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Abstract

substructures.

In terms of pion-alpha scattering lengths, pion-nucleus s-wave scattering lengths are estimated from a multiple
scattering series. For all nuclei with there is a level of agreement with the values derived from mesic-atom data of
15%-25%. This supports the theory that pion absorption on light nuclei is predominantly due to alpha-particle
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Introduction

Particle absorption in nuclei is still largely a mystery. A free
nucleon cannot absorb a pion because of energy-momentum
conservation. Although the one-nucleon mode is not impossible when
the nucleon is bound, it appears to be inhibited in comparison to
reaction mechanisms involving at least two nucleons. Attempts to
calculate the two nucleon processes, however, have only been partially
successful. Calculated absorption rates for light nuclei are two to three
times lower than those derived from experimental widths of pionic
atoms. It's also difficult to understand the decay products of pionic
atoms in terms of basic 1 NN—NN amplitude without significant final
state interactions, because deuterons, tritons, and other multi nucleon
events are observed in addition to the predicted two nucleon mode [1].
The notion of pion absorption by an alpha particle cluster in the
nucleus has been proposed several times to explain these unusual
results, but further calculations have only produced semi-quantitative
agreement [2]. The investigation of nuclear gamma rays from pion
absorption at rest and in flight has lately provided evidence that alpha
clusters are important: strong lines corresponding to excited states of
the nucleus minus an alpha particle appear to always be observed in
doubly even nuclei. As a result, considerable portions of pion capture
events by '°0 result in a 4.4 MeV level of 2)C. The goal of this
research is to take the alpha cluster model seriously and match the
energy shifts and widths of pionic atoms' 1 s levels to those seen in the
alpha particle [3]. For most stable isotopes, the widths and shifts of the
1 s levels have been measured with, and the usual explanation is in
terms of a complex velocity dependent optical potential [4].

For most stable isotopes with a < 20, the widths and shifts of the 1 s
levels have been measured, and the usual explanation is in terms of a
complex velocity dependent optical potential. This takes the form of
an isoscalar nucleus:

20V = —4,1'{(1 + gt m)by p(r) + (1 + 11/ 2m)By 0> (1) + Vg (1) /[ 1+ ; (1) }V} (D)

The nuclear density is p(r), while the pion and nucleon masses are
and m, respectively. The density of the gradient potential includes
linear and quadratic elements [5].

q(r)= ccp(r')ﬁ(] + 1t/ m)+ Ccp2 () f(l + _uJZm} ......... 2

The true parameters by and ¢y should be near to the s and p wave
isoscalar pion nucleon scattering lengths, with binding and correlation
effects possibly modifying them, but there is little understanding of the
physical relevance of the complex parameters By and Cy. They are
used to account for the two nucleon absorption, among other things.
Another disadvantage is that fitting this potential to an ensemble of
unique nuclei yields parameters that are not actually constant,
implying that the form of the potential in Equation (1) is not entirely
right. The issue is most likely with the quadratic terms in the density,
which is especially concerning because, because by is tiny, the
quadratic term plays a significant role in the local section of the
potential [6].

The relationship between the length of pion-nucleus
scattering and energy shifts

There is a well-known relationship between the complex energy
shift and the s-wave scattering length ag (assessed in the center of mass
frame) in the limit when the range of the pion nucleus strong
interaction potential is short:
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The decrease pion mass is denoted by pR. A pion in a 1 s Coulomb
orbit can be thought of as suffering repeated s-wave scattering from the
nucleus in this procedure. The pion hydrogenic wave function is ¥,
and |w;s (0)[? is the chance of locating the pion in the nucleus region [7].
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This suggests that, even in the more general scenario of finite-size
nuclei, the complex energy shift in the s-wave orbit determines
virtually entirely the s-wave scattering lengths. We want to use the
alpha particle scattering lengths a(wa) a(mo) as an input in a multiple
scattering calculation to find the scattering lengths in other nuclei
because the pion nucleus scattering lengths a(zA4) can be found this
way. To do so, we must extract the scattering lengths with greater
precision than is achievable using Equation (3). There is no model-
independent approach for removing the Coulomb potential's effects.
The assumed form of the pion nucleus potential will influence the
relationship between Ejs, I'1s and ag to some extent [8]. We believe that
the generic form of the optical potential in Equation (1) is theoretically
valid. As a result, we fitted the parameters to precisely reproduce the
observed s-wave shifts and widths for each nucleus. Fits to p-wave data
from heavier nuclei were used to calculate the gradient potential's
parameters [9]. The s-wave scattering lengths a; might then be
estimated using the same parameters by turning off the Coulomb
potential, providing the al’ of Table 1. The gradient was set to zero,
the parameters of the local potential were changed to give the
right complex 1 s shifts again, and the s-wave scattering lengths
were a2 recomputed to check the model dependence of this
solution [10]. Because the non-local potential has a minor influence on
Es, and T'js, the difference a® -a{" is not particularly great. As a
result, the difference does not reflect the complete uncertainty in this
model's scattering length extraction. In Table 1, we also provide the
findings of a version of Equation (1) that takes into account the finite
size effect:
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The shift is defined with regard to the appropriate energy
eigenvalues is the Coulomb wave function corresponding to a spread-
out charge density. The differences between the more precise
determinations and the derivation are fairly modest [11].

Results and Discussion

The alpha cluster model for light nuclei is now presented in its most
basic form, as described by Inopin. Even nuclei are thought to be
made up of alpha particles that are solely in their ground states. Except
in the case of a short-range repulsion between two alpha particles,
anti-symmetrization between nucleons in different clusters is ignored.
Furthermore, the alpha particles will be assumed to be fixed at the
vertices of regular geometric forms [12]. For 12C, for example, three
alpha-particles are placed at the vertices of an isoscalars triangle with
a side length of 1.3 fm. It was proven that this reproduced not only the
elastic form factor of 2C, but also the form factor of the first excited
state (JP=2*at 4.4 MeV) fairly effectively. As a result of pion capture in
160, the emergence of such collective states is quite normal in this type
of model. Excitation of single particle states, which corresponds to
the excitation of one of the alpha particles, would be far more difficult
to explain. A second observation is that there is only a small
overlap among the clusters due to the great distance between their
centers. When we consider scattering from two fixed centers that
do not overlap, the scattering amplitude for the composite system is
solely a function of the physical individual amplitudes for the same
incident energy [13]. The s-wave scattering lengths of such a
system, in particular, are solely determined by the constituent's s-wave
scattering lengths. We don't need to know anything about the pion-

alpha interaction's behavior or the p-wave amplitudes. It is simple to
write down a multiple scattering series for the n!2C scattering length
while working inside such a model [14].

a, (770 = 3a,(za) +3x 2a’ (za)  d + 3= 2x 2a’ (ze)/d* + ... .......(5)

The underlying assumption in this type of scattering theory is that
the pion velocity is greater than that of alpha-particles in the nucleus.
As a result, contributions where the !2C nucleus is excited into a
rotating state (e.g., 2" at 44 MeV) and then de-excited by a
second contact are included in the double scattering. If we
assume the opposite limit, where the rotating velocity of the '2C
triangle is very big, the 1/d would be substituted by the average
value of the inverse spacing of two points on a sphere of radius R.
This equates to simply preserving the '2C ground state between
scatterings [15]. The twofold scattering in the latter scenario would be
three times greater than in the former. The amplitudes must be
evaluated in some common rest frame, such as the laboratory, to
account for the effects of recoil in Equation (5) In Table (1) the cm.
amplitudes should be multiplied by (1+u/M) to obtain the laboratory
amplitudes before applying Equation (5) [16].

The series converges extremely quickly since ay(ar) is so small (1/7
fm in magnitude). The second term is damaging and has a magnitude
of roughly 10%, but the third has a magnitude of just about 1%. We
can imagine '°0 as a normal pyramid, and 2'Ne as a regular bi-
pyramid of alpha particles with side lengths of d=3.6 fm and 3.3 fm,
respectively, to obtain the right nuclear radii. The trivial combinational
factors are the main change in the multiple scattering series [17]. Table
1 shows the scattering lengths estimated this manner. In most cases, the
agreement with the experimental values is less than 10%. It tends to
lie within the error bars for the absorptive part, whereas the computed
value for the real part has a systematic tendency to be too small in
magnitude. This could be due to a flaw in the theory or the data. It's
worth noting that for the real components, a method that ignores
multiple scatterings entirely would be even better.

We studied the remaining experimental data in terms of alternative
simple cluster models, encouraged by our success with the 4 n nuclei.
For example, °Be was assumed to be a pair of alphas separated by 3.6
fm with a neutron stuck in the center. The evaluation employed a
neutron scattering length of a,=-0.092 + 0.002 p!

An alpha-deuteron combination separated by a distance of d=3.6 fm
is a commonly used model for °Li. We used the 6Li scattering length
to compute the scattering lengths of deuterium and the other doubly
odd nuclei because the true part of the deuteron scattering length has
yet to be precisely determined. Within a very significant error, the real
part of our deuteron value coincides with the experimental one [18].
However, there is a clear standard deviation difference for the
imaginary part. The experimental value of this latter has been
calculated from the cross section for P+P — n*+d , allowing for the
potential of radiative capture [19]. The geometric structure of the °B
and 14N was supposed to be the same as that of the '2C and 6O,
with one of the alphas replaced by a deuteron. The imaginary parts
of the scattering lengths are well reproduced, but the real parts
have a noticeable inaccuracy of 20%. The !''B and !°F results
were calculated by extracting a triton scattering length from the 7Li
in the same way as the deuteron was taken from the °Li [20-25].
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Nucleus €45 (keV) s (keV) a (Exp.) a® (Exp.) a® (Exp.) a(Cal.) Discrepancy a"
-a
“He -0.075 (20) 0.045 (3) -98+i30 -98+i30 -105+i33 -(42 £ 1) +i(16 £
7)
2Cc -5.874 (92) 3.14 (12) -320+i94 -330+i94 -322+i104 -278 +i78 -(24 £ 14) +i9 £
11)
160 -15.033 (240) 7.64 (49) -378+i109 -401+i109 -384+ 1100 -363 +i100 - (4423 +i(5¢
27)
2Ne -33.34 (50) 14.5 (3) -482+i121 -518+i128 -475+i126 -438 +i116 (11 +£6)+i(6+
4)
9Be -1.595 (9) 0.59 (14) -279+i54 -283+i54 -281+i59 268 +i48
SLj -0.324 (3) 0.195 (12) -130+i39 -130+i39 -137+i42
24 -49+i(4 £ 0.4) -31+i9 -18-i(5 £ 4)
108 -2.977 (85) 1.59 (11) -273+78 -278+i78 -275+i85 -220+i63 - (53 £ 9)+(15 £ 6)
4N -9.915 (144) 4.34 (24) -357+i88 -370+i87 -358+i94 -302+i83 - (63 = 10)+i(5 £
10)
3L -0.57 (4) 0.195 (13) -228+i40 -230+49 -233+i44
3H -135 £ 4+i(14 + 4)
1B -3.839 (85) 1.79 (12) -355+i90 -363+i90 -353+i102 -310+i62 - (45 £ 9)+(28 £ 7)
19F -24.46 (35) 9.4 (1.5) -477+i100 -502+113 -464+i103 -470+ 1102 - (7 £17)-i(2 £ 18)
Table 1: Shows the scattering lengths.
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