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I . INTRODUCTION 

Now we have a reliable theoretical fact for the lack of 
binding energy of the lightest nuclei 3 H , 3 He and 4He. 

Calculations /1/ of the binding energy of these nuclei given 
for the majority of modern realistic NN potentials show the 
lack of the binding energy for 3-body nuclei about 1,5-2 MeV 
and for 4He about 4-5 MeV. There exist opinions and estimati
ons/2/ about increasing this discrepancy with increasing atomic 
number:A,if only nucleon degree of freedom is taken into account. 

But at the same time in the early seventies somel~theore
ticians find a considerable overbinding of the XHe nucleus 
Etheor =5.46 MeV, Eexp=3.12_!0.02 MeV. 

There arise questions on reasons for such phenomena, and, 
maybe, specific properties of the AN-interaction can explain 
the overbinding ~e. Two main properties of AN -forces make 
them to differ qualitatively from NN forces. The first property 
is the transition AN-+ ~N which leads to the two-channel descrip
tion of a AN system and to the appearance of the 3-body 'ANN 
forces. The second property distinguishing the AN-potential con
sists in the presence of the charge symmetry breaking term in 
the potential. 

The influence of these properties on the binding energy of 
nucleus ~He is analysed in ref./ 4/ with a negative result, that 
means the overbound ~He.so, in the framework of the potential 
model of nucleus~He the conclusion is necessarily drawn that the 
oyerbinding follows from a wrong off-shell behaviour of the 
AN-potentials /5/ or from defects of computing procedures/3,4/. 
It seems that the common property of methods used in ref ./3/ is 
probably an insufficient consideration of the effects of mul
tiple A scattering by the target nucleons and the neglecting 
of contributions from closed channels, the second approximation 
as a rule is supported by "kinematical" argument about a compa
rative remoteness of the nearest threshold in the system A- 4He. 
But calculations of "4He/6/ scattering length including the 
contribution of closed channels show a considerable amount of 
this contribution. Bearing in mind a more strong AN coupling, 
as compared with 11N -coupling (aAN- 2 fm, a"N- 0, I fm for cor
respondin~ scattering lengths), one may come to the conclusion 
that the AHe models, which are equivalent to the rigid-core 
model, may hardly pretend to a guantitative description of this 
nucleus. I - --·~-·~--~·-~ 
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In this paper we present calculations of the binding energy 
oflHe and the cross section of A- 4He -scattering at low 
energies for a few variants of theANpotentials and sets of 
AN data. The calculations were performed in the framework of 
the strong-coupling channels method reformulated on the basis 
of the Schwinger variational principle/7/. \ 

2. A- 4He- SCATTERING 

In this section we find the'S-phase and cross section of 
theA-4 He-scattering at low incident energies. The phases of 
the A-·4H&- scattering 8£ are obtained by solving the equation: 

Vu 1¢> -V.Iko> +V.[(E -E1 -h0)-
1

-(E-hof1 11¢> 

+< 11 V(E- h0 f
1 Vll>l ¢>. 

tg8z (k0 )-16rryk0 Jp 2 dp ¢£ (p) Sf(~ ,p) w(~ ,p), 

where 
A . 

V ... ~ VAN. , VAN· (k,p) • --
1
-- ~ ,;'(k,p}P": 

'"' 1 ' ' 4rr2 flrrN v 

(I) 

(2) 

pv is the projector onto a spin state v, Et is the binding 
energy of the nucleus 4He; 11> ,wave function of the ground 
state 4He; h0 ,operator of the kinetic energy of the relative 
motions of A -particle and c.m.s. of nucleus; ko ,relative 

momentum of A 4He, y .. ll AA · 
ILAN 

Let us describe the ground state of the nucleus 4He by the 
shell model with an oscillator potential. The form factor of 
this state has the form: 

·s (q 2) .. exp(-3a2 q2 /16) a 2 .. Q.621fm2 • (3) 

The value a corresponds to the right value radius of the nuc
leus 4He. Eq. (I) in momentum space becomes 

2 

J p2 dp Sr(k,p) w(k,p) ¢£ (p) .. Sf(k,p) w(k',k 0 ) + 

+ ..&l::.. j p2 dp [ 4~1 I£
1 

(k,p) -I 
2
( k,p) S£(k,p) -

1T 0 

- 3I~(k,p)] ¢£ (p), 

(4) 
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h ·s (k ) -a(k 2
+p

2
l. ( 2'ak ).f · · 1 h · w ere f ,p - e Je - I p I 1s a part1a wave armon1c 

of the form factor (3) a • fa i!, k;- 2JLAA\I E 1 I , functions 

I 1 , I 2, I 3 are given in the appendix, the function w(k,p) can 
be expressed in terms of the AN potential 

w (k,p) • :£ cv vv(k,p), 
v 

c s 1., :£ .<A 11 p ~ I 1 > ·• 
.4 i 

1 

where I A 1 >' is the spin function of the system II~A. In the 
calculations we use ·s -wave AN potentials of three kinds 

(l) II 
VAN (p,k) • _(_(3.,.2+-P-i-2::-) (;-:(3:;<;2"":"+1:'k22)), (5) 

Parameters of the potential (5) correspond to set B from ref /8/ 

V () V ( r )-1 -r/>.2rr V ( r )-1 -r/Ak 
~~~ r •- 27r 1~" e -· k Tk" e + 

+Vw(.-r-)-1 e-r/>.w. (6) 
)\(J) 

We take potential (6) from ref./9/ with parameters corresponding 
to the set I. The range of each term in the potential (6) 
equals the inverse mass of the corresponding meson (k,w,2rr) 

• .Ia) { -V0 r,;SR 
V.'IIN(r) • 0 r>. R • ( 7) 

The potential (7) has the same scattering lengths and effective 
radii as the potentials (5) and (6) in the corresponding states. 

Results of the calculations of cross sections, phases and 
scattering lengths of the A-4He scattering are given in table 
and figs. 1-4. 

As one c.an see from fig. I, at the energy of A -particle 
around 6-7 MeV the A-1He-scattering phase goes through the rr/2, 
i.e., in the system there arises a narrow resonance. The form 
of Argand-Plot (fig.4) and behaviour of the amplitude on the se
cond sheet of energy' indicate the existence of a pole inK
plane at k res =kl -i~. k 1"" 0.54 rmd. k 2 =0.014 f -1 . 

Because there are no barriers in the consideration (we use 
only ·s -wave AN potentials) the resonance behaviour of A -nuc
lear ·s -wave phase can be understood only, as a manifestation of 
multiple scattering of A particle on nucleons. The absence 
of.f such a resonance in the rigid-core model A-He scattering 
is obvious. 
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In fig.! we show the 
·s -phase ofA-4He scatter
ing: the solid curve is the 
potential (6); the dash
dotted line corresponds to 
the change V2rr ... V2rr /2 
in the potential (6); the 
dotted line corresponds to 
the change V 2rr+ 2. V2rr. As can 
be seen, variations of the 
intensity of the 2rr-meson 
term in the potential do 
not change qualitatively the 
energy behaviour of the pha
se before the resonance, 
but the resonance itself 
disappears or'moves to more 
high energy region. 
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A similar change caused by the K-meson component of the po
tential (&) is described in fig. 2. In this case the resonance 
behaviour of the phase-shift seems to disappear at all. The 
comparison of curves I and II shows that in this energy region 
the ·s -phase of A- 4He scattering is more sensitive to varia
tions of that part of the potential which is generated by 
the K -meson exchange. 

Finally, in fig.3 with the notation already adopted, the 
changes of ·s -phase of A-·4He scattering, caused by varying 
the part of the potential, generated by the c:u-·meson exchange, 
are shown. In this case, the replacement Vw~2Vw moves the 
resonance in the A-4He system towards low energies, approxima
tely to E -2 HeV. 

The reason for such a behaviour of the resonance is the re
pulsive character of thew -meson exchange part of the poten
tial. 

As follows from behaviour of the phase shift, as well as 
from the value of Im kres the width of the resonance found 
in A-4He system is very narrow E -0. I MeV. 

Apparently, the width may be increased by including contri
butions from the excited states of 4Heexplicitly. At any 
rate, it is desirable to seek this resonance experimentally. 

5 
3. AHe 

The binding energy of SHe is determined by solving the homo
geneous eq. (I) at E.< 0. Results were given in table 2. 

The value of the separation energy B A presented in table 2 
corresponds to the following approximation in eq. (1). 

<11 V G0 Vll> • <11 Vll> G0 <11 Vll> , 

i.e., the neglect of the contribution from closed channel to 
the kernel of the right-hand side of eq. (1). 

As is seen from table 2, in this case the potential gives 
no bound state for - ;He. 

It is also seen that, one can obtain a better agreement 
with the experimental value df the AHe separation energy using 
a relatively simple central potential as V( 2l. 

It should be noted that the potential y(m with set I of 
parameters describes well the separation energy B A for ~He, 
4 3 . ~~ AH, AH aswell. 

*Continuation onto the second sheet of energy is performed 
by a polynomial extrapolation of the function k. ctg o(k). 
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Table 2 

v,\~ .Experiment 
y(3) 

set I set 2 set 3 AN 

BA (MeV) 3.28 4.95 5.74 5.44 3. 12+0.02 

BA (MeV) 0 4.75 

CONCLUSION 

So, the investigations presented here show that one can 
reach a better agreement with the experimental value of SHe 
binding energy, remaining in the framework of the potential 
formulation of the 5(A4N) -body problem, and using a rather 
simple AN potential. 

This potential gives good values for binding energy of 3-
and 4-particle hypernuclei. For A-4He scattering this potential 
shows a narrow resonance at energy E A"' 7 MeV. The appearance 
of the resonance is caused by effects of multiple scattering 
ofA-particle on nucleons of the target and by specific featu
res of elementary AN interaction. In fact, no resonance appears 
in ·s -wave 17 - 4He scattering and in ·s-waven-4Hescattering 
at low energy. 

APPENDIX 

1
c (k,p). j q 2d~ W(k,q) _W(q,p) aC (k,q) sf(k,q) 
1 0 (kJ-q2) (ko2-q2-kf) 

r oo 2 I 
2 

(k,p) .. ~ 
0

v f q dq vv(k,q) V' ( q,p) 
v 0 kJ- q2- ki 

f ~ 2 I (k,p). ~ cflvJ q dq Tr(p,q,k) vl-l(p,q)vV(q,k) 
3 flY 0 -k~- q2- k2 

0 1 

where 

c/l.V• - 1- ~ .<1AI Pf PI:' I1A>' 
12 i~j I J 

Tc (q,q,k) -~ se (p,q) sc (q,k)'Sc (-p,-k)x c
1 
e
2 

1 1 2 
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X ( f 1 
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f 2 f 

0 0 

2 
) (2f1+1)(2f2+1); 

( f 1 f 2 f ) - 3j ·symbol. 
0 0 0 
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BeJI.!IeB B.B., MycaxaHOB M.M., PaxHMOB A. 
5Igpo GHe H A -· 4 He pacce.!IHHe 

El+-82-572 

B paooTe HCCJiegyeTCfl ITpOOJieMa rrepeCB.!I3aHHOCTH .!Igpa H pac
cemme A -qacTHU: Ha 4He npH HH3KHX 3HeprH.!IX. 3agaqa II.!ITH TeJI 
(A+ 4N) pemaeTC.!I Ha OCHOBe MeToga CHJibHOH CB.!I3H KaHaJIOB 
C HCITOJib30BaHHeM BapHaJJ;HOHHOrO ITPHHJJ;HITa illBHHrepa. 

PaooTa BbiiTOJIHeHa B naoopaTOpHH TeopeTHtieCICOH !i>H3HKH OH5IH. 

npenp~HT 06"beAHHeHHOro 11HCTI1TYTa RAePHbiX 11CCI1eAOBaHHH. Ay6Ha 1982 

Belyaev V.B., Musakhanov M.M., Rakhimov A. E4-82-572 
The Nucleus ; He and i\ - 4 He Scattering 

The problem of overbinding of the nucleus KHe and low energy 
Ascattering by 4 He is studied. The five-body problem 
(A+ 4N) is considered on the basis of the strong coupling 

channel using the Schwinger variational principle. 

The investigation has been performed at the Laboratory of 
Theoretical Physics, JINR . 
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