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Exact Analytical Solutions in Three-Body Problems and Model of Neut rno
Generator
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Abstract. Exact analytic solutions are obtained in three-body problem for the scattering of light particle on

the subsystem of two fixed centers in the case when pair potentials have a separable form. Solutions show an
appearance of new resonance states and dependence of resonance energy and width on distance between two fixed
centers. The approach of exact analytical solutions is expanded to the cases when two-body scattering amplitudes
have the Breit-Wigner’s form and employed for description of neutron resonance scattering on subsystem of two
heavy nuclei fixed in nodes of crystalline lattice. It is shown that some resonance states have widths close to
zero at the certain values of distance between two heavy scatterer centers, this gives the possibility of transitions
between states. One of these transitions between three-body resonance states could be connected with process of
electron capture by proton with formation of neutron and emission of neutrino. This exoenergic process leading

to the cooling of star without nuclear reactions is discussed.

1 Introduction that positions and widths of these resonances depend on
distance between two centers.

Exact solutions are of importance in quantum mechanics Analytic solutions for the problem of light particle scat-
since they give rise to plain comprehension into phenom- t€ring on two heavy particles are found if two associated
ena occurring in the systems being considered. Usually ex-Simplifications are acting in the system [5]: _
act solutions in analytic form can be obtained in simple - the limit of / = m/M — 0, wherem - mass of light
models and grownfective tools for investigation of more  Particle andvl - mass of heavy particles, identical for sim-
complicated problems. It should be noted that revealed fea-Plicity; ) ]
tures of model problems take place actually in appropriate - @nd pairti-matrices have a separable form umber of
real physical systems. pare)ti = vi > ni <vil. o
Some of model problems are of the significant impor- ~ This model is used for description of resonance scat-
tance in quantum physics. So, there are well known the tering in system wher_e the light particle is a neutron and
Thomas @ect of collapse into a center in system of three tWo nuclei are placed in fixed centers.
identical particles whose pair interactions have a zerorange  In the case when two-body neutron-nucleous scattering
[1] and the Efimov &ect of the condensation of levels in  amplitudes have the resonance Breit-Wigner’s form ana-
three particle spectrum and growth of their number as thelytic solutions are also obtained and three-body scattering
ratio of the pair scattering length to the range of pair forces amplitudes manifest the resonance behavior, too.
increases [2]. Note the investigation of threshold anomalies ~ Moreover, solutions for amplitudes of neutron scatter-
in cross sections and phenomena of long-range charactergg on subsystem of two fixed heavy nuclei show that sets
in[3,4]. of new resonance states appear in the three-body system. It
In nuclear physics, for example, solutions to specific is remarkable that positions and widths of resonances de-
physical problems are usually obtained by means of cum-pend onb - distance between two heavy scatterer centers,
bersome numerical calculations. At the same time, the presand there are values bfwhen resonance widths come to
ence of model problems that admit solutions in an analytic zero. It seems that these quasi-bound states must have very
form could provide the possibility of performing an exact big lifetimes.
analysis of many phenomenainherentin system of compli-  The model of subsystem consisted of tw«particles
cated internal structure. A determination and investigation taken as scatterer centers is considered to investigate neu-
of such model problems is the main objective of the presenttron and proton scattering amplitudes. The comparison of
study. their resonance states displays that some proton states are
In model problem of light particle scattering on two Situated on energy scale more thad BleV above the neu-
heavy fixed centers analytic solutions demonstrate how thetron ones.
new resonances appear in three-body system. They show In this case the reactions of electron capture by proton
with emission of neutrino become possible. It gives cause
2 e-mail: teta@nursat.kz for consideration of neutrino generator model.
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The proposal of experiment is suggested to investigatewhere
behavior, appearance and parameters of new three-body
resonances, for instance, with using of monocrystals un- Nimm = Snmdia— < VinlGo(E)[¥im > . (7)
der high pressure and low temperature. Some applications

of the exact solution method interesting in physics are dis-  For simplicity, we come back to simple form (2), sup-
cussed. posing that transition to the complicated form (6) does not

meet any dficulties.
IntroducingP;j matrix by form

2 Three-quy proplem with two-body T =t 6+ i>mPyn <vil. 8)
separable interactions _
we arrive at
A mathematically rigorous solution to three-body prob- o a . .
lems was given by Faddeev [6]. The set of Faddeev equa- Pij=Aij+ ZA'* P » ©)
tions for theT-matrix elements can be written in the form: whereAi; =< IGEL(E)lv; >, i # j
oo _ - It is important thatA;; = O - i.e. the diagonal ele-
Tij =tioij + Zt' Go(2) 911 T (@) ments vanish identically. This distinctive feature of Fad-

deev equations ensures the compactness of kernels in re-
spective integral equations and the existence and unique-
ness of solutions. Indeed, the singularities of the Born terms

for three free particle? is a parameter that characterizes become weaker upon successively iterating Faddeev equa-
part Isap IZ€S tions, while the kernels of the integral equations become

the problem andlwh|ch correspondsHe the total energy normalizable; therefore, solutions exist and are obtainable
of the three-particle system, aag, = 1 - 6 ;. The total [6.8]
T-matrix is the sum over the indiceandj, T = 3}, T ;. T
Let us consider the example of simple pair separable bo
potentialsV; = |v; > 4 < vj| , where; is a pair cou-
pling constant. Sandwiched between free wave functions,
the operatol; assumes the conventional form of a func-
tion of coordinates or momenta, depending on the choice
of representation for these wave functions. For such po-
tentials, pairt- matrices are completely determined in an Here the efictive potential between heavy particles
analytic form [7]

whereti = V;+V,;Go(2)t; are paitt matrices associated with
pair interaction potentialg; and determined in the space of
three particles,i(j,| = 1,2, 3), Go - the Green’s function

In common case (see, for example [5]) when the two-
dy interaction between heavy particles exists we can de-
termine "the nuclear equation”

Py =Vir + Z Vir n Pro. (10)
D

Vir = > Avom Ok +Ma) m Ay, (1)

ti =i >n <l 2 KI=2.3
where can be determined by means of "electronic equation”:
nt = 4= < vilGH(E)vi > . (3)
My = Ak + Z Axp 1p My (12)

Sometimes, they are referredrifoas enhancement factors;

in this way, the similarity of the shapes of the potential and p=23
amplitude and the dependence of the amplituda;cand Above-mentioned terms are given from the well-known
the energy of the subsystem are emphasized. Born-Oppenheimer approximation. This approximation is
In the common case short-range pair interactions canthe assumption that the electronic motion and the nuclear
be represented as sums of separable members motion in molecules can be separated. The electronic wave-
function depends upon the nuclear positiétis but not
Vi = Z |Yin > Ain <Vinl, 4) upon their velocities, i.e., the nuclear motion is so much
n slower than electron motion that they can be considered to

be fixed.
wheren can be a set of indices and contains the number | the case of fixed heavy centers we have to solve only
of separable member and also discrete quantum numbergq, (12), which gives total description of light particle scat-

L,S,J. _ ~tering amplitude on these centers [5].
In (4) overarrows point out the presence of spherical

function, for example

<Vinld >= vin(@) = vin(@) - Y@ (5)

Therefore-matrix can be written in the form

3 The scattering problem on two heavy
centers

Let us now consider the problem where one of the parti-

t = Fin > Minm < Vil 6 cles is light, while the other two are heavy. Specifically,
' nzn;l tn = Minm i ©) we examine the limiting case ¢f= m/M — 0.
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The total energy of the system & = ¥ p3/2m = Elements of diagonal matril;; (B;j = 0 if j # i) are
pg/Zm, wherepo1 = po - being initial momentum of the
light particle. The heavy particles are labeled with the in-  Bii(r) = Z Jik(Po; M)mk(Po) ki (Po; —1)mi(Po).  (19)
dices of 2 and 3. For the sake of simplicity, we assume k=23
them to be identical.

In the limit / — 0, the form factors for the pair po-

tentials of interaction between the light particle and any of [, .y _ , . e _ /
the heavy particles ceases to depend on the heavy-particle Kii(r) = Z JuiPoi 171k Po) Jei (Po; =) 6(=1 + 1), (20)

Elements of matrix; ;(r, r’) are given as

momentum:v(qiz — v(p), v(diz — v(p), sinceqiz = k=23
(mpp1 — mup2)/(me + my) — p1 = p and, accordingly, if j =i, and
013 = (MaP1 — Mip3)/(Ms + M) — p1 = p. ,
The enhancement factors in thematrices for these Kij(r) = Jij(po;r) 6(r +17), (21)
pairs become functions only from the initial energy of the wherej # |

light particle - that is, they are functions of its initial mo-
mentumy; = 73 - n(po). | |

In the limitZ — O the expression fafy in "electronic Mij(r.r") = M5(r) 6(r + 1) + Mi;(r) o(-r +17), (22)
equation” (12) is ' '

And we can write out two modes of solutid (r,r’)

(Oval0) where 1
— om22PsP) M*(r, po) = ————J;i(r 23
Apz = 2mp(2) S Rei0" f(Pos P). (13) i1(r, po) EEYG) i, (r, Po), (23)
Taking int t th ti f total t and 1

aking into account the conservation of total momentum _ B - 1
in three-particle systemp = —p, — p5 , we represent the Mii(r. po) = I - B,(r) Bii(r. po)ri~(po).  (24)
potentialA, 3 in the integral form aSM[j _0ifj £,

, , In the case when pair potentials are sums of separable
Az3(p2, P3) = fdr expirpz)J2a(po;r) explrps). (14)  terms, expressions (13) - (24) have to be considered as the
matrix expressions with respect to additional indices.
where We assume above that heavy particles are strictly fixed
at pointsR, andR3; = R, + b. We introduce the wave func-
Jo3(po;r) = fdp exp(rp) f(po; p). (15) tions for these centers of identical heavy particles in the
form [5]

In Eq. (14), we label heavy-particle variables at the exit (r - Ri)z}
; (25)

from interaction region with a prime; at the entrance, they #i(r,R)=C exp[— oY
carry no primes. We will use this notation below.
Then we determine the Fourier transform of the solu- for heavy particle is localized in a bounded region centered
tion My, = Mki(Po; PkP;) — My (r,r’), namely at the poinfR;, i = 2, 3.
The obvious normalization condition %|¥; >= 1
My (1, 1) = fdpkdprkJ exp(r’p —irp).  (16) givesC? = (4%r)~%. In order to determine the physical
scattering amplitude, it is necessary to sandwich the ex-
pression fofT - matrix between the wave functions for ini-
tial and final states of the system¥%,|T|¥; > .
The structure of these functions is obvious, for exam-

Take into consideration the relation (14) we obtain from
Eq. (12) equation

n_ . ’ ple,< ¥inl =< x1¥2 %3], wherey1 is the free wave function
Mii(r. 1) = Jea(poi 1)o(r +17) + for the light particle.
+ Z Jip(Po; N)Mp(=r,17). (17) It should be emphasized that positions of heavy parti-
o cles are specified in the c.m. frame of all three particles.

. he delta f . he | . h This concerns their coordinates and momenta. It is then
Since the delta function removes the integration on t € obvious thaR, = —b/2 andRs = b/2.

right-hand side of (17), the equation fli(r,r’) is re- The scattering amplitude of light particle on two heavy
duced to the extremely simple form. . centers is determined by the form:

As aresult, the solution of light particle scattering prob-
lem on two heavy centers can be represented in analytical f(p;: py) = Z < W, R)IM (. 1) #(F . R;) > . (26)
form 4

1 i,j=2,3
Mij(r,r') = ————Kj i(r,r"), 18
) = g ) (18)
whereli, j = 2, 3 - numbers of heavy centers; the radius- ] 3
vector according to the position of initial scattering center f(b; po) = M(b/2, po) + M(=b/2, po), (27)
andr’ - the radius-vector according to the position of final whereM(b/2) = M*(b/2) + M~(b/2) as following from
scattering center in c.m. of system. (23) and (24).

In the limit4 — 0, this amplitude comes to the expres-
sion
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3.1 Zeros of D-function wherexy = bkp/2. In the case okg = O the relationship
] ] analogous (34) is well-known [3].

It is clear that zeros ob-function, whereD = det( - B), In the last case,

correspond to poles of three-body amplitusléb/2; po)

in complex plane ofyg (see (18)). And we can determine Xi = Xo + explx), (35)

paths of motion of these zeros in complex plane of energy.

For example, we can take the simple pair potential of x; > x, - that is, the three particle system is always bound
Yamaguchi form acting is-wave which has form-factors  more strongly than the two-particle subsystem. This is the
reason why the light particle can be bound by the system of

_ 202
v(p) = Const/(1+ p*/F7) (28) two fixed centers even if it is underbound by one isolated
whereConst = +/87/(2mB), 8 - the inverse range of nu- ~ center [3]. N _
clear forces. In this case the enhancement factor is The existence condition for a bound three-particle state
1 1 L is Xp > —1, which is possible at anyobeying the inequal-
n(po) =4 +(1-ik)™, (29) ity 1 < 0 butat specific values tfthat satisfy the recursive
k = po/B. We takeli = 1, ¢ = 1, for simplicity. relation (35).

As for quasistationary states, the valuesxgfand x
can be found for them from the set of equations (34). Here,
the conditionx;, < 0 always holds, so that the resonance

Then we can get

_ ,exp(h) —exp(bk)  exp(-b)

J b(1 + k2)2 (1+Kk3)’ (30) poles always lie in the lower half-plane of the complex
N plane ofx.
whered = Jj; = J;i, b = bB/2. Itis remarkable that energies and widths of three-body

We note that, by definition, the coupling constant  resonances depend on paramétethe distance between
is real-valued. This follows from the unitarity and micro- the scattering centers. This dependence is an important fea-
causality conditions even at the two-particle level [10]. This ture of the three-body system. It is clear that bound, vir-
leads to a relation between the coupling constaatd the  tual and quasi-stationary states will be moving in complex
coordinates of those poinkses = kr + ik; in the complex  plane ofpy with changing of distance between scattering
plane ofk centers [5].
Note that in common case, for example, of more com-

2 _ 1212 _ AL2L2
[1+ ke — k17 - 4kek = {1+ K2 - K| exp(-b) + plicated pair potentials i§-wave or of higher partial waves,
kg — k| exp(-b)
A . . zeros of functiorD can intersect the real complex plane of
exp(b) — exp(k; b) coskgb) 1_12 2 31 k. That is the some of resonance points cankget 0 but
* b/2 a [ - '] - (1) kr # O at specific values dd.
and

21+ k- k) 4 Corrections to exact analytical solutions

=1-k (1+exp(-b)) +

A
exp(—k| 5) sin(kRB) Supposing thaMy in (7) and (12) are already defined (see
— (32) above Sect. (3)) we resort to estimation of corrections to
(keb) exact analytical solutions.

In order to determine these corrections one can use iter-
ative method within the framework of Faddeev equations.
Note that the convergence of iterative procedure has an ex-
ponential behavior, that is more fast in comparison with the
ordinary perturbation theory [8].

Also the method of coupling constant evolution may be
used to find corrections to energies of bound or resonant
states [10,11].

First of all we can find three-body wave functions. Fol-
lowing (9) and Lippmann-Schwinger equations we get wave
functions in continuum

Owing to this, the value ok, = 0 is forbidden for any
kr # 0 and realt # 0, and of course positivie._

This means that the zeros of the functldfb, k) cannot
intersect the real axis of the complex plandadr, in other
words, they cannot be in the physical region of scattering.

The problem can be further simplified if the pair in-
teraction between the light particle and each of the fixed
centers is taken to be contact.

The corresponding solutions follows from (30) upon
going over to the limip — o and fixed value of the quan-
tity xo; Eg = —K(Z)/Zm. The functionD then takes the form

expibpo/2) |V >= Z (|¢| > 0ij + Golvi > 1iPijdj < vjlo; >) , (36)
D=1+2——+——". (33) -
b(xo + ipo) '
Zeros of D-function give the values gk andx;, where where|g; > - two-body wave functions.
X = bpo/2, X = Xg + iX;, can be found from the algebraic In the case of spectrum we can connect the wave func-
equations [5]: tion of three-body state with the residueToimatrix in the
ole
X| = Xo + COS(R) €XP(=X;), (34) P V|¥, >< P,V
X = — SIN(XR) eXpEX), TEee > —Fg E (37)
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According to (8), (18) and (19), for instance, $twave
this amounts to

¥ >=Go Y Ivi > R, (38)

whereR, = /(En — Ezres)/(2J) to the accuracy of phase.

HereE, s is the energy wherei‘1 = 0. This energy

In the case wheW; has a separable form, equations (43)
and (44) can be reduced to (10) and (11).

Analytic solutions to the problem of light particle scat-
tering on pair of interacting heavy particles are found in
limit £ — 0 and the method is stated in detail in [5].

It turns out that &-shell dfects of light particle rescat-
tering on heavy particles are contained only in tifeaive
potential (11). That is, fi-shell gfects in the interaction of

corresponds to the two-body "resonance” state - it may beheavy particles are absorbed in the equation for the ampli-

bound or virtual, or quasi-stationary one.

MeanwhileE, = En(b/2; pg) corresponds to the res-
onance state of three-body systedn.= Jij(En, b/2) =
Jji(En, b/2) as fixed heavy particles are identical.

Now we know solutions of our simple model, i.e. ele-

tude (10), where theffective potential is an on-shell quan-
tity.

5 The scattering problem with two-body

ments ofT-matrix, wave functions and energies of states. amplitudes of Breit-Wigner form

After that we can construct scheme for determination of

corrections.

Now we consider the problem of neutron scattering on two

_ Forexample, in framework of coupling constant evolu- fixeq centers if the two-body scattering amplitudes have
tion method we can consider the evolution of system with ¢ Breit-Wigner resonance form:

increasing of small parametér Resonance energy shifts
are determined by equation

dEn _

< PhlH AP >
dc

<P > (39)

whereH,; = dH/d{, and shifts of wave functions by

dy> 1
d¢ E-H
E; = dE/d{ [10,11]. Exact analytical solutions are taken

here as boundary conditions fét, E, and|¥ > at limit
{— 0.

(He - Eo)1¥ >, (40)

1 Io/2
t=— - . 45
"7 7p(E)E - Erz+il2/4 (45)

The energy and width of this two-body resonance can be
written through real and imaginary parts of resonance wave
number:Er> = (pZR2 - plzyz)/Zm andrl2 = 2|pr2pi2l/m.
Here, index 2 marks two-body parameters (below index 3
will mark three-body parameters).

Itis known that the residue of resonant amplitude comes
to factorization form in the region near to point of polar
singularity. In this region the representation (37) can be
transformed to separable form (2). Itis convenient to deter-
mine parameters of two-body separable potential in terms

Moreover, we can take into account small motions of of resonance energy and width of two-body scattering.

heavy centers in expression (25). Decomposing expression

(26) inrespect off # 0 (but4/b << 1) one can obtain that

the amplitude in resonance pointd~1, and corrections to

resonance energy and width are linear wiffp << 1.
PuttingWk; = Tk, — tidwi, we can write expressions

Wy = Z t1Go(E)Wk 1,
k=23

Wit = vk > m - (o1 + Fia) (41)
wherek # 1, and
pr1 =<V Go(E) - T11,
Fii = Z My 71 - 11 (42)

1=2,3

Then we can take a pair interaction between two heavy
centers in arbitrary form not only separable one. Writing

Wit = Vi - Wy, we obtain

\7\/]_]_ = V]e_:[ + foGIlGOWll P

1 (43)

where

Ve = Z Galvk > 17« (Uil5k| + Pkl)77l <wiGots. (44)
k,l#1

We can normalize form-factors of two-body potential

so that
v(p) = \I'2/2np(E), (46)
if p~ pr2, and take hold of
' = —(E-Era+il2/2) (47)

instead of simple form (3).

So, exact solutions can be obtained in the case when
pair t-matrices have Breit-Wigner resonance form, too. For
isolated pair resonance with energy, and widthl", we
can get elements af-matrix from (13) - (15) in analytic
form.

Therefore, zeros dd-function are determined by equa-
tion

T T

(E—ER,2+|72 —J)~(E—ER2+|72 +J)=o. (48)

Then, introducing real and imaginary partSof Ereg3 =

Er3z — il's whenD = 0 andJ = Jg +iJ;, we write out two
branches of three-body resonances:

Fg = 1"2 - 2J|,

Erz =Er2—-Jr, (49)

and

ER,g = ER,Z + JR, F3 = rg + 2J| (50)

05028-p.5



EPJ Web of Conferences

Note thatJ = J(b/2, po) has the oscillating behavior. The resonance parameteEg, andl», can be associ-
For example, form-factors of two-body potentials in (46) ated with potential parameteis andg. So, there are two
acting inS-wave give relationshipsip = —(1 + k; ») and szz = —ki2(1 + K 2),

wherekies» = +kra + ik 2. It follows that the values of
Jj=di=d=-I; expibpo/2) . (51) ki» = —0.0256,kg> = 0.158, from which we can deter-
bpr2 mine parameters of the nuclear potentigl:= —0.974 and
B =1175fm™,

Therefore, every branch contains sets of three-body reso-  \1oreover. we can describe a-scattering inS-wave

nances. with simple separable potential (28), too. In this case (see

Some of them are situated at energy scale abo_ve the en 29)) the positive coupling constant gives the repulsive char-
ergy of two-body resonance, and others - under this energy, -ter of theS-wave interactionls = 15,85 = 1.4fm ! .
Some of three-body resonances will have more narrowed  Note that the enhancement fact(;r in (53) can be pre-

width, others - more widen : sented in form similar to (47)

Remarkably that there are several points where func-
tion I's = I'3(b/2, pg) = 0. It means that lifetime of reso- npt = —(E — Eres2) - Ap(E, Eres?) » (54)
nance in these points becomes infinite. It is possible only )
in simple model, although in real situation lifetime of reso- WheréEres> = Era —il2/2
nances can be enlarged substantially if distortions are sup-
pressed. Ap(E, Eres2) = fdp

Note, there are no principalfticulties to include more
complicated forms of two-body separable potentials and andE, = p?/2m.
other partial components into the model. Thus, the matrix) (see (15)) contains submatrix in re-

At next subsections we consider the model of scattererspnect of indices of two-body partial waves -andP:
subsystem which consists of nuclei in the capacity of fixed
centers. It is important that these nuclei have resonance

0 Jo L _ [Jss Jsp
v J12=Jp1=Jsp = :

ve(P)vp(P)
(E—Ep+i0)(Eres2 - Ep) ’

(55)

interaction with neutron. And their two-body resonances J =

give rise to three-body resonances. We investigate three- Jr 0 s Jpp

body resonance positions in dependencebaendistance It is obvious that we can writdsp-element as

between centers. And we indicate specially points where

imaginary part of resonance energy comes to zero. Jsp(po;r) = fdp eprrp)% . (56)
~Ep

and other elements dgp-submatrix in analogous form.

5.1 The scattering of neutron on two fixed For S-wave components d8-matrix elements we have

a-particles
At first we consider the low energy resonance scattering of Bui = ZK: Ik 1< (Po) it - (Po) (57)
neutron on subsystem of two fixedparticles.
It is known that two-bodyn, a-system does not have
bound or resonant states $iwave at low energies as re- 10
pulsive forces act between nucleon angbarticle in this 75
case. However, there are resonances in other partial waves. 5
The respective amplitudes have resonances irPthe 25 o
J
wave component®; g, where the total momenturd = s 10 T—% 25 30
3/2,1/2, orbital -L = 1, andS = 1/2. We take into ac- =
count the distinct resonanctﬁ/lz/2 which has parameters -75
Er2 ~ 0.9 MeV andr, ~ 0.6 MeV [12]. -10 )
This resonance can be described satisfactorily by the
simple separable potential, for instance, involving the form 10
factors (see (5)) "
_ p/B S />\
ve(p) = COHSW , (52) s f 15 02 a0 |
-5
which give rise to -75
-10
1 1 1-2k 5
np™ = /lp + TR (53) i . . .
1-iK Fig. 1. D-function of neutron scattering amplitude an ¢) sub-
system. The red color marl®e(D), and the blue one km(D).
wherenp = ni/lz/z(k), k = po/B, andConst = +/87/(2upB). Graphs A and B show curves witk = pg/8 = 0.17 and
The two-body amplitude has the pole at the pdint k = 0.1537, accordingly. In the latter case the point where
Kres2 » Whereﬂﬁl(kresz) =0. Re(D) = Im(D) = 0 corresponds to resonance state Wih= 0.
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whereL, L', K = S, P.
Then it is not dfficult to determind-function and cal-
culate values of resonant eneffgys in three-body system

keV in the case ofr(,!0), andEr, = 84 keV, I, = 13
keV in the case ofr(;?* Mg).
As above we describe neutron-nucleus scatterirggyin

andb - distance between two heavy centers. Curves cor-wave with simple separable potential (28) with the same

responding to real and imaginary partsffunction are
shown in Fig 1.

positive coupling constanilis = 15 and8s = 1.4fmt .
Two-body resonances PP-wave can be described with

In framework of the method we obtained exact analytic separable potentials involving the form factors (52), where

solutions for "quasi-bound” states when the widftis= 0.
It is remarkable that near this poingss may cross zero

potential and resonance parameters have to be coordinated
with each other. It is resulted itx = 0.999,8p = 6,076

and be even positive (see Fig 1, B). Our calculations con- fm in case oftf0, and in1p = 0.998,8p = 1,635 fm*
cerned a region of low energy only. Table 1 demonstratesin case of*Mg.

values of resonance energidszz and parametets - dis-
tance between fixed-particles wher’; = 0.

Our calculation gives two resonance states Wigh= 0,
which named here as "quasi-bound” states.

Table 1. "Quasi-bound” states (witli’s; = 0 ) of neutron and
proton in model of two fixed-particles.Egsy are given in MeV
andby - in fm, k - number of resonance state.

Three-body system Egss by  Erso by
n+a,a 088 18 137 31
p+a,a 1.78 14 2.36 24

Then we turn our attention to the proton scattering on

subsystem of two fixedr-particles.

Itis known that two-bodyp, a scattering amplitude has
resonance in thi®-wave too, with parametergr, ~ 1.9
MeV andl; ~ 1.5 MeV [12]. For comparison between
parameters ofr( «, @) and [, a, @) resonances the calcu-
lation data are shown in Table 1.

The estimations offf, a, @) resonance parameters have

been performed on the base of two-body resonandg in

wave without ordinary repulsive Coulomb force between

the proton andy-particles inS-waves and between two
alpha-particles.

Then we determine three-body quantities following the
scheme of previous subsection. The main aim is the deter-
mination of D-function and positions of zeros of this func-
tion.

Calculations give the points wherg = 0. Energies
of these quasi bound states of neutron in subsystem of two
fixed nuclei and distances between these centers are shown
in Table 2.

Table 2. Neutron "quasi-bound” states (witfi = 0) in model
of two fixed nuclei.Egrsx are given in keV and - in fm, k -
number of resonance state.

Three-body system Egsa by Era:2 b,
h + (1°0,16 0) 231 1053 286 12.18
n+ (*Mg,24 Mg) 82 6327 117 70.37

It should be noted that nuclei with more heavy mass
taken as fixed centers give rich and complicated pictures
of three-body resonance states.

6 The model of neutrino generator

~ As a rule [3,11] repulsive Coulomb forces result in Note that the position of two-body, @ - resonance on en-
widening of distance between centers and shifting of three-ergy scale is nearly 1 MeV above the positiomo# - res-

body resonance levels to higher energies. It is importantonance. Moreover, the resonancespnf a)-system have
that the diference of 1 MeV or more between resonance the energies more than 1 MeV above energies of corre-

energies of b, a, @)- and f, a, @)-systems is remaining.

5.2 The neutron resonance scattering on
subsystem of two fixed nuclei

sponding resonances in, ¢, @)-system (see Table 1).

Thus, if certain systems exist or can be made to keep
these resonance states together the observation of transi-
tions between these states becomes possible.

It seems that this kind of systems can be formed during

Now we consider the cases when more heavy nuclei thanthe evolution of massive cold stars, for example, in depth
a-particles are fixed in two-body scatterer subsystem. Sub-of white dwarfs. Indeed, the core inside of massive star
systems with nuclei of atoms of oxygen and magnesium can transform into solid crystalline body under very high
are interesting objects because they have similar featuregressure [13].

of interaction with neutron ag-particle.

In this connection we consider the model of ideal crys-

The fact is that two-body scattering amplitudes of neu- tal where nuclei are fixed in nodes of the lattice. It is sup-

tron on'®0 as well as orf*Mg haveP-wave resonances

posed that distances between nodes of this perfect crys

at low energy region. Moreover, in these cases repulsivetalline lattice can be changed and become small, for in-

forces act inS-wave like inN, a-particle scattering ampli-
tude.

stance, as a result of very big pressure from outside [14].
Now we consider the crystal model of stellar Helium

We take into account only the lowest isolated neutron- core. This simple model may be interesting in astrophysics
nucleus resonance states in two-body systems. The twobecause it can play the role of low energy neutrino genera-

body resonance parameters &g, = 435 keV,I'; = 40

tor. The fact is that in this model the three-body resonance

05028-p.7
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erergies and widths are functions not only of two-body in-
teraction parameters but also of lattice parambtedis-
tance between nodes.

It is very important that there are some values of pa-
rameterby for which certain widths of three-body reso-
nance states are close to zero (see, Table 1).

For example, a system consisting of one neutron and
two fixeda-particles has the resonance enefgy ~ 1.37
MeV with I'; ~ 0 whenb ~ 31 fm. The analogous system
consisting of one proton and two fixedparticles has the
resonance too, with the ener§y ~ 2.4 MeV and small
width near this.

We suppose that distance between nodas-pérticle
crystalline latticeb is near tob; = 31 fm.

Here one might ask: How can neutron appear in the
lattice?

Note that the part of protons can penetrate inside crys-

These solutions can show the main three-body char-
acteristics, for example, amplitudes, resonance states and
their dependences dm- distance between scatterer cen-
ters. Thus, exact solutions can be used as principle approx-
imations in many problems of three-body quantum me-
chanics.

It would be remarkable to create a setting, whiere
distance between nodes, could be changed in order to in-
vestigate properties of neutron resonance scattering on dif-
ferent monocrystals. Of course, this setting should operate
with special monocrystals kept under very high pressures
and very low temperatures.

In this setting transitions between three-bgqagndn
resonance states in monocrystal could be determined. It
means to discover new neutrino generator and possibly the
new mode of star cooling without nuclear reactions.

The analogous model of exotic particle interactions with

tal from external surroundings if they have enough energy the nodes of quark lattice or substructure may be interest-
for channeling in the lattice. Furthermore, some protons ing. In this case huge mass of heavy neutrinos or exotic
can be inside of lattice ever since the time of lattice forma- neutral particles generated by star or galaxy center would

tion [13].

Then, owing to reactiop + € — n+ v protons can
turn into neutrons because it is the exoenergic reaction. So
neutrons appear in the, (@, a)*- quasi-bound states.

Neutrinos with energ¥, ~ 0.2 MeV are produced in
this reaction, after what they leave the lattice.

This (n, @, @)*-quasi-bound state hdg ~ 0 and very
big lifetime if b ~ 31 fm. Besides, the decay of neutron is
suppressed in the crystal.

In the case of distortions the condition in the lattice for

be expanding and increasing far out to the galaxy frontiers
and cripple the motion of satellites. Similar models might
be useful for solving the problem of dark matter.

In any case it is clear that three-bod¥eets and three-
body resonances as well as quantum mechanics of three-
body systems on the whole will give an important contri-
bution in modern astrophysics.
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