear combination of the Serber potential V and the Rosenfeld

potential VHo sen

V = V + (1 - v) V
Serb l y J Rosen

(BE8)

(ES5a)

w + m - l o - h = x (ratio of singlet to triplet interaction).

For values of V Q = 72.98 MeV , B = 0.U6 fm~
2 and x = O.656 , the potential (BS5)

yields the correct values of the two-nucleon effective range parameters

(Afzal and Ali, 1970).

With the above expressions for 4, and V. . , one now uses Eqs.(BGl) ana

(BB3) along with the partial wave expansion

(EGG)

V g e ^ and V R s are given by Eq.(BS5) with (w = m , b « h) and (m = 2b , h = 2w)

respectively, y determines the force mixture, i.e. the ratio of Serber to Rosenfeld

forces. In calculations where specific distortion effects (i.e. distortion effects

over and above what is implied by antisymmetrization procedure) are not taken into

account as a result of not using many channels or not using improved wave functions

in the region of strong interactions, y is usually treated as an adjustable

parameter in order to compensate for such omissions. With the admission of proper

distortion effects, the value of y has been expected to be around unity. More

discussion aViout it is made later.

Earlier one-channel RGM calculations of o-W scattering did not take into

•ifcourit. t ' e *:p I n-orM I i-or̂ pop.ont of the a-N force needed to account for the

i t i , - ; i : , ~ ::•(• t - L C p

h/p. } ; •



of Thompson et a l . , 19-69 )considered, as baseline data, the s- and p-wave phase

shifts produced by the real part of the optical potential of Satehler et s i , (1968),

obtained from a pn--nomenological analysis of a-N scattering. A fair fi t to these

phase shift data was obtained for y = 0.95. A good fit required either a low value
_2

of y (around v = O.65) or an adjustment in the a value, from a = 0.51^ fm
to a = 0.1+3 fm for y = O.95. HoweVer, no physical meaning could be attributed
to such ad hoc adjustments.

Later one-channel RGM calculations of Reichstein and Tang (1970) used
slightly improved H-H potential which had different depths and ranges in the
singlet and t r ip le t H-H interactions and had also a spin-orbit part:

V ^ h
(BB9)

where Vt and V are the s-wave t r ip le t and singlet potentials assumed to be

Vt = - V expt- Kt

e x p ( .

A fit to the N-H effective range parameters is obtained for V = 66.92 MeV
- 2 Ot

t h eKt = 0.1(15 TsT , VQg = 29.05 MeV , K_ = 0.292 fm . The parameter u is
exchange mixture parameter ( i . e . the some as y in (BS8)). u , V and
\ vere determined from a f i t to a-N data. While the reason for treating u as
a parameter has been given ear l ier , the use of V and X as free parameters
would appear to seem somewhat unsatisfactory, nevertheless Reichstein and Tang
argue that since in the energy range considered, only the s-wave N-H interaction
is pertinent, the spin-orbit parameters cannot be determined from the s-wave data
and hence are left free to he determined from a-N data. Of course, a more
desirable feature woû .d be the introduction of a tensor interaction for the
description of the J resonance,especially for i t s decay into N-<x although the
calculations would be somewhat complicated. However, Reichstein and Tang observed
that without the spin-orbit term, their second potential (BS9) came closer, in a
phase shift f i t , to the central part of Satehler et a l . ' s potential than the earl ier
potential (BS8). With this improved potential , Reichstein and Tang calculated the
differential scattering cross-section —: . polarization P and spin-rotation

parameter g, the definitions of which are rewritten f o r t I : le s a l t e o f convenience;

p -
h)

(ES1O)

- arc tan
2Im

where g(e) and h(D) are the spin-independent and spin-dependent scattering

amplitudes

g ( e ) = f c ( e ) + ± 7 I t i + D e

h(e ) = i ^ e
l 6 j l

1ST
16

216 dP (cose)
sioS, - e sinf, e sinl —r —

H i d cose
(BSll)

In (BSl l ) , f i s the pure Coulomb s c a t t e r i n g amplitude and on the Coulomb phase
+ c 1 1

s h i f t . $ and 6 are the nuclear phase sh i f t s for J = I + j and J = £ - g-
corresponding to whether I and s are p a r a l l e l or a n t i p a r a l l e l , r e s p e c t i v e l y .

Thus — P and S are computed from a knowledge of the RGM phase sh i f t s
[dp, I

6 and S~ which are obtained from the numerical so lu t ion of the i n t e g r o d i f f e r e n t i a l
it I

equation obtained for the a-N system

E -
dr

k j ( r . r ' ) + nJ

In (BS12), n Is defined by
Jr

d r '
(BS12)

= -(n+i) = 0

V ( r ) , V (r) andD C V (r)S.u are the direct parts of the nuclear central potential ,

Coulomb potential and the spin-orbit potential , respectively, and k̂  , k̂  and k̂

denote the corresponding exchange contributions. Other symbols have the same meaning

as in (BET). In earl ier calculations, only the direct Coulomb potential was

considered. Anyway, the results of Reichstein and Tang indicated that the exchange

- 3 5 -
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Coulomb Interaction plays a minor role especially for the s-wave pha.se shifts and thus

i t s omission is not very serious. With the full non-local potential of Eq.(BSll),

they performed calculations for a very wide range of values of u, V and X.

Finally tvo sets (their sets I and III) emerged to be satisfactory:

A(fm~2) V (MeV) u

set I

set III

0.1(6

2.0

11.0

22l*.8

0.97

0.95

Some typical plots of n-ct and p-a phase shifts and also those of — and P

for p-a scattering for the above two sets are shown In Figs.21-21*.

These results suggest that a single channel BGH calculation of the a-H

interaction gives a moderate fit to the experimental results. More detailed fits,

of course, would need taking into account the reaction channels in the calculations.

One thus need do complete coupled channel calculations which are, however, rather

involved. Thus, as a first step towards taking care of the reaction channels,

Thompson et al.(19T2) incorporated into the RGH Eq.(BS12) a phenomenological imaginary

potential W which included both a non-exchange component as well as a Majorana

exchange (i.e. space exchange) component and had the form:

tf = (1 + Cj. P1") U(r) E [1 + U(r)

where for the radial form U(r), a Woods-Saxon volume plus surface term was used.

The observation of Thompson et al . had been that above the a-p reaction threshold

of 18.35 MeV (cm.) , the experimental data on differential cross-section,

polarization and spin-rotation parameter in the energy range 23-75 MeV (cm.)

could be fitted rather satisfactorily except for some discrepancies in the forward

angle polarization. It was also observed that at most energies, the values of

C were negative indicating that the absorption is stronger in odd angular momentum

states than in even. However,no physical interpretation could be given 'or the

rather wide variation of the strength parameter Ĉ . with energy. ThiSjtaken

together with the fact that thr above calculations were a combination of phenomenology

of the optical model type and basic studies of the RGM type,would seem to indicate

that these first calculations of Thompson "X al . could he regarded as a convenient

parametrization of the effect of coupled reaction channels. However, encouraged

by the success of these; calculations, elaborate microscopic coupled channel study

of the five nucleon system with the RIM vc.s made by Chwicroth et al.(l97U)

using the purely central two-nucleon potential, i .e . potential (BS9) without the

spin-orbit term. Apart from knowing the influence of a second channel, the purpose

of their calculations was also to explore the adequacy of the RGM In studying

nuclear reactions in light systems. To this end, they included the channels

d + He [or d + H) and the p + a (or n + a) channels in the five-nucleon

system. Incidentally, it is worth mentioning that coupled channel calculations

for H-a scattering were, in fact, initiated by Laskar et al.(l96l) and by

Eeiss and Hackenbroich (1971). However, the investigations of Chvieroth et al.,

although having the essential content of earlier studies were more comprehensive

in that admission had teen made of a large number of partial vaves vhich are

experimentally warranted because of the diffuse structures, e.g. & + 3He in the

five-nucleon system. Also, the effects of three and more body breakup were not

included in earlier calculations. Chwieroth et al. took account of these latter

effects by incorporating into the formulation an imaginary potential. Thus the

mathematical recipe involved in the RGH formulation of the coupled channel study

of the a-I system is practically the same as that described earlier for the

1-channel case except that now one antisymmetrlzes a tvo component wave function

describing the tvo channels, and eventually obtains a pair of coupled

integrodifferential equations to solve for the wave function of relative motion

of the p-a (or n-a) and d - He (or d - H) systems. From a solution of

the coupled equations, the p-a and d - He scattering phase shifts are .computed

and so are -£r (p + a -> p + a) ,-rr (d + He •* d + He) and also f^ (p + a •+ d ^ 3He)
£0 ail ail dsl

and — (d + He + p t o ) , Mow the results of Chwieroth et al. obtained by varying

the parameters of the imaginary potential and again treating the exchange parameter

u as an adjustable one, show that the p-a phase shifts are essentially unaffected

by the addition of the d + He channel. Also, it is found that for the p + a

and d + He differential scattering cross-sections the calculated values are in

close agreement vith experiment. However, for the p + a?~& + He differential

reaction cross-sections, the agreement is not very satisfactory. Also, since in

this calculation only central forces are used, polarization data cannot be reproduced.

Thus the RGH description of the ce-II interaction in the coupled channel version

with central forces seems to be only generally satisfactory. Further refinements

could include, amongst other things, the coupling between the spin — and spin —

channels through the introduction of non-central components in the nucleon-nucleon

potential. Such refinements have subsequently been made, although within the

framework of a somewhat different cluster model reaction theory, "by

Hackenbroich et al.(l97M who calculated elastic a-p scattering below 30 MeV

using a nucleon-nucleon potential which contained spln-or*bit and tensor forces and

had been success fully employed In reaction calculations for other light systems.

They obtained quantitative agreement for their a-p cross-section and polarization

values with experimental data.
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More recently the result of a RGM p-a phase shift calculation using both

p + o and d + He channels but vith the inclusion of spin-orbit and tensor forces

was reported by Wlldermuth and Tang (1977). It was pointed out that single channel

d -f- He calculation of Chvieroth et al. (1973) showed a 4s.,. resonance level
, 3/2

occurring very near the d + He threshold and a refinement in the p + a single channel

Calculation should take into account the d -(- He channel with the relative orbital

angular. momentum between the clusters equal to 0 and total spin e_qual to —. It is no

wender jtlmt .central and spin-orbit potential cannot effect any coupling between the

p + a channel, having 1 = 2 and s = •% and the d + He channel having £ = 0 and s = j ;

tensor force is needed. The results of the calculation with both central as well

as spin-orbit and tensor forces, as reported by Wildermuth and Tang, are shown

in Fig.35 where a comparison of the calculated phase shifts vith the experimental points

of Plattner et al. (1972) is made. Since the calculated d - He threshold energy was

found to be 21-8 MeV which is about 2,83 MeV higher than the value of 18.35 MeV

(cm. ) determined experimentally, the data points of Flattner et al. have been

plotted with an energy shift of £.83 HeV toward the right thus taking into

account the mismatch between the calculated and experimental values of the d - He

threshold energy. It is seen from Fig.25 that the single channel calculation

(with the tensor force set equal to zero) does not give the resonance behaviour

of the phase shifts, while fair agreement with empirical values is obtained in the

coupled-channel calculation. At larger energies, the calculated values are

smaller, perhaps reflecting the fact that £ = 2 , s = — and the 4 = 2 ,

s = 7j and ^ values were not considered for the d + He channel.

All in all, the RGM calculations demonstrate that d + He channel is

seen to influence the p + a elastic scattering in the energy region around

the — resonance. Thus although the anomaly in the p-a analysing power

measurement at E 23 MeV and the re ,ce of the phase shifts near^^ p shifts n

this energy clearly shows the ±6.1 MeV |- second excited state in 5Li ,

accurate description of this state should take into account both the a-p as
3

well as the & - He structures.

The use of the RGM calculations of p-a scattering has also been

extended to comparatively higher c m. energies of 60, 80 and 121+. 8 MeV by

Thompson et al.(1977) who, using a nucleon-nucleon potential with a weakly

repulsive core reproduced reasonably well the tvo-nueleon scattering data and the

essential properties of the u-particle. These authors find that because of the

use of a totally antisymmetric wave function in the RGM which automatically

includes the exchange effects, the scattering "behaviour at large angles was

adequately described.

Since the RGM interaction is non-local, it does not obviously lend

itself to a graphic representation. On the other hand, for purposes of

comparison with the phenomenological local potentials and also for purposes of

practical applications, i t would be desirable to seek an effective local

representation of the microscopic RGM interaction so that the general features

of the interaction could be visualised. This basically means that one now must

replace the non-local potential in the integrodifferential equation

2 f 2

d r
E " f£(r) = tj(r,r') dr' (BS13)

by an effective local potential V (r) entering in a differential equation

,2 f 2 „,„.

dr
+ E Vr) = eff,

(BSlU)

Obviously such a replacement is possible If Veff

Vff(r) = VD(r) k^r.r')

is defined as

dr' (BS15)

Note that (BS13) is the same as (BS7) except that the Coulomb potential V (r)
c

has now been included in the direct potential V D(r). How generally speaking,

in the replacement of the non-local potential by an equivalent local one, the

simple choice (BS15) leads to difficulties with singularities whenever f.(r)

is zero. One thus seeks prescriptions (Fiedeldey, 1967) which avoids this

difficulty. Such prescriptions introduce r dependent proportionality factors

g (r) between the wave function of the non-local potential and that of the

equivalent local one, and the equivalent local potential is then constructed as

a function of the proportionality factor and its derivatives. However,

Thompson et_al.(1969) reasoned that the potential V* (r) contains singularities

in the region where the clusters overlap considerably and hence has more academic

interest than practical. Thus they used another effective potential v (r)

defined by

(ESI6)

= vf f(r)
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where r Is the distance at which f t ( r ) has i t s outermost node in the region

of strong overlap. The core rsdiuu r ts chosen, as a first approximation, to

be i-::,̂ rgy independent in view of the observation that. t!i- positions of the nodes

of the radial scattering functions are only weakly energy-dependent. Since f^'r)

in (BS15) is ener^ dependent, the potential V (r) is local , and energy

dependent. The manner of construction of Ve (r) makes it evident that both

the RGM non-local potential and i t s local representation V6 (r) (or V* (r))

would yield exactly the same phase sh i f t s . The effective potentials thus

constructed for the a-H system shov some Interesting features as are evident

from Fig.26

It i s Been that the potentials for different part ial waves contain varying
degrees of repulsion, the potential v having a hard core radius of £.21 fm
followed by a very weak attractive part , tfce potential V being purely attractive
and the potential V having no hard core but moderate repulsion for small values
of r . However, not too much physical significance should be attributed to the
hard core in view of the fact that the hard core in the present case Is not a
result of dynamical calculations but i s only an art if ice of avoiding the region
below the position of the outermost node where clusters are expected to overlap.
Calculations done also at other energies showed energy dependence of the potentials,
although rather s l ight . Incidentally the odd-even feature (wherein the potentials
in the odd states are different from those in the even-i states) which was f i rs t
observed by Gammel and Thaler (1958) in the phenomenological analysis of a-p
scattering data using local potential is also seen to be present to some extent
in the long-range part of the calculated effective potentials . Thus, both the
non-local a-N interactions obtained from microscopic studies as well as the
effective local ones derived from them have features similar to those of the
phenomenological potentials and provide, within l imitations, a fairly adequate
description of the cc-N scattering data.

So far, we have discussed several aspects of the low energy a-H
interaction. Since v i t h t n e availability of high energy proton beams at the
particle accelerators a large number of p-a experiments in the GeV range
have been performed, I t is worthwhile to at least take a summary look at the
situation prevailing in the experimental and theoretical areas. Experimentally,
structures have been observed in the differential scattering cross-sections.
The f i rs t GeV-experiment at the BML showed a deep minimum near t •= - 0.25 (GeV/c)
vhere t is the four momentum transfer squared; the dip is followed by a
secondary maximum. Such a structure has been more pronounced at higher energies.
Here, the hope has been that such structures can t e l l us something about the

nucleon correlations in the nucleus. Since at these energies, the hlfcti momentum

components of the nuclear wavt- functions could be involved, the short-distance

behaviour nf the Ji-EJ correlations are likely to bp revealed Theoretically,

attempts have been made to explain the shape and structure of the differential

cross-sections, keeping in mir.A the fact that it is one thin? to talk of the

interaction of tha proton with the nucleus as a whole, while it is quite another

to talk of the multiple interactions of the proton with the nucleons of the nucleus.
In the latter case, nucleon-nuoleon amplitudes are involved and a correct

parametrization of these nueleon amplitudes Is expected ••<•> form an essential part
of the description of the interaction process. Helativistic energies are involved;
so one may have to use the Dirac equation instead of the SchrOdinger equation.
At the high energies involved, the excitation of the nueleon and thus the appearance
of the i i3obar may assume importance. Also If irultiparticle scatterings .are
induced, for which the essential property of the nucleus i s i t s high density, which
is to a certain extent realised in the tightly bound helium nucleus, then there
nuat be a theory to test these multiple scatterings. In fact, that theory i s the
Glauber Multiple scattering theory. One of the objevtlves of high energy p-o
scattering i s to treat the helium nucleus as a microlaboratory for testing the
theories of high energy proton-nucleuB scattering, Two types of tools have so
far been used in analysing such scattering. One of these ts the familiar optical
potential model with i ts different versions and the other is the Glauber theory of
Multiple Scattering Just mentioned.

In the Glauber model, the full scattering amplitude is a coherent sum of single,
double, triple and quadruple scatterings from the four nucleons In He. In between
two scatterings, the proton may get excited as long as It comes hack to the ground state
before leaving the nucleus. Thus intermediate inelastic collisions of nucleons, where
at the end, both projectile and target emerge in their ground states, have also been
included In the Glauber Model Calculations. The assumptions and approximations Involved
in the Glauber model (Glauber, 1959) are: the restriction to small scattering angle a
(8 kd ( 1 , when d is the nuclear force range and k the wave number), the
high energy condition (J^ 1 , and ka » 1 vhere a is the range and T , the
projectile kinetic energy), dynamical approximation (phase shifts due to scatterings
from nucleons may be added together) arid the frozen nucleus approximatioij (meaning
that for the very short period for which the projectile traverses the nucleus, + HP
nucleons in the nucleus do not rearrange themselves, i . e . they freeze themselves!
With "these assumptions the physical amplitude for elastic scattering Ff0(<l) may
be obtained, in the Glauber Model, by averaging the transition amplitude
F(<1> r. , r • , .r ) over the nucleon distribution Thus
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Here, |0> and jf> are the intrinsic in i t ia l and final nuclear wave functions

depending on A-l co-ordinates, s is the transverse component of the vector

position of a nucleon r and b the impact parameter. The nucleon-nucleon

profile function r is related to the phase function x through

T(o) = 1 - exp[ix(b)]

There are many finer points of the model, and corrections to multiple scattering

have also teen proposed. We shall not go into all this Taut refer the reader to

a recent review by Igo (1978) on intermediate and high energy proton-nucleus

research, wherein the results of high energy p-a scattering experiments up

to 1978 and their theoretical analyses have been discussed. We shall, therefore

comment on a few selected experiments and their theoretical interpretation,

since this last review. One such experiment is the cross-section and polarization

measurements of Courant et al.(l979) for 0.5-1.73 GeV shoving structure
2

at t = - 0.25 (GeV/c) which decreases in magnitude with energy. Earlier the

differential cross-section and analysing power data at 1.03 GeV were fitted

by Wallace and Alexander (1977) who suggested that the inclusion of non-eikanal

terms in a multiple scattering model could give a fit to the cross-section data

to within 5% but both cross-section and analysing power data could not be fitted

without the inclusion of the inelastic intermediate state (IIS), in the multiple

scattering formalism. The necessity to include such inelastic processes has teen

earlier emphasized by many authors (see e.g. ATberi and Bertocchi, 1969) and was

also pointed out in two later experiments by Bujak et al.(l98l) and Burq et al.(I98l)

who measured p - He differential scattering cross-sections at energies ranging

from l»0 to !+00 GeV . The region 0.2 <-t <0.k (GeV/c) was found to be most

sensitive to the N*(1232) production. With the inclusion of the intermediate

state the cross-section dip is filled in and the maximum analysing power is

reduced from 0.8 to O.k. The experimental data of Courant et al. were in

agreement with these calculations. In the model of Wallace and Alexander^ a fit to

the analysing power required a = - 0.35 where a is the ratio of the real to

at this energy
PP

the imaginary part of the scattering amplitude, the value of a

being - 0.06 . Thus i t seems that high energy p-a data can yield information

about the previously unknown N-M scattering amplitudes.

At the same energy of 1.03 GeV , Mercer et al.(l978) fitted the

cross-section and analysing power data using an optical potential model. They

used a relativistically correct model having a scalar and a fourth component

vector potential. A fit to the analysing power gave a vector-scalar ratio of

- 0.72 which was consistent with previous meson exchange theory calculations.

Having obtained a fit to 1.03 GeV data, Mercer st al. reproduced the cross-section

and polarization data at the energies of measurement in Courant's experiment.

At the lower energy of 500 MeV, optical model fits of Leung and Sherif (1978),

van Oers et al.(l982) seemed to be unsuccessful. The situation did not improve,

as was noted by Cooper (1981), even if the Dirac equation was used instead of the

Schro'dinger equation.However,in a more recent investigation,Greben and Gaurishankar(1983)

have argued that the inclusion of the Wolfenstein R-parameter data as measured recently

by Moes. et al.(l983) is of great value in providing a lot of information on the

geometries of the various components of the potential. Using a local optical model

potential with the same terms as contained in the analysis of Satchler et al • (1968)

discussed earlier, but with the inclusion of imaginary part in both central and

spin-orbit terms, Greben and Gaurishankar reproduced the p - He elastic scattering

data at 500 MeV, using the Born approximation.

Lastly, we present in Fig.20, the results of two of the most recent experiments

(Ambrosio eti a l . ; 1982, Bell et al. , 1982) and the results of their analysis

(Proriol et al • , 1982) as reported by Faes^ler (1983)- The points below and up to the

diffraction minimum are those of Ambrosio etMal. while the points above the first dip

are the ones of Bell et a l . . The curves are the calculations of Proriol et al.

The dashed line shows the results of Pure Glauber model calculations with an effective

radius of 1.66 fm. The continuous line includes a correction for intermediate

inelastic states in the double scattering term. This inclusion increases the double

scattering amplitude which has a negative sign and thus the cross-section in the
o

t-region (0.2 <-t <0.8 (GeV/c) ) where double elastic scattering dominates is

likely to decrease. However, the accuracy of the data and their over-all agreement

with the calculations are not so good as to warrant a. choice between the two

calculations differing only by about 20$.

Summarizing the data and analyses of intermediate and high energy p-a

scattering, one finds that in the Multiple Scattering Model, the data in the region
2

- t < 0.25 (GeV/c) are represented primarily by single scattering while near the
o

region at 0.25 (GeV/c) , the first minimum arises due to the single and double

scattering amplitudes interfering destructively; then there is a secondary maximum

followed by another region of interference between double and triple scattering;
2

triple scattering dominates near the region at t = 1.1*5 (GeV/c) . The data do not
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show a sign of quadruple dominance. There is certainly a need for more energy

dependent data in general and polarization measurements in particular. The

nucleon-nucleon amplitudes in the (JeV region need also be known, particularly

that for p-n . At the moment, i t is difficult to decide whether the Multiple

Scattering Models or the Optical Potential Modelagive a better representation

of the experimental data. As far as obtaining information about correlations
k

within the He nucleus is concerned, the earlier calculations do not suggest

(igo, 1978) that more finer details of the He wave function are necessary

beyond what is obtained from electron scattering studies. However, the isost

recent CERN experiments indicate (Faessler,1983) that the differential scattering

cross-ssetions at /e * 88 GeV (total cm. energy) show sensitivity to details

of the He wave function. Obviously, more data with greater accuracy could

settle the issue.

V. CONCLUDING REMARKS

The alpha-nucleon problem has been one of the few simplest and meaningful

two-body problems in nuclear physics. Since the manner of construction, especially

of the basic interaction for this two-body system is practically the same as that

for most two-cluster systems, the a-N interaction could be treated as a good

ground for testing various assumption^ and approximations involved in the microscopic

studies of interactions between more complicated systems.

From the experimental point of view, there have been continual improvements

in the measurements of H-a scattering data (differential scattering cross-section

and polarization). Abundant p - He elastic scattering data of high precision

exist below 20 MeV in which region a number of phase shift analyses have been made.

Above the inelastic threshold near 23 MeV, more data with better accuracy have

recently been available (Plattner et al.(19T2). Houdayer et al. , 19T8). However,

there is a s t i l l a lack of sufficient data, especially of analysing powers, above

kO MeV. In the energy region !*O-65 MeV, a number of phase shift solutions exist

{Houdayer et a l . ; Saito, 1979) which are fairly consistent with the phase shift

sets at lower energies. In order to sistinguish between these solutions, more

measurements of analysing powers, preferably at the same energies, together with

accurate measurements of the spin rotation parameters at backward angles are

necessary. With the analyses of p-a scattering made so far only the 16.7 MeV,

-*• second excited state in Li has "been studied with some precision. The study

of analysing powers and the phase shift behaviour of the d-phase shifts around

23 MeV clearly shows this state. Beyond this state, the phase shifts behave as

smooth function of energy and no other level of Li has been unambiguously

identified through p-a scattering. The theoretical calculations show that the

second excited state doe3 not have a predominantly p + o cluster structure; the

d + He channel has also to be brought in. At higher excitation energy, a study

of d - He scattering together with multipartiele break-up reactions would be

essential for the level studies of Li. The polarization measurements in p-a

scattering show that He is an excellent polarization analyser. Except for a

strong anomaly around 23.'t MeV corresponding to the D resonance in 5Li

the analysing power contour diagraa does not show a striking energy dependence,

especially in the backward hemisphere, for proton energies ranging from 20-60 MeV; a

weak anomaly is observed around 30 MeV; analysing power as high as 90j or more

has been observed at fl
c m = l^O0 . Thus the analysing power measurements

provide an accurate polarization analyser up to 65 MeV.

k
For the case of n - He scattering, intensive work has been done over the

last two decades and below 20 MeV, the most widely used phase shifts have been those

of Hoop and Barschall (1966). Again near 30 MeV, there are s t i l l some discrepancies

between the various phase shifts of different authors. Since in the 20 MeV region,

the n - He system is widely used as a neutron polarization analyser, i t is

desirable that such discrepancies be removed through better analyses. Above 20 MeV,

improved phase shift solutions have been proposed (Broste et a l . . 1972) from a

combined analysis of polarization and cross-section data. But the uniqueness of

the phase shift solutions has not been established and there is clearly need for

more data on both cross-section and polarization in the range of 20-30 MeV.

Above 30 MeV, the neutron analysing power measurements have been practically

non-existent apart from some measurements around 3k and 50 MeV. The lack of

neutron analysing power data above 30 MeV has been a serious handicap in

determining final state polarizations. Charge symmetric n - He phases have,

however, been predicted (FrShlich et a l . , 1932) by applying Coulomb corrections

to the best available p - He phase shifts between 20 and 55 MeV. A

comparison of these predictions with the future neutron data at higher energies

couia he very useful. For the moment, the comparison of n - He and p - He

analysing powers between 20 and 30 MeV by Broste et al.(1972) and Lisowski et al.(l976)

and at 50.h MeV by York et al.(l983) as well as the considerations of the known

energy levels of He and Li would seem to provide support to the charge

symmetry hypothesis of nuclear forces. The availability, in future, of accurate

high energy n - He analysing power measurements in the same energy ranges in

which p - He data have been considered would permit a more elaborate treatment

of the charge-symmetry issue from the alpha-nucleon point of view.
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On the phenomenological plane, although a number of careful a-N potential

constructions (both local as well as non-local) have been made,it would be worthwhile

to obtain over a very large energy interval, separable potential model analyses

of a-N scattering in co-ordinate space, preferably with Gaussian form factors.

The lat ter could be useful for possible applications to a-nucleus scattering in

the spirit of the folding model.

Concerning the microscopic studies of the a-N system, almost all RGM

calcualtions have been made with rather simple I-N potentials. The difficulties

of using more realistic N-N interactions are mostly numerical. However, as a

step towards understanding better the sensitivity of certain aspects of interactions

between heavy clusters to refinements in the N-N interaction, i t would seem

profitable to make further basic studies of the a-H system with a variety of I-N

potentials. This, of course, would mean employing considerable computational skil l .

A feature of the RGM calculations of the a-N interaction, which appears

somewhat less satisfactory is the fact that in most of these calculations employing

a. single term o-particle wave funetionjthe parameter a of the wave funcbion

{see Eq.(BSit) has been fixed, on most occasions, not variationally from a

calculation of the a-particle binding energy with chosen N-N forces, as should

have been the case, but rather from the r.m.s. radius of the a-particle. Some

variational calculations for the a-particle have, of course, been done

by Le-Chi-Hiem et al. (1971) iWho employing a soft core N-H interaction obtained

a-particle wave function by a variational procedure but obtained an cc-particle

binding energy of 21.5 MeV, six-and-a-half MeV smaller that the experimental

value. However, since the kernel depends strongly on the total energy E = E + E ,
rel a

differences in the values of E used can have a sizable effect on the phase shifts.
a

An argument which is often given in favour of fixing a from the r.m.s. radius of

the a-particle is that N-N forces used are non-saturating and hence would not

prevent collapse. j n fact, the r.m.s. radius of the a-particle determined by

the variational parameters is found to be only 10-15)8 smaller that the experimentally

observed value. An interesting point to note in this connection is that the RGM

calculations of the a-N interaction together with a variational determination of

E could reduce the Berber component considerably (as shown in the a-a case by

Afzal and Ali,1976) and thus the conclusions about the force mixture may also be altered.

The effective a-U potentials derived from the RGM a-N interaction

•provide a reasonable link between the microscopic calculations and the

phenomenological potentials. However, as has been discussed earlier, in the

construction of such effective potentials, a hard core has often been placed at

the outermost node in the region of strong overlap thus deemphasizing the inside

region and avoiding singularities which appear in single channel RGM calculations

whenever the radial function f f(r) goes to zero. In multichannel calculations

where possible reaction channels open at higher energies, f.(r) is complex and the

real and imaginary parts of f,(r) are not expected to go to zero simultaneously.

However i t should be noted that in single channel RGM calculations, singularities

occur in the surface region where the potential depth is rather low. It has been

claimed that since these singularities are extremely narrow and since at relatively

lower energies, the wavelength X is large, the narrow singularities have very

l i t t l e effect on scattering, and thus the effective potentials may be smoothed out.

While this claim is not unjustified, i t wouls nevertheless be instructive to construct

equivalent local a-N potentials from the non-local RGM ones using some other

prescription, e.g. that of Fiedeldey (1967). In Fiedeldey's prescription, the

defined byequivalent local wave function

2

dr^

(where U (r) is the equivalent local potential) and the non-local wave function

u^Cr) are related by u^Cr) = g ^ ( r ) ^ ( r ) where g^(r) is an r-dependent

proportionality factor. The equivalence of the interactions is guaranteed by the

requirement that S-d") = 1 as r -+ "» , i .e . they give the same scattering.

By a straightforward algebraic procedure Fiedeldey obtained the equivalent local

Guch. observations are frequently true whenever the value is limited.

potential in terms of a given non-local interaction K ( r , r ' ) , the proportionality

factor 6j(r) (for which an expression is obtained) and i ts derivatives in an

iterative fashion. Such a prescription works extremely well for separable

interactions (Husain and Ali, 1970) and i t would be interesting to apply this to

the a-N case in which explicit expressions for the kernel are already available

(Thompson et a l . , 1969).

Studies of phenomenological effective a-nucleon interaction in nuclei

especially in the context of the folding model for a-nucleus scattering also

seem to be of interest. In this semimicroscopic model, the a-nucleus interaction

is generated by folding the a-nucleon interaction into the density distribution

of the nucleus. Since in this case, the relevant a-N interaction is not that

between an alpha particle and a free nucleon but between an alpha particle and a

nucleon which is bound to the nucleus, the matrix elements of the effective

interaction in the nucleus are off the energy shell for free scattering. However,

it is assumed that since the absorption takes place in the surface region where



matter density is low, 1,h? effective a-N interaction may cot be very different

from the free a-TI one. In fact, it has been found to be so in quite some oases

of a scattfc^i r. fro^ even-even nuclei; the effective interaction obtained from

a fit of the g;-, -rat^d ^-nucleus potential to the a-nuclei;- sciitterlnj; dv+a

seems to be only somewhat different from the one that reproducss the non-re-onant

features of the n-N scattering data (Batty et al • , 1971). Thus the simple

folding model which only gives a. first-order treatment of the problem does indeed

vork at least in a number of cases. However, i t vould be interesting to see

detailed folding model calculations of a-N interaction using either a non-local

separable H-N interaction or a local interaction but taking due account of

antisymmetrization effect and the density dependence of the nuclear forces.

In fact, such calculations have only Just been introduced (Lassautand Vinh Hau, 1980;

Lee and Hobson, 1982). Also,it would be worthwhile to use separable a-N interactions

of different shapes in the folding model. The non-locality of the a-M interaction

could take account of the observed energy dependence of the a-nucleus potential

(Singh et a l . , 1975).

There has been a mounting interest in intermediate atscl high energy- p_a

scattering in recent years. The experimental data in the GeV region,

characterised by a deep diffraction minimum followed by a secondary maximum,

have generated a number of theoretical investigations based on the Multiple

Scattering Models and the Optical Poter/tial Models. The structures in the p - He

experimental data admit of interpretations in terms of the coherent sum of single,

double, triple and quadruple scatterings of the incident proton, from the four

nucleons in He. The optical model analyses in the intermediate energy region also

provide a fair representation of the data and the Wolfenstein R-parameter data

have been found to be of great use in such analyses (Greben and Gaurishankar, 1983).

While some recent experiments (Bujak et a l . , 1981) support the early finding that

the inclusion of intermediate inelastic scattering is important in the region of

the diffractive cone as veil as in the secondary maximum observed in the differential

scattering cross-sections, the results of analyses of more recent a-p experiments

at CERH (Faessler, 1983) indicate that the experimental data are not of sufficient

precision to decide between calculations with and without intermediate inelastic

scattering. Also, while some experiments do not emphasize a mere detailed information

of the He wave function than is known at present, others (Bujak et a l . , Faessler)

indicate a great sensitivity of the results to the details of the He wave function ana

demand a better understanding of this wave function. Thus the situation in intermediate

and high energy p-ct scattering is far from being conclusive. More cross-section and

polarization data supporting each other are needed. The polarization data would be

cf great use in providing useful information about the nudeon-mideon scattering

amplitudes (particularly fcr p-r.) which have not yet been, firmly determined

expe rimentally•

To sum ur, -J-pha-nucleon scattering, apart from being sufficiently

L.'iterosting by itself in the way of being an excellent rLlarizer as well as an

analyse.- of polarization, will continue to act as a laboratory for testing various

assumptions involved in proton-nucleus scattering. Thus, a deeper study of the

alpha-nucleon interaction is expected to provide valuable information towards

understanding the detailed features of nueleon-nucleus as well as alpha-nucleus

interactions .
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CrOBB-section, arigular
dlBtributinn

3-(>renc«

Al^kseev gt__al.(;96^ )

Suaser 1% al.;1966'';

fereli at al.f1965)

Lisovskl et^aJ^. i 1975 J

Chriatlajissn et al. (196^1

Vaughn at il.{1959.

Alelsaeev et al4{l96l)

Susse et al..(l96ri

Austin et al.H962l

May et at.(1965)

Shsnu wid JenKin (l9&)

Bonner rt al.(1959)

Ptrltini and Glaahpuaser (196U}

Nlller *t al.fl97l)

SHamii et al.(l963)

Coulding et al.(19T3)

Hoop and Bartchall f 15^61

Svartz {195SJ

Liaovski et *1.(19T6)

BrtBte et «l.(l9Ta}

Mutchler et ai>fl971)

Arifkhanov at hi.(1966)

AlifcaeeY et_al.(1965)

Hillpian et aj.{l95tt)

York at al.(19B3)

Hillnan gt si , (195^)

Tannerwald (19531

Meud&y and Falmitri (19^6)

In cases vhere neutron energies are not quoted, the energies of tlie projectile for the neutron ^reducing reaction hav« b
mentioned. The broad neutron energy intervals used hsre for the grouping of data are only approximate wid cannot str ict ly
confine the neutron energies of all experiments vitliin these intervals .
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Protor.
Energy

Q-10
[HeV)

0.9I

1.35

1.765

2. IB

2.59

3.00

3.00

3.20

t .58

5.95

7.69

9.89

10-20

11.99

ll*.23

17.1*5

.30-50
(HeV)

19.91*

22.46

12.96

SJ.16

23.118

24.51

S6.13

30.1*3

32.17

34.30

36.93

V^

- 11 . L..

- 16.:o

- 50.51

- 21*.20

- S7.20

- 31.00

148.67
H16A8

ll*9.36
1I17.04

138.06
138.39

131.14
131.39

123.99
123.ST

11T.32
123.2T

110.96
110.37

103.7li
104.69

99.20
96.36

94.01

9113

90.13

89. tB

89.95
(1.000)

87.86
(1.000)

85.21
(0.995)

63.06
(0.940)

1 81.64
(0.935)

80.21*
(0.909)

77.54
(0.872)

0.

.

25

2.90

6

9

2

6

6
6

8
8

1
1

0 0

50

a
0

26
18

27
14

51
89

13.09

2

9
9

59
59

58
59

58
58

56

53

52

53

53
(1

51
(1

itS
(0

05
83

65
15

65
15

76
30

44
20

00

26

95

01

10
000)

000)

35
960)

46.99

15
(0

llll
(0

111
(0

53
953)

13
961)

70
982)

105.71*
105.09

101.33
101.99

96.68
98.06

9I1.2I1

90.92

90.15

89.87

89.56
(o.99t)

88.63
(0.99>O

6U.0B
(0.971)

80.9J
(O.95T1

78.60
(0.963)

T6.5I1
(0.961)

73.56
(0.953)

0.03
0.06

0.07
0.07

0.16
3.16

0,31
0.31

1.49
1.1*9

2.15
2.15

3.27
3.27

8.17

11.10

15.36

7.1.1.
0.636

6.18
O.BllI

6.73
:o.?u

8.35
0.687

9.U0
0.675

10.57
O.66I1

0.21
0.21

O.H
O.Ul

0.82
0.82

2.19
2.19

2.19
2.19

3-23
3-23

5.08
5.08

6.CO

7.67

7.85

8.Ill

8.4T
tl.000

9.90
(0.993

13.71
(0.950

lli. 06
to.662

111. 85
(O.869

15-91
(0.826

IT. 61
(O.SOO

0.04

0 .09
0.C9

0 - 3 5

0.35
0.35

0.59
0.59

1.09
1.39

1.71

2.2(,

2.1?

1.91*

2.65
(0.995)

3.M.
[ 1.000)

1..50
(0.995)

5-B6
(0.995)

S.79
(0.992)

7-90
(0.963)

6.78
(0.970)

a. 05
0.05

I 0.12
0.12

0.1*6
0.16

0.1,6
0.L6

3.5 >
(1 .00 ' '

3.97
(1.000)

5.05
(0.997)

6.67
(0.990)

7.93
; 0.971)

9.6I4
(0.966)

11-liT
(0.946)

0.79
1.1 • 000

0.93
(1.000

1.25
(0.962

l . O l l

(0.97;

1.13
(0.963

0.97
(0.973

0.83
(0.967

0.51
(1.000)

0.711
(1.000)

1.01
(1.000)

1.1*0
(1.000)

2.09
;1.000)

1.82
[0.998)

2.03
( 1 . 0 0 0 )
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:;.£«

0.82
0.96

0.82
0.97

' • . 1 * 1

1.09

0.91

0.73

0,9*1

0.50

0.73

0.76

0.79

1.01*

PI at me 1
et 11.(1972;

_..

1*7

1*8

50

a:

15

65

B

MeV
and
above

55

63

70

80

94

0

0

0

0

7 5 , -

•,-1,'Ja

71.Si
!c.77o;

66,83
(0.761!

:o . ' 6D

64. 61
(O.763)

-135
(0.56)

-136
( 1 . 0 )

-135.5
(0.86)

-137
( 1 • 0 ;

•5

»

(c

33
( 0

33
(0 .

(0 .

24.
( 0 .

22 .
( 0 .

24.

<o.

29.
( 0 .

6-.

2k

C<
9se;

23
9971

31
993)

99T)

0
86)

4
67/

C
92)

8

i s . - , .

65.1&
:0.908;

61.42
(C.895)

61.07
(0.29E!

61.39
(0.882)

16.5
10.96)

41.2
!0.39)

42.5
(0.81)

32.1
(0.78)

:.''. 'rj

.'.. h i

12. 00
(0.64!)

12.78
(0.650)

13.82
(0 .636 )

11-92
(O.S57)

10,9
(0.75)

5.7
( 0 . 7 ] ;

6 . 1
(0.69)

16.8
(0.57)

19.49
(0,7311

21.00
! 0 . 7 0 H )

22.45
(0.700)

24.1*1*
(0.693)

25-7
< 0.72 )

19-5
(0 .70]

25.2
(0.67 )

17.2
(0.65)

-i

( 0 .

7.
( 0 .

6.
(0 .

6.
!o.

4 .

<o.
,,.

( 0 .

- 4 .

( 0 .

0.

; .

^.

9V>)

78
914)

93
905)

23
879)

6
82)

0
93)

0
76)

00
52)

1 •

[ 0

14
[ 0 .

15 .
( 0 .

11*.
( 0 .

12 .
( 0 .

12.
( 0 .

1 1 .
( 0 .

s.
( 0 .

62
50 < 1

29
376)

10
875)

85
871]

&

95)

&
76)

0
71)

0
71*1

'• • : ' 1

. 1 , V L 1

( D . 9 5 5 )

^.21
i c . ? 5 3 )

0. 05
(C,9*i3i

- 0 . 59
(0.93*i)

G.CO

(0.891

- 5 .7
(0 .92 1

0.05
( 0 . 9 2 )

- I..0
( 0 . 6 7 )

i . • .-:

! :l. 30c ]

1.-5
:0.930:

1.32
(0.979)

1.23
(0 .955 )

2.3
(0 .90)

i .O
(0.71)

9.15
(0.79)

5 .1
(0.83)

:. 0

c

( 0

- 0

( 0

0

.15

.997;

. 0 0

• 9 9 5 ;

.132
• 9 9 ' ' '

.m
( 0 . 9 5 )

,6
(o

3
(1

0
(0

.0

.ge

. 4 f

. 0 '

„
.94 1

(0

0
(1

0

—

.•:i2
• 99S!

.an

.000]

.079
(0-995)

(0

6
( 0

3
(0

1

( 0

-3
.63)

.9

.69)

,!*
.87)

.15

.95]

L . I "

1.61

1.13

1.13

0.93

o t a l . '• i -" L J 1

Perei-Mendes
f t a l - ( i 9 6 9 )

The Quantities In parenthesis are Inelas t ic parameters T (= exp(- ? Tin * 1

The f i r s t set of phase shi f ts of Schuandt et a l . are the resul ts of searches for the best
d and f vare phases "being fixed by effective range expansion, ^ e second set gives the
the final effective range phase sh i f t s .

and p-uave phase shifts^ the
s u l t s of calculations using

g pover data and the reaction cra33-aecti.cn datura. Other combinations of weighting factors were also t r i e d , leading
essent ia l ly the same final r e su l t .
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TABL£ XV

n-a phase sh i f t s (in degrees)

Heutrot
Energy

0-10

0,50

0.80

l.OO

1.30

1.50

2.00

3.00

t.00

6.00

8.00

10.00

10-20
(ifcV)

12.00

11.00

16.00

18.00

30.00

JO-50
(MeV)

23.00

S3.8

S5.7

.7.3

30.3

50.U

'1/2

1 O

15»

156

15*

151

l «

138

132

121

U3.0

106.0

101.0

98.0

96.0

93.0

S1.0

89.0

-102.6

-100.T

-105.8

-10!.9

61.7
O.633

2

it

&

T

10

15

25

35

IT

55.0

£0

61.0

60.0

56.0

56.0

54.0

53.0

U2.9

38.5

39.3

ti.l

27.»
[0.930

"3/2

11

33

Si

81

108

us
122

va.

115

110.0

107.0

103.0

100.0

97.0

95.0

93.0

92.0

79.1

77.8

73.8

T7.1

61.2
(0.825)

1.0

2 . 0

2 . 0

3 . 0

4 . 8

19-0

11.0
(0.766)

9.2
(0.T18I

3.7
(0.855)

-7.7
(0.95)

SI.6
[0.571")

1.0

2 . 0

2 . 0

3.0

5.0

6 . 0

8 .0

10.0

10.6

9.6
(o.aai)

IV. 5
(0.933)

16.0
(0.66)

27.1
(0.491)

1.0

1.0

2 . 0

3 . 0

5 . 0

3.T

1.1

-0.3
(O.Sl)

9.11
(0.917)

1.0

1.0

2 . 0

3 .0

5.a

S. I

0 . 3

O.li

16.2
(0.94T)

B7/2

8 . 8

a . J

3 .8

-0.5

2.27
(0.931]

3.6

2 . 0

U.O

1.2

5.12
(0.9TS

I

3.91

2.51

2.84

1.56

0.32

Reference*

Hoop Mid B»rsclvtll (1966)

Hoop and BarscJJall (1966)

Broste *' gt al.(1972)

lork " ' et_al . (19831

TABLE V

p-q phase sh i f t s (in degrees) of Dodder et a l . ( l977) obtained from R-matrlx analysis

Figures in

Oniy tb,« central ph**« ahifl valu« have been quote£. In flroste et ml.'a analysisjthe definition,

Y2 - ^ " f - i —^ j r L + ^ ~ M——I I /dumber of datA - Number of parameters] was used. Here O {
* ( A - j aOjCwcpj r z _ { A3j J / i

the e*pert»»ntal value of the observable, AO.(exp) i t s experimental uncertainty, 0±tp) is the value of the csJDservable
calculated fron the parameters p (phase shifts and absorptions), M, ii the normalisation factor of the J data set
(CTOIS-Bftction or pol£tfia»tion) and iH, is the experinentaj. uncertainty in H, •

**^ In the investigation of York et__al.. a small Admirture of h /2 and h f phase sh ' f ts of amounts l."1'" (1.000) and
0.91° (0,936) wore also admitted. The x values of York et_>1 • ver^1 &ie usu^I K per ^nt-a: point as defired hy
Eq.(El) in the text.
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Proton energy (MeV)

0.9U

2.02

2.51

3.006

It. 006

5.011

6.016

7.50

8.50

10.0

12.0k

13.65

15.05

17.81*

al/2

-11.031*

-22.31*2

-26,1*80

-30.270

-36.952

-1*2.733

-1*7.819

-51*.358

-53.235

-63.38?

-69.302

-73.170

-76.032

-80.328

p l / 2

1-539

7.3**3

11.331

15.596

25.U25

3k. 9^k

1*S. 782

50.680

53.9fe

56.811

58.323

58.51*1

58.!*2l*

53.082

P 3/2

6.050

U9.982

79.135

97.046

110.387

113.491

113.557

111.830

110.21(5

107.738

10l*.l*78

102.21*1*

100.1*08

97.551

°3/2

-0.001

-o.ooi*

-0.007

-0.009

-0.021

-0.007

0.012

0.080

0.162

0.359

0.807

1.321

1.957

3.667

"5/2

0.000

0.00!.

0.006

0.015

0.0!*0

O.O85

0.158

0.329

0.1*98

0.851

1.555

2.298

3.167

5.360

"5/8

0.000

0.001

0.0O2

O.OOlt

0.011

0.025

0,0^8

0.1O3

0.158

0.273

0.503

O.TI16

1.027

1.733

7/2

0.000

0.001

0.003

0.005

0.015

0.033

0.06k

0.137

0.211

0.365

0.675

1.002

1.383

2.3^2
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TABLE VI

R-matrix parameters of Dodder et a l . (19T7)

TABLE VII

Energy l eve l s of Li

S l /2

P l /2

P3/2

D3/2

D5/2

F 5 / 2

F 7 / 2

E± (MeV)

2T.56

3.296

-3.73

30.2

29.6

100.0 (fixed)

100.0 (fixed)

T1 (MeV)

2.063

It.655

l*.T0

3.01

3.15

T.U7

8.66

E2 (MeV)

1000.0 (f ixed)

1000,0 (fixed)

Y2(MeV)

28.99

25-55

Ex (MeV)

. . .

5-10

16.66 + Q.07

(18 ± I)

( 2 0 . ' < f t . 1

J71 • T

3~ 1
2 ' 2

1 . 1
2 ; 2

? ' 2

111 •>

r (MeV)
era

- 1.5

5 + 2

= 0.3

troad

= 5

Decay

P.o

p , a

Y.P.d, He.a

Y.P.d, He,a

Reactions

h hHe(p,p) He plus
other reactions
It It
He(p,p) He plus

other reactions
It hHe(p,p) He plus
other reactions

other reactions

other reactions

References

AJ zenberg-Selove
(1981+)

- 7 1 - -72 -
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E !MeV)
x

h ± 1

16 .76 ± 0 .13

1 9 . 8 + 0,1+

2k - 25

3 + 1

11 1\\
V2'£j'2

r rfev
cm

0 .60 ± 0 .02

h t 1

0.10 ± 0.05

2.5 ± 0.5

broad

Decay

n,a

n,a

Y,n,d,t ,a

n,d, t ,a

reactions

h k
He(n,n) He -plus

other reactions

He(n,n) He plus
other reactions

k k
He(n,n) He plus

other reactions

other reactions

other reactions

References

Aj zenberg-Selove
(1981*)

Fip.

Fig.

Fig- 3

Fig.

Schc-jitic drawi:j[. of 'loui-ie a c t ; ' : . r i n f of protons by ]-'e , the f i r s t

scattering producing polarization and the second, dsTnonstrating or

'analysing' it.(Fi/;urn reproducer from"El(jraeiitary Theory of Huclear

Chell 3t ructurerT"by M.0-. Mayer ;±nd J.H. Jensen, John Wiley and Sons, 1955).

Double scattering experiment to measure polarization. The vectors

n and n2 are unit vectors normal to the scattering planes. The

second scattering plane forms an angle fy with the first scattering

plane. The apparatus is set up so that the scattering angle 6 is

the same in both events. (Figure reproduced from "Introduction to

Huclear Physics" by H.A. Enge, Addison-Wesley, Publishing Co., 1966).

s- and p-wave p-a phase shifts as function of energy (Brown et al.,19^7)•

The points are from searches made by Brovn et ^ • for assumed aero

d-wave phases and beam polarization 0.1+80. The smooth curve drawn

through the s-wave phases is calculated for a hard-sphere potential

vith an interaction radius of 2.1*8 fm. The smooth curves for the

p-phases are drawn through values that give the test fit to the

experimental data for &n fixed at the hard-sphere value.

s- and p-wave p-a phase shifts of Schwandt et al.(1971) as function

of proton lab energy. The large solid circles represent their single

energy solutions between 3-l8 KeV and the curves show their effective

range expansion f i t s .

h Curves of constant polarization (in percent) as . function of proton

lab energy and scattering angle, calculated from the effective-range

phase shifts (Schwandt et a l , 1971). Polarization contours below 3 MeV

are based on the phase-shifts of Broun et al . (19-67).

Fig. 5 s- and p-wave n-a phase shifts as function of neutron lab energy

(Hoop and Barschall, 19-66). The solid curves represent the phase shifts

of Hoop and Barschall. The dashed curves are the ones of

Dodder and (Jammel (1952), and Seagrave (1953); the dot-dashed curves

are taken from Gammel and Thaler (1958) and Perkins (i960).

Fig. 6 s- and p-wave phase shifts for p- He elastic scattering

(Plattner et al • , 1972). The open and the full circles are the

results of Plattner et al. for the real parts 6 and the absorption

-•(k-



parameter r, r e spec t ive ly . The so l i ' : l i n e s below 13 *feV represent

the energy dependent set of phase sh i f t s of ?• ;hvari'it e l a l . (l97i ) •

The t r ' , :.:J.es at 1*8 MeV are the r e s u l t s of Davies et__al. (1967) •

I4
Fig. T d- , f- and g-wave phase shifts for p- He elastic scattering

(Plattner et al • . 1972). The symbols have been explained in caption

to Fig.6.

Fig. 8 Real parts of the s-, p- , d-, f-, g- and h-wave phase shifts for

p- He elastic scattering (lloudayer et al . , ]97S). The crosses are

the results of Houdayer et a l . . The solid lines below 18 MeV represent

the energy dependent phase shift solution of Schwandt et al.(1971)•

The solid dots are the phase shifts of Plattner et al.(1972). The

symbol 0 at U8.8 MeV is the result of Davies et al.(1967) ana the

triangle at 55 MeV is taken from the phase shift analysis of

Horikawa and Kana.da (1965).

Fig. 9 Absorption Parameters of the s-, p- , d-, f-, g- and h-wave phase

shifts for p- He elastic scattering (Houdayer et a l . , 1978). The

symbols have been explained in caption to Fig.8.

ii
Fig. 10 Analysing Fewer contour diagram for p- He elastic scattering as

function of energy, between 20 and 65 MeV, based on the phase

shift analysis of Plattner et al.(l972) and Houdayer et al.(1978)

and on the data of Boschitz et al. (196?) • (Figure taJcen from

Houdayer et a l . , 1978).

k
Pig. 11 Comparison of selected single-energy n- He phase shift solutions

(Broste et a l , 1972). The data points represent the results of

Broste et a l . • The solid curve is from Hoop and Barschall (1966).

The dotted-dashed curve is from Arndt and Roper (1970) and the dashed

curve is from Satchler et al.{i960).

Fig. 12 Comparison of n- He polarization data (Broste et a l . , 1972) with

phase shift solutions. The solid circles are the polarization data

of Broste et a l . • The solid curves represent the predictions from

their single energy phase-shift solutions. The dashed curves are

the predictions of polarizatiot; frorr the data of Hoop and Barschall (1966).

The solid squares represeni the data ^f May et al .(1963) at 10 MeV

and P3.7 MeV and of Ar.i "khaiiov et a.. .i96ti) at 25 MeV and 27.8 MeV;

the solid triangles are MK :••' '' 'tfisspr et a].(1966} at 12 MeV.

Pip. 13 (si) Analysing povr;-r mid (b) <lif-?rr:i!.is.'' cross-sontion aata of

]mai et al.(l979) for the -.-lastic sofltterin^r of 52.3 £̂--V protons

from 'ne {York et a l . , 1953). The solid curves represent the

results of the phase shift analysis of York et a l .

Fig. li+ Energy levels of Li (Ajzenberg-Selove, 1981+),

Fig. 15 Energy levels of He (Ajzenberg-Selove, 198k).

Fig. 1.6 The optical model p-a phase shifts as function of proton energy

(Satchler et a l . , 1968). The full curve is the calculation of

Satchler et a l . for the optical parameter set described in the text .

The dashed curve is for the reduced value of V = 1*2.S MeV. The
P

dotted curve corresponds to the radius rQ = 1.1*75 - 0.007 E . The

experimental phase shifts (circles and triangles) are taken from

Brown et al.(l967) and from Weitkamp and Haeberli (1966) respectively.

Fig. 17 The n-o optical model phase shifts as function of neutron energy

(Satchler et a l . , 1968). The full curve is the calculation of

Gatchler et a l . with the optical parameter set described in the text .

The dashed curve is for the increased value of V =1*1,9 MeV. The
n

dots are the phase shift values of Morgan and Walter (1968).

Fig. 18 (a) s-vave and (b) p-wave p-a phase s h i f t s obtained by

Ahmad et a l . (1975) with the use of non-local separable po t en t i a l

described in the t e x t . The experimental poin ts are denoted by

t r i a n g l e s , ( i ) taken from Brown et a l . ( 1 9 6 7 ) , dots (•) taken

from Schwandt et a l . ( l 9 7 1 ) and squares ( • ) taken from

Barnard et_a_L_. (l96*t) • The bes t f i t parameters were

0
and

= 0.8 fm"1 (for

X = - 11.25 fm
J / 2

\Q = - 6.5 fm 3 ,

1.25 fm"1 (for P ] y 2 )

1.25 fm"1 (for Vy2 P h a s e s h i f t s ) .

Fig. 19 (a) d-wave and (b) f-wave p-a phase sh i f t s obtained by

Ahmad et a l . ( l 975 ) with the use of non-local separable p o t e n t i a l .

The best f i t parameters were

fm

" 1

T
= 2.0 fm

\ =-33.0 fm'

(for

- 2.0 fm (for d

= - 12.0 fm-9
3/?'

= 2.0 fm " (for

from Schwandt et al.(1971)•

P3
(fo

and X = - 15.0 fn
3

f9 = 2.0 fm" 1

f , phase shifts). The experimental phase shifts were taken froir

.-if-.



Fig. 20

Fig. Z\

Fig. 22

Fig. 23

Fig. 2l»

Fig. 3fc

Fig- 27

s-vave phase shifts of p-a scattering calculated by Ahmad et al.(l975)

by using (a) a purely attractive and (t>) a purely repulsive

non-local separable potential. The parameters of the purely repulsive

potential were A. = 17.0 fm-3 = 0.39 fm The experimental

phases are the ones of Brown et al.(l967) and Schwandt et al.(1971).

Resonating Group Model Phase shifts for n-a scattering

(Reichstein and Tang, 1970). The dashed line and the solid line correspond

to their sets I and III described in the text. The data points

represent the empirical phase shifts of Morgan and Walter (1968).

Resonating Group Model Phase shifts for p-a scattering

(Reichstein and Tang, 1970). The dashed line and the solid line correspond

to their sets I and III respectively. The data points represent the

empirical phase shifts of Satchler et al.(1968), Brown et al.(1967) and

Weitkamp and Haeberli (1966).

Comparison of Besonating Group Model p-a differential scattering

cross-section calculated by Reiehstein and Tang (19T0) for their

sets I and III, vith the experimental data at 13. 9h MeV of

T.--.!aaaa (1956). (Figure taken from Reichstein and Tang, 1970).

Comparison of Resonating Group Model calculation of p-a polarization,

vith the experimental data of Weitkamp and Haeberli (1966) at 13.9*4 MeV

(Reichstein and Tang, 1970).

Fig. 25 Calculated and empirical values of the p-a phase shifts fi as

function of c m . energy (W.U.clerimith and Tang, 1977). The solid and

dashed curves represent the results of the coupled-channel and the

single channel nlaculations, respectively. The empirical data points

are those of Plattner et aJ..(197'?) and are plotted with an energy

shift of 2-8" MeV in order to compensate for the mismatch between

• calculated ant! experiment ill d + "He threshold energies. (Adapted

from Heiss lurj Hackenbroich, J9fi9).

Effective c-p potentials

(H>, ichctein and Tarn;, 1970).

for I = 0, 1 and 2 at 2.0 MeV

Angular distribution of 1 GeV protons eJastically scattered from
It

He. The solid circles and the open circles represent the clata of

Palevsky et al. (1967) and B«ier et al.(l97i«? respectively.

Fig. 28 Differential elastic a-p cross-section as a function of t , the

invariant four momentum transfer squared (Faessler, 1983). The

experimental points below the diffraction minimum are the data of

Ambrosio et al.(l982) vhile the points beyond the dip are taken from

Bell et al.(l9B£).
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