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Abstract Neutron resonances in systems of few nuclei, electron capture reactions with formation of excited
uclei, and density oscillation in the neutron star envelopes are investigated. These results allow to propose
the special experiments to verify the neutron resonances in the few-body systems and understand the origin of
Some processes that are going in the neutron sar crusts.

1 Introduction

Processes, reactions and fes-body efects tht take place inthe overdense crystaline structures of neutron star
crusts are considered. In the region of matter densiy from 10° to 101 g/cm’,the latice is formed by bare
‘uclei which plunged i the degencrate clectron Fermi liquid o the mater emains neutra 1.2, However this
unique structure stimulates the appearance and development of interelate reactions. nonlinear phenomena
and new resonance sates.

So. the reactions of lectron capture by nucleus in the neutron star envelopes lad to appearance of new
ypes of excited nuclei, free protons are transformed into neutrons, the neutrons interact with subsystems of
w0 and more nucle. Neutron-nuclei resonances change the balance of forces insid of the crust layers and
lead to induced specific oscillatons and density waves.

“The processes taking place in the envelopes impact the surface phenomens and radiation. which are the
important sources of information about physical characteristics of neutron stars. To the outside observer, the
‘main sources of information about & neutron star are the charscteistics of radiation from the surface and the
near surroundings: periodic impulses of pulsars, thir spectra and micro-sructures, strong magnetc filds and
aceretng matter, ctc

It is notceable that describing the processes i the neutron star crusts, one can use the quantum theory
for the quasi-particles supplemented with the methods provided by the theory of nonlinear phenomena. and
the quantum theory of few-body systems, taking into account resonance states that appear owine o the frec
neutron component of mater in this area. The important festure of reactions in a superdense latice is the
appearance of the neutron resonances inthe few-body system. These resonances appear due to rescattering of
free neutrons on a subsystem of neighboring nucle.

‘We consider the Faddeev equations where the two-body tmatrices for neutron-nucleus subsystems arc
taken i the form of the Breit-Wigner resonances. Then, the Faddeey cquations give the solutions alo in the
resonant form which allow to perform exact analyses and estimations.

“This artiele belongs o the Topical Collection “The 23rd European Conference on Few-Body Problems in Physics™
Grant: 1P5-3016 MES RK._
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In order to verify the existence of neutron resonances in the systems of few nuclei in neutron star crusts,
we suggest an idea of terrestrial experiments to investigate the neutron resonances at low thermal energies. To
verify the dependence of resonance parameters on distances between nuclei, we propose the experiments with
the piezoelectric targets and isotopes with lower-cnergy neutron resonances.

2 Features of the Electron Capture Reactions

Based on differences in the primary chemical composition of neutron stars, we considered the elevant nter-
relsted chain of reactions. It was found thatthe clectron capture reactions have different characteristcs for the
light and the heavy nuclei. Table | shows the succession of the air reactions.

So inthe cases of even-cven main nucle (.g.for 9Fe with the daughter reaction for M), the eactions
lead to the appearance of the mucli in excited staes. These reactions sart a the layers where the density of
matter p > pe, = 1144 x 10° gem™ and lead to:

BM0 be > HOTH 4, B = LMV,
1007 Mev,

S 4 em o S0 .
M e o B b B

where E3* and E} are the energies of the excited levels of the nuclei Cr***+ and Cr*2*, respectively.

Here, gamma emission can be limited by the distinction between quantum numbers in the initial and the
final states. Morcover,the emission of gamma radiation can be “locked” by the overdense crystal if the lattice
parameters are less than the half wavelength of such gamma radiation. Then, the induced emission of high
energy gamma becomes more effective for the ensemble of the excited nuclei. These gammas can knock-out
the nuclcons or clusters from the neighboring nuclei. Energy transfer can also be realized via excitation of
quasi-partices in a rystalline structure.

“This peculiarity docs not appear in the case of odd main nucle (.. or §Sc) because the following electron
capture reactions have more higher energy thresholds than the previous onc

For the neutron stars consisting of light clements, the accumulation of neutron-rich nuclei happens almost
withoutthe formation of excited states. And destruction of the crystallne structure start already in high layers
of the envelopes.

3 Neutron Resonances in Few-Body Systems

Itis known that the neutron-nucleus scattering amplitude has a lot of resonances in the keV-cnergy region up to
1 MeV [3]. At low cnergies. the two-body resonances can be considered as single peaks situated far enough
from each other. The t-matrix can be written in this case i the Breit-Wigner form £ (E) = —(2p)~' 2/ (E —
Ega +iT2/2), where E = k%/2m is the neutron energy. 7p = 2mk/4. Ex 2 = k3/2m and T are the
energy and the width of the resonance, respectively. f(E) can be written i form £(E) = 52 - 7a(E) - v2, where.
m(E) = To/(E ~ Eg 3 +iT'2/2). Here, the index 2 denotes the two-body values, and we take i = |

In the case of three-body system consisted of a free neutron and two nucle fixed in the neighboring nodes
of the crystallne latice, we consider the three-body amplitude. This amplitude corresponds to the re-scattering.
of the neutron on these two nuclei. Taking into account the Breit-Wigner form of the two-body amplitudes,
we can obiain the solutions for the new resonances of three-body type also in the analytical form. Then, we.
come tothe important result: (a) new netron resonances depend both on the energy of neutron. and on r—the
distance between muclei; (b) the nev resonances can appear at the energies higher or below the energy of the
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selected two-body resonance. Omitting the detais of the calculations [4], we present the results for simple
neutron resonances of the three-body type:

Ers= Egat ycosths 1)/@ ks o), T3 =T3- (1 sin(ks -1/ (ks - 1), o)

Here, the index 3 corresponds to the three-body quantities such as E 3 = k3/2m. Note that all esonances
are siuated at the second Riemann sheet of the complex energy. The dependence on the distance between the
‘e s clearly shown. It means tha only special Iayers of crystalline structure of 3 neutron sta can contain
and support the resonances of the few-body type.

‘Then, one can introduce the effective interaction between two nuclei in the form & - V/, where &, is
the density states of free neutrons in the local layer of the erystalline structure. Following the well-known
Hellmann-Feynman relationship d E5' /d&, = (xalV¥/ xa) /(x| Xn). where the wave function of the neutron
n can be taken as that for a partcle in a potenial wel, one can write the expression of the effective energy as

% Ex(2alV/ X}/ (a ) for a small value of &, in an adiabatic approximation. Note that in this approx-
imation EY/ = Eg s — iT2/2 J(d/2), where J(r) = Fyexplikr)/(2rks 2) contains the main dependence
on the distance betveen the nuclei. Here, d is the lttce parameter.

Enhancement of this specific nteraction leads to changing of the balance of forces in the corresponding
layers of the overdense crystal and causes local oscillations in these ayers. Pressure can be determined from
the general expression [2]: P = T20(Eyo/)/07, where t~" s the volume per one baryon, Ee ~ E¥-7/2is
the total energy densiy of the respecive forces, 7 i the average number of the resonant pairs of nuclei. Note
hat P s almost zero xerywhere, but inreases signficantly only near the d ~ . The net acion of the
forces leads to.a new equilibrium value of o  dye, which may not have a morotonic behavior and there may
be local demsity osclltions [4],

‘The non-lincar relations, oscillatory processes can appear in form of the beats of the wave packets, for-
‘mations of solitons and other phenomens inside the envelopes contributing to the important propertis of
‘gamma emissions from a neutron star [5]. Neutrons and neutron resonances play a noticeable role in such
processes

4 Experiments at Low Thermal Energies to Detect the New Neutron Resonances

We propose to set up the experiments on scattering of neatrons at low thermal cnergies on 3 target with
piezoclcetric features. The 1Cd isotope seems to be the most suitable because other cadmium isotopes, for
example '14Cd and 'SCd, have no neutron resonances in the low thermal energy range [6]. In this study, we
calculated the new resonances of the few-body type on the targets with different Cd isotopes (sce Fig. 1) and
found that '13Cd is more convenient for such experiments. Note, tha all these crystals demonstrate piezoclectric:
features that allow changing of the spatial parameters of the crystal

‘The lowest neutron resonance in the two-body system n-+Cd has the neutron energy 2.77 meV. and
the wavelength (in Angstrom) is 5.44 A[6]. The next resonance level has the cnergy 7 eV, the wavelingth
s 0.178 A [3]. Meanwhile, the lowest neutron resonance in the two-body system n-+11Cd is at the energy
56.4 ¢V, Therefore, the influence of this resonance level is too small to distort the action of the neutron lower
resonance in the three-body system 1 +13 Cd +113 Cd or n +113 Cd +!4 Cd inthe low thermal region.

“The theoreticalresults demonstrate the facts of appearance and disappearance of th three-body resonances
inthe crystal with Cd at alteration of the crystalline parameters.

‘The relationship between the three-body and the two-body amplitudes can be written as

Fko:v)

| i hox w)CL 4y i os T/ = o vy s o v @
]

We can changethe isancebetween the nuclei n the arget sing the piezolecric efect. T Fig | (helef
isgram) the bloe, red and yellow curves cortespond (0 Fy . 1.28 A-1-Fo o LIS A~ and Ko = 099 A~!
Not that the by sysem n - CAIT has th resomancs at s = 1,157 A~
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Fig, 1 Neutron resonances on  two nucleus subsystcm: 1t -+ A+ A"-sysem, where the resonance energy and the widthof
e (n -+ A)-subsystem are Ex = 277meV. T = 0.5meV, A = Ca'1;on the right “n + A + B"system, wherethe resonanee.
cncrgy and the widh of the (1-+ B)-subsysiem arc £ = 56.4<V. I' = 008eV. B = Cdi1¢

5 Conclusion

Ithas been shown that n the crystalline layers, each system consisted of two (or more) nuclei and a neutron has
its own resonance states at corresponding unique energies and lattice parameters. The new neutron resonances
are calculated in the energy range close to the conventional neutron-nucleus resonances. Influence of the new
resonances would increase and becomes very important.

A particular role of the non-linear interactions has also been discussed: on a macro scale, such interactions
can generate the beats in the corresponding layers of the neutron star crusts and define the micro-structure of
the profile surface of the pulses coming to the Earth from pulsars.

The opportunities for further laboratory experiments in terrestrial conditions were also discussed. It is
proposed to set up the experiments with a beam of thermal neutrons and the certain targets such as special
CdS and CdSe piezo-crystals containing selected isotopes. Our calculations confirmed this supposition and the
possibility to find the new resonance effects and the dependence on distances between nuclei in the different
erystalline structures. The positive result of the experiments would confirm neutron resonances at suitable
Iayers in neutron star crusts

Acknowledgements Author thanks professors V. . Vasilevsky and A. Yermilov for advices and useful discussions, and all
colleagues of IPS-3016 prject of MES RK for support.
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