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Abstract In this work we analyze in detail the behaviour and propemuithe kinks
found in an one dimensional model for the close packed rovpotdssium ions in
mica muscovite. The model includes realistic potentiaksioled from the physics

of the problem, ion bombardment experiments and molecufaamhics fitted to
experiments. These kinks are supersonic and have an ungoety and energy.
They are ultradiscrete involving the translation of aniistigial ion, which is the
reason they are calledowdions Their energy is below the most probable source of
energy, the decay of tHéK isotope and above the energy needed to eject an atom
from the mineral, a phenomenon that has been observed meelly
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1 Introduction

Some materials are able to record the passage of chargétigsaaind are used as
radiation detectors [7]9] and there are minerals that shaslear tracks that were
produced at some stage during their formatiorl [22]. The mainmica muscovite
has been shown to have recorded the tracks of muons, pas#iruh other swift
particles with positive charge while being deep undergdd@8--25%]. The most re-
cent reviews are Refs. [ [26,]127]. The tracks are recordedmitte cation layer
of potassium ions which form a two-dimensional hexagortéitka There are also
many tracks along the close packed directions of this &that cannot be produced
by charged particles and are attributed to some vibratientiies calledquodons
because of their quasi one-dimensional strucfurg [281283. Their existence has
also been shown directly with an experiment in which the gyef alpha particles
incident on one side of a mica specimen was able to eject atbritee opposite
border along the cation lattice directions|[30].

Recently, a model with realistic potentials for the dynasmi¢ potassium ions
within the cation layer of mica muscovite has been introduf#:3]. The au-
thors have considered the available potentials for theant®n between atoms and
ions. For the interaction between potassium ions tie electrical potential was
not enough because the passage of the kink brings about verlydistances, for
which the ions can no longer be described as point chargesefidre, the Ziegler-
Biersack-Littmark (ZBL) potential was useld [36]. This potial models the electri-
cal repulsion by thaucleipartially screened by the electron cloud. ZBL potentials
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Fig. 1 Energies of several kinks with respect to time. When moreggrthan the crowdion’s one is
delivered and therefore a faster kink is produced, a ramhigiiocess takes place until the supersonic
crowdion is formed. Thereafter, the crowdion is extremégbke. If the initial energy is smaller
than the crowdion’s one the kink dissipates into phonong. Staled units are approximately 3 eV
for energy and 0.2 ps for time. The final velocity and energyamproached asymptotically, being
Ve = 2.7387 (7.2 km/s) anet, = 9.5 (26.2 eV) in scaled and physical units
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have been widely tested and compared to data obtained indorb&rdment ex-
periments, being therefore the more realistic ones whilegudassical mechanics.
Quantum calculations could certainly provide more acoubait at the cost of much
more complex analytical and numerical calculations. Theraction of the potas-
sium ions with the lattice was described with empirical ptitds used in molecular
dynamics and fitted with thermodynamic properties, neufspand infrared spec-
troscopy[6] and also validated for other silicates [11].

Arguably, the most important result in the full system wittbstrate was that a
supersonic kink was formed with specific energy and veld8jyAs it involves the
movement of an interstitial atom through the lattice, il called a (supersonic)
crowdionin this work as described in Ref. [13]. The term will be resstyor this
specific supersonic kink with stable and unique velocity aatifor other kinks. If
the lattice was given more energy, nonlinear waves and fétenons were emitted
until the specific velocity and energy was reached. Thisattaristic of supersonic
kinks associated with specific values of the velocity haws dleen described in
Refs. [32, 37], where they use the terms topological soktd lattice soliton.

The supersonic crowdion found in the mica model is extrerdedgrete as ba-
sically only two ions are moving at the same time, which w#l teferred to as
the magic mode with sinusoidal waveformnd corresponds to a phase delay very
close toq = 2m1/3 [14/15] as explained below. In theagic modewhich was in-
troduced in the Fermi-Pasta-Ulam lattice to describe btehdy-state or slowly-
moving breathers and supersonic kinks [14], only two plgiare mostly involved
in the motion at the same time. The mode with mqgde rris the limit of discrete-
ness as only one particle is moving at the same time, andnikéskéquivalent to just
one patrticle hitting the following one with a hard-sphergraction. We have also
called these kinksiltradiscrete kink§UDK). They are also known as kinks with

Fig. 2 The structure of mica
muscovite where the potas-
sium layer can be observed.
This point of view has been
chosen to emphasize the'K
rows represented by yellow
balls
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atomic scale localization and have been described thealigti{10] and observed
experimentally in a chain of repelling magnetsi[19]. Therggalissipated by the
crowdion and its subsequent stability can be seen in[FFigufteSonic kinks with

a discrete set of velocities for which there is no radiatiaménbeen described in
previous publications [1B, 118, 32,137]. They appear in systith substrate poten-
tial and nonlinear coupling and can be described as mubiiglieons. In our system
due to the extreme discreteness of the kinks there is onlynaraiating velocity

corresponding to a double soliton as will be explained in.$&cSee also Refl [3].
Figure[3 represents the coordinates of the potassium iotaénebl in a numerical
simulation.

The energy of the crowdion is approximat&ly= 26.2eV, which is an interest-
ing result because there are sources of energy in the lattiagh can provide it as
it will be explained with more detail in Se¢fl 7. The most adbamnt of the unstable
potassium isotopes K, which can decay by different beta processes providing
recoil energies up to 50eV. The crowdion energy is also sméflan the second
ionization energy of potassium, that is, 31,6 €V1[17], whilchs prevents the pos-
sibility of inelastic collisions where the kinetic energywd be lost stopping the
propagation of the kink. Itis also larger that the 4-8 eV rezkt eject an atom [16],
an effect that has been found in an experiment where themiias®n of localized
energy along lattice directions with the subsequent ejaaif an atom at the edge
of the boundary has been obsened [30].

Another point of interest of the crowdion is that it consistssentially of a
charged interstitiaK ™, i.e. an excess of an unit of elemental charge, travelling at
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Fig. 3 Coordinates of the supersonic crowdion or ultradiscretd& kiom numerical simulations.
It can be observed that only two particles are moving at theestime. Lattice units = 5.194A for
coordinates and scaled units (0.2 ps) for time. Also the Bokibk structure can be seen as will be
explained later in the text
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twice the speed of sound. Therefore, it is very likely to beorded, as positively
charged particles leave tracks in mica muscovite.

Are the quodons observed in mica muscovite the crowdioneritesl in this
work? It is not clear, but there are several points in theipéa: a) They have an
energy that can be produced by the recoil*®; b) They have enough energy
to expel an atom at the surface; c¢) They have stability anthseeravel forever;
d) They survive to room and higher temperatures; e) Thegpart positive charge
that would leave a track in mica muscovite. Against themad their existence and
stability has not been verified in two or three dimensiong. &en if their energy
spreads they are likely to leave some of the other dark marksda.

The sketch of this work is as following: Sectibh 2 descridesgystem and po-
tentials. In Secf.]3 the magic mode is described with detailthe quantities in the
fundamental ansatz are redefined in a new meaningful wayio8&tdescribes the
properties of the kinks when the substrate potential ithiced and the supersonic
crowdion appears, while Selct. 5 describes the propertigsafons in a system with
a substrate and applies them to analyze the crowdion’s phtailo Some interest-
ing results of the outcome of numerical simulations wheresg@nergy is delivered
and when the system is previously thermalized are presémt®ect[®. The recoll
energies in the different decay mode<'® and their consequences for the forma-
tion of kinks or other lattice excitations are describedéct$?. The work ends with
a summary.

2 Description of the system

Mica muscovite is a layered silicate where a layer of potassons is sandwiched
between layers of a complex silicate structure of tetrabedrd octahedra. This
cation layer has a hexagonal structure where rows of potasins can be iden-
tified, as seen in Fid.] 2. As explained with more detail in REfs3] we consider
an 1D model for a row of K ions. The distance between ionsis- 5.19A which
in scaled units will be taken as the unit of distance. Theradon between ions is
described by two terms, the first one is the electrostatid@ol repulsion

e e
Uc = KeT — KeE , (1)

where K¢ is the Coulomb constant, e the elementary unit of charge raad
dnh = Xn — Xn—1 is the interatomic distance. The reference level of enesggken
as the electrostatic energy at the equilibrium distaac&his value of energy
Ke€?/a = 2.7746¢€V is also taken as the unit of energy in scaled units,itaisd
useful to remember that it is approximately ~ 3eV. The other natural units
are the potassium massc = 39.1amu and therefore the derived unit of time
T=/mga3/Kee2 = 0.1984 ps~ 0.2ps.

This system supports propagating kinks of almost any vil@eid energy [1-3]
but with very small inter-particle distances for which thas cannot be described as
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point particles. The second term for short-range repulsidhe Ziegler-Biersack-
Littmark or ZBL potential, which corresponds to the elestadic interaction be-
tween nuclei partially shielded by the electron cloud whgHescribed by an uni-
versal function that has been tested with experiments db@mnbardment[36]. The
ZBL potential usually involves four terms which are effgetat different ranges of
energies. For the potassium atoms at energies up to 200 ke¥tibugh to consider
a single term given by

Uzge (1) = %exp(—%), @)

with a = 26506 eVA andp = 0.29529A which correspond tar = 184.1 andp =
0.0569 in scaled units, respectively. No attractive Van deal/germ is considered
as it would be much weaker than the repulsive term. The systitimCoulomb and
ZBL potential also support propagating kinks with many gies but with realistic
distances between particlés [3].

The interaction with the atoms in the lattice above and bét@potassium layer
is obtained from an unrelaxed lattice using empirical ptiéésused in molecular
dynamics and fitted with thermodynamic and spectroscopipéties([5, 11] which
are also valid for other silicates. The resulting perioditemtial can be written as a
Fourier series for which it is enough to retain the first fiverte [3]

Us(x) = iun coq2mn g). 3)
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Fig. 4 Interaction potentials U(r) in scaled units. Coulomb (—3L4 — —); Coulomb+ZBL (thick
—); substrate potential(-) and the sum of the Coulomb, ZBL and substrate potentials-(). The
scaled units are 2.77 eV and the lattice unit 5.19A for U andr, respectively
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The Fourier coefficients are given by

Un = [6.7902 —9.2920 3.0512 —0.6387,0.089] eV =
= [2.4473 —3.3490 1.0997,—0.2302 0.0321 4)

with the latter values given in scaled units. As will be shdater, the linear spatial
frequency for the long wavelength limit becomes 119 ¢nthat is quite close to the
experimental one of 110 cm obtained with infrared spectroscopy [6]. A compari-
son between the three potentials can be seen il Fig. 4.

3 The magic mode revisited

In this section we describe the fundamental ansatz and tieblainvolved. We will
define the variables in a proper way, as they are not the salinepéene waves in
spite of their analytic similarity. We will use scaled uriitgs which the equilibrium
interatomic distance is the unity as described above excepte stated otherwise.

3.1 Basic variables

Some variables used throughout the study are introduced togyether with their
definitions:

Positionx,: It describes the position of the particle labelledAt equilibrium
Xn = ha, although the origin oh is arbitrary.

Displacementl,: It is the separation of the partictefrom the equilibrium posi-
tion, that isup = X, — na

Interatomic distancd,: It is the distance between two particles or ions. At equi-
librium it is equal to the lattice unia, which in lattice units is the unity, but
it will be written often explicitly for clarity. It is relatd with the positions and
displacements ady = Xp — Xp-1 =Up— Up_1+ &

Strainvy:  The increase ofl, with respect to the equilibrium distance, .=
dn—a. Itis always negative for the kinks described in this wotks related with
the displacements ag; = Uy — Up_1.

Compressiom,: The decrease af, with respect to the equilibrium distance, i.e.
ch = a—dy = —Vvp. Itis always positive for the kinks described in this wortdsl
related to the displacements ag= u,_1 — Up.
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3.2 Fundamental ansatz

As demonstrated in Refs. [14,/15] for a large set of kink sohg of Fermi-Pasta-
Ulam systems, the straiy, = u, — Uy_1 can be approximately described by the
fundamental ansatz with sinusoidal waveform

Vp = —%‘(1+cos{q(na—Vt)) with —m<q(ha—Vt) < m, (5)
whereq = 2m/3a or q = 2m1/3 in scaled units witla = 1 that we will usually use.
The value ofv, is always negative representing a compression of the bonid. T
ansatz describes a moving profile with velocity V that it ist&evisualized in the
alternative formv, = —Acog(q/2(n—Vt)). At any given time its value is zero
except for a lengtiA = 217/q representing the number of consecutive bonds com-
pressed. For a given bonmdthe value ofv, is zero except for an interval of time
T =2m/(qV) representing the time during which the bond is compresset that
A is not a wavelength as there is no periodic wave &nsl not a period as there is
no periodicity in time.

For convenience we will often use the equivalent expredsiotne compressions
Ch=—Vn!

tn= S(L+cogax—an) with —m<w—an<m, (6)

wherew = gV is the rate of variation of the phaggn,t) = wt —gn, i.e., w =
de(n,t)/dt but it is not the frequency as there is no periodicity. Thigatpn will
be used in the next subsection as it is easier to interpratisec, is always positive,
the phase increases in time and the bonds compressed le¢esrhaller phase.

From the fundamental ansatz the displacement can be cotestrand it may be
instructive to compare them with other solutions. They carseen in Figl15 for
the magic mode = 2r1/3 compared with the first solutions for supersonic crow-
dions [13]. The compressiog = u,_1 — U, have a solitonic form and in the same
figure they are compared with the discretization of the sohstfor the KdV equa-
tion, which describes waves in a carall[12], one of the firstngxes of solitons.

As we have seen these equations are not as simple as theyceeto the com-
pactness condition for being nonzero. They look like harimamves, but they are
not. The quantities in the equation have to be redefined leytkbep the usual re-
lationships for harmonic waves. In the following we propoperational definitions
that are convenient but are only approximately correctcivig also natural at the
fundamental ansatz is not exact either.

Velocity V: The average velocity of the kink. This is the magnitude beined
in numerical simulations and experiments.

Phasep(n,t):  Trivially, the phase of the boris ¢(n,t) = wt — gn. It determines
when a bond is compressedt < ¢(n,t) < mand its state of compression. For
example,@(n,t) = 0 is the phase of the state of maximum compression of the
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Fig. 5 (Left ) Profiles of the displacements, for the sinusoidal magic mode)(and the ones
given in the original supersonic crowdions paper by Kodevaad Kovalev (1973) [13]. For a
quartic interatomic potentialA): u, = (2/m)arctarjexp(—q(n—V1t))] and for a cubic onel):

U = [1+exp(2g9(n—V1))] L. ( Right) Comparison of the compressiangt) = un_1 — Up for the
magic mode (-) with the soliton for the continuous KdV ecuat{1Z]: ¢, = Asecif[q(n—V1)]
(--). The functions have been rewritten so that the parammét@ve the same meaning. The magic
mode is between the two K&K solutions and it is wider than tlt/kone

bondc, = A, ¢(n,t) = —mrmeans the beginning of the compression process and
@(n,t) = mis the end. It is not periodic as a bond is just compressed, dirfce
exampleg, = 2 ¢, = 0 and notA.

Active: This term will change depending on the variable we refer o tke phase
it corresponds tep(n,t) € [— 11, 7).

Phase ratew:  Itis the rate of variation of the phase with timewe d@(n,t) /ot =
gV. Itis not the angular frequency as the ansatz is not a perfadction.

Compression time T: Itis the interval of time for which a bond is compressed or
activatedT = 21/ w. The interval of activity starts with zero compresser=0
and finishes with the same value. In the meantime it achigyesA, its maxi-
mum value. It also starts witlp = —rand finishes withp = . As the numerical
solutions become separate from the fundamental ansatpénatamnal definition
of T is the value that brings about a better fitgfwith the fundamental ansatz.

Phase delay g: It is the phase difference between two active (compressaujd
nandn—1, that is,q = @(n,t) — @(n— 1,t). Alternatively, it can be defined as
gq=2m(dt/T) = wdt, wheredt is the time delay between two consecutive active
bonds.

Kink lengthA: It is the spatial extension of the kink, very much relatethvihe
number of active bonds at a given tim¢a or simply A in scaled units. It is
given byA = 2mr/gand it is also the distance travelled by the kink during a time
intervalT, i.e.,A =VT. The usual relationships also hold, thatis= w/q and
A =2m/q.

Amplitude A: It is the maximum value of the compression



10 JFR Archilla, YuA Kosevich, N Jiménez, VJ Sanchez-M@and LM Garcia-Raffi

Fig. 6 Fourier spectrum of
the kinetic energy of the su-
personic crowdion obtained
from numerical simulations.
It is measured in a frame
that moves with the crowdion
< in the lattice. We use arbi-
trary units for the intensity
and scaled units (5 THz) for
the frequency. The value of
the first harmonic is exactly
the characteristic linear fre-

quencyv = V;/a = 2.7387
L J and circular frequency
O0 > 7 5 8 0 @= 2nv ~ 17.2, which

corresponds to ~ 134 THz
f in physical units.

Minimum distance R: Itis the minimum value of the interparticle distard;g that
is,R=a—AorR=1-Ain scaled units.

Characteristic frequency:  This is the inverse of the timét that the kink needs
to travel a distance of a lattice site, ive= 1/t =V /aor simplyv =V in scaled
units. Note thav = (A /a)(1/T) (andnot1/T). As the kink is not periodic it is
the physical frequency at which the compression, the ldr@tpotential energy
or other magnitudes change while the kink travels in a lattiéth perioda.
An example can be seen in Fid. 6. Their values for the crowdientherefore
Vv =2.7387 andw = 2nv ~ 17.2, corresponding to ~ 13.4 THz.

The equations for the displacementsand its derivatives will be seen in the
following subsection.

3.3 Phasorsfor the magic mode

The easiest way to visualize the relative phases and desasfadhe variables is to
consider the rotating complex vectorspirasors

by = geiq’(”vt), with @(nt)=wt—qgn and cy= §+ Re(bn), (7)
There is an important difference with the usual concept afSphs and it is that

the circle is not periodic. The only phase interval wheregthasors exists is- 11 <
o(n,t) < . If @(n,t) < —mthe phasob, has not yet come into existence and when
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@(n,t) > m, by has disappeared. Therefore, fpe 211/3 at a given time there are
three phasors in the unit circle as shown in Eig. 7. The thieesgrs have their
origin at(A/2,0) and rotate anti-clockwise with angular speedvhile the timet
increases, let us denote thém. 1, by, bp 1. In the followingn has to be understood
as the index of the inner bond of the three compressed ondwadndex of the
intermediate phasor, that isrt/3 < ¢@(n,t) < /3. If we denote a$, = n/V the
time for whichg(n,t,) = 0, then—T /6 <t —t, < T/6. This is not a restriction as
there is always a bond central to the three compressed ones.

The phasoby.; is behindb, ny an angleg and so on for a kink travelling to
increasingh number. Note thab, 1 +bn+bp 1 =0.

Therefore, the particles first reached by the kink have taphasep. The angle
@ = mis the angle for change of number, that is, whgn, reaches that position
it disappears from the circle and ceases to be active, itidgcthat the bonch — 1
is no longer compressed. At the same time, a new pHasorappears ap = —,
indicating that a new bond has started to be compressed ontesactive after a
time T it will in turn become inactive. As shown in Figl 7, the honital distance to
the vertical straight line through the origin is the compresc, = A/2+ Re(by).

Let us now consider the displacementsusingc, = Up_1 — Uy O Up_1 = Up+
cn. The particles not yet reached by the kink have zero displaocé and the first
nonzero compressionég 1. Thereforeu, = ¢, 1 andup_1 =Up+Ch=Cr+Chr1=

03¢

021

01

Im
o

-0.1¢

-0.2

-03

Fig. 7 Visualization of the evolution of the compressionis= —v, = uy_1 — Uy for the magic
modeq = 211/3 (A = 2/3). Three phasorb,_1,bn,bn1 centered af0,A/2) and rotating anti-
clockwise areactive(the bonds are compressed) at a given timénen—7m < @(n,t) < . Their
horizontal coordinates give the compression as can be séeg;. The maximum compression
Ajis achieved fomp(n,t) = 0. At @(n,t) = 1, by,_1 will transform intoby, » indicating that the bond
n—1is no longer compressed while the band 1 starts its compression cycle. The displacements
are active while changing and only two are active at a given time= cy.1 anduy,_1 = ¢, +
Cnt1 =3A/2—cp_1. Form> n, uy = 0 and form < n— 1, un = 1. Also the nonzero velocities are
Un = —wIm(bpi1) andup—1 = wlm(b,_1). Magnitudes are in lattice units= 5.19A
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A+ Rebp+bpi1) = A+ Re(—bp_1) = 3A/2—c,-1 as represented in Fifgl 7. To
summarize

Unt1 =0 (8)
A A A
Uy = Cny1= > +Re(bn, 1) = > + > cogwt —Qq)
3A A
Un,]_ = ?—Cn,l:A—Rdbnfl) =A—§COS(aJt+q) (9)

These equations are valid foe= 0 chosen as the time for which the central bond
n is most compressed, = A and remains centrak-1/3 < ¢(n,t) < 17/3 and
—T/6 <t < T/6.The following displacement,_» = ¢,_1+Ch+Cnp1 =3A/2=1

n—-3 n—2 n—1 n n+1 n+2 n+3
Site

Fig. 8 Magic modeq = 2r1/3 for a kink. A sketch of the system is shown for a full time of
compressiorT at time intervalsT /6. The white particle is labelled, therefore its displacement
is u, and the bond at its left is also bomdwith compressiorc, = —Vv, = U,_1 — Un. The origin

of time has been taken as the time of maximum compression rd boi.e.,c, = A andd, =
a— A. During the time interval in the graph the white partidenoves from siten to siten+ 1.

At timet = —T /2= —3T/6, the bondn is uncompressedc{ = 0, d, = 1) and again becomes
uncompressed at= 3T /6 = T /2. Note that during the first twd /6 intervals, although the bond
dn is changing, there is no appreciable displacemgniNote also, that the compressed structure
att = —3T /6 between sites — 2, n— 1 has moved at= 3T /6 to sitesn+ 1, n+ 2, i.e., the kink
has moved three sites or the length of the kink=\;T, while the white particlen has moved a
single site. Therefore, the average velocity of a particla timeT is (V,) = 1/T =V,/3. The
average velocity of a particle for the following folli/6 intervals, when it is actually moving, is

(Vo) =1/(2T/3) = Ve /2
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and equallyuy = 1 form < n—1, that is, for the particles that have been left dis-
placed by a lattice unit after the passage of the kink.

The particle velocitiesim = dum/dt can also be calculated and visualized easily
usingbpy, = iwby, and therefore Rém) = —wlm(by)

. ) A .
Up = €1 = —wlim(bpig) = —wz sin(wt — Q)

Up-1 = —Cr-1=wlm(by_1) = wg sin(wt + Q). (10)
For any othem, U, = 0.

For other integer values of = 271/q, there areA active phasors and for non
integer values, the number of active phasors changes betivevo integers below
and abovel. However, in this work we will concentrate on theagicmodeq =
2m/3 as itis very close to the crowdion found in the simulations.

In this way it is easy to construct the evolution of the péesaduring the com-
pression timé as can be seen in F{g. 8 for six times between/2 to T /2. In this
time the crowdion advances a length= 3, that is, three lattice units, but a single
particle just travels a single lattice unit. Therefore therage velocity of a particle
< Vp > is three times smaller than the crowdion velodity It is worth mentioning
that Fig.[8 also shows that only the two particles partiéigain the kink motion
are mostly involved in the motion at the same time, as thedorehtal ansatz with
sinusoidal waveform, Eql 5 with = 2r1/3 predicts[[14, 15].

4 Kinks with substrate potential: the crowdion

The introduction of a substrate potential also modifiesuttimlly the behaviour of
the particles in the kink. The phagén,t) is still very useful for the interpretation of
the movement of the particles. The crowdion, of ultradisckénk of fixed velocity
and energy that appears in the simulations correspondsaiggd themagic mode
but with some differences. Considering the white ball in.Biand denoting it by,

it basically does not move frotne [—3T /6, —T /6] as the Coulomb repulsion from
particlen— 1 is weak. For times close to= 0 when the strong ZBL potential acts,

it receives most of its momentum which it will transfer in dugurse to the follow-
ing particlen+ 1. However, in between, it will have to overcome the barriethe
potential, experiencing a deceleration and afterwardscarleration while going
downhill. Eventually the acceleration becomes negativié @speriences the ZBL
repulsion from the particle+ 1 ahead. The ascending and descending of the poten-
tial barrier by the particle produces a remarkable chanteiparticle displacement
Un and strainv, = un — Un,1 as shown in Fig$.]9. The kink has been converted into
a double kink: the first kink corresponds to the translatiba @article from the
well bottom to the top of the nearest potential barrier arelgcond kink to the
subsequent displacement to the following well bottom.
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t /T

Fig. 9 Comparison of the ultradiscrete kink defined with the fundatal ansatz in E€J 5 with =
2/3 andq = 2r1/3 with the ultradiscrete kink with fixed velocity obtainedire simulations dubbed
crowdionin this work. Dashed lines: ansatz, continuous lines: ciomdThe displacements;
correspond to the upper curves while the strains- u, — u,_1 correspond to the lower curve.
The kink transforms into a double kink because the displatgrhetween two equilibrium sites
is divided by the nonequilibrium position at the top of thegudial well as can be seen in Fig. 8.
The magnitudesi, andv;, are given in lattice unita = 5.19A. The compression time is given by
T =1.095 or 0.22 ps in physical units

We would also like to mention in connection with Fid. 9, thla¢ fundamental
ansatz with sinusoidal waveform, Eq. (5) pe 271/3, and corresponding dashed
lines in these figures give much better agreement with thelations of supersonic
kink motion in the Fermi-Pasta-Ulam lattice without subs#r[15]. The deviation
from the ansatz prediction in Figl 9 is caused only by theques of the substrate
because the ansatz was originally proposed for the tramsédlly-invariant Fermi-
Pasta-Ulam lattice [14, 15].

The separation from the ideal functions of the ansatz cantssseen in Fid. 10
where the displacements are shown at a given time. It can $e&redxd that the de-
viation from the magic mode are important qualitatively bat so much quantita-
tively. A more significant difference appears in the velesitvhich are represented
in Ref. [3] but can also be seen easily in the slope of[Hig. ohding to Eq.[(ID)
the maximum particle velocity using the ansatzis/2 = 1.91 or 5 km/s, while for
the observed one for the crowdion it is 2.9 in scaled units®kih/s attained when
the particle is going uphill or downhill. The minimum pai&orelocity is achieved
at the top of the barrier.
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Fig. 10 Three plots at different times (&)~ —T /6 (b)t ~ —0.5T /6 (c)t ~ 0. They show the profile
of the displacements;,, (upper curves) and straing = u, — Uy_1 (lower curves) with respect to
the particle and bond index The continuous lines represent the theoretical ansat@lEgnd the
circles represent the points corresponding to the numesiiceulation of the crowdion. Time=0
corresponds to the maximum compression of bondhe variablesi, andv, are given in lattice
unitsa = 5.19A. Every T/6 the theoretical and numerical solutions becomes almestiichl as
can also be seen in Figl 9. Subfigure (b) represents the maxsaparation from the theoretical
curves

5 Phonons and crowdions

The introduction of the substrate potential brings abognificant changes in the
system, not only for the kinks but also for the phonon spectrie first review
the properties of phonons in a system with substrate paiearid then use them to
analyze the phonon tail of the crowdion.

5.1 Phononsin presence of a substrate potential

The dynamical equations for small perturbations become
(in = —@WhUn + C5(Un 1+ Un-1— 2Un), (11)

with ¢cs = v/2. The linearization of the coupling terms come only from@wilomb

one. The ZBL potential does not appear because it is zeraorfall sscillations. The
substrate potential has been reduced to a harmonic one @girgahe sinusoidal
functions. The value ody, is obtained using the values of the Fourier coefficients of
the substrate potential in EQJ (4)

W= % (27mm)2Up,. (12)

m=1
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Fig. 11 (a) Dispersion relation, (b) phase velocity and (c) groulpciey. The three plots are for

longitudinal phonons in a potassium row for the system wittsubstrate (dashed line) and with
substrate (continuous line). Scaled units are approxisnat€Hz for frequency and 2.6 km/s for

velocities. White circles are measurements from differemherical simulations. The black circles
are the theoretical values for the phonon tail obtained bkingethe phonon phase velocity equal
to the crowdion velocity

The resulting numerical value isy = 4.48 in scaled units, corresponding to 3.6 THz
or 119 cmL. The coefficients = v/2 or 3.7 km/s in physical units is the speed of
sound in the system without substrate.

Substitution ofu, = exp(i(qn— wt)) leads to

— P =+l +e 10 2), (13)

From this equation it is easy to obtain the phonon spectrabenphonon velocities
and the group phonon velocities. They are given by

w? = w§+40§sin2(g) ; Vphase:%)

dw cZsing

Vy = — = .
Poda g ragsid(d)

The corresponding equations for the system without sulestne identical with
wp = 0. In this cases is both the phase and group velocity in the long-wavelength
limit (q— 0).

For the system with substrate is the lowest phonon frequency, corresponding
to the long wavelength limito( — 0). This can be seen in Fig.J11 where the disper-
sion relation, the phase and the group velocities are shiote the main changes
produced by the introduction of the substrate potentigltifa phonon spectrum
becomes optical, i.e., bounded from below, (b) the phasecitgldiverges when
g — 0, and (c) the group velocity becomes zero bothj at0 andq = mand has a
maximum close t@ = 71/2 but with a much lower velocity.

The value of the wavevectar corresponding to the maximum group velocity
can be calculated as it corresponds Yg/diq = 0. Equivalently it corresponds to

(14)
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the maximum of the function

V§ sir?(q)

@ =" = @2 +2c2(1—cogq))’ (13)
where we have used that 25ig/2) = 1— cogq). Then
df(q) _ 2sin(a)cosa) (g + 2§ — 2cfcosq)] —sir(q)[2cEsin(q)] ) o0
dq wh + 2¢2 — 2cZcoq)
Making the numerator equal to zero, we obtain:
(g +2¢2) cogq) — 2c2cog (q) — Zsin’(q) = 0, (17)
which leads to a second order equation in(qds
c2co(q) — (ah + 2¢2)cogq) + 2 =0, (18)
with solution
6f + 23 \Juf + 4 "

cos) = =
S

For the values in the present system, only the minus sigrsgiveal value of| =
1.4870rad corresponding to a wavelengts 4.2253, and maximum group velocity
Vgm = 0.4091.

5.2 Crowdion phonon tail

When the kink is produced, its amplitude diminishes towahnéscrowdion’s one in
an asymptotic way. Therefore after some time, the nonlimeaes are no longer
produced but there is always a linear vibration left behiltdoaigh with decreas-
ingly smaller amplitude. This is why the crowdion contingespagating. The tail
is a plane wave and as such does not transport energy, bueticedy could be
measured to detect crowdion properties. We will call it i@non tail Note that
the velocity to describe these plane waves is the phaseityelotd which in this
case is unbounded. The crowdion is moving at spexthd leaves at each site some
small perturbation exactly at the same estate at times atgohbydt = 1/Vc. In
other words, the phase velocity of the phononVaik the same as the velocity of
the crowdion; .

Vphase= Ve = 2.7387 (7.2km/s) (Phonon tail. (20)

The wave number of the tail can be obtained from the equaliprse= Ve =
w/q = [wf + 4sirf(q/2)]*?/q, which can be solved numerically or graphically
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Fig. 12 (Left ) Plot of c, +nwhere the double soliton structure, period and other cromgaram-
eters can be appreciated. (Right) Phonon tail amplifiedrb@di It is a perfect plane wave with
parameters with the same velocity of the crowdibr=\; and similar parameters although not
identical T > T.,q = dc,A 2 Ac. Note that this parameters are not well defined for the crowdi
and only approximate

from Fig.[11(b). The result ig = 1.8290= 0.5822rand thereforev = g\, = 5.00,

T =2m/w= 12544 andA = 211/q = 3.44. So the parameters are very close to the
wx , Tc andA¢ of the crowdion. In some sense, they can be considered astild a
parameters of the crowdion as they can be measured. Notéhdsst parameters,
asA¢ are not well defined as they depend on the algorithm used twefitamerical
solutions. Figuré2 represents a picturepéind a view of the phonon tail far,,
similar toc, where the perfect plane wave and its parameters can be &aprkc

6 Excess energy and thermalized medium

In this section we present the results of different simafaito show the capacity
of the crowdions to survive a perturbed environment whegdiaenergy is initially
delivered and, second, the behaviour of the crowdions withperature.

6.1 Excess energy

We present some examples of simulations when the lattice&vé&1gnore energy
than the 26.2 eV needed to produce the supersonic crowdiaemergies range
from 130 eV to 520 eV. They are represented in Eig. 13. In (a)gle crowdion is
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Fig. 13 (Color) Particle energy plots of several examples of crondormation in arbitrary units
of ~ 3 eV. Initial energy increases form (a) to (f). Many featuras be observed, among them the
specific velocity of the crowdiol, the formation of nonlinear waves and phonons, the formatio
of two crowdions and the survival of the crowdion in the selyeperturbed media for hundreds of
sites
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formed after nonlinear waves are emitted. In (b) two crowdiare formed leaving
behind an stationary linear wave. Note how the second camaglirvives to the tail
of the first and the common velocit¥% of both. In (c) the excessive energy destroys
the second crowdion which transforms into a highly localinenlinear stationary
wave. In (d) the second crowdion survives again, while int(&) again destroyed.
Extensive phonon radiation and wandering kinks can be settreilatter figure. In

(f) a second crowdion survives for 150 sites in a highly pdéd media but it is
finally pinned down.

6.2 Thermalized medium

An interesting question is whether the crowdion can traweldgh a previously ther-
malized medium. This is not only a question of general irsiebat particulary im-
portant for mica muscovite. As it has been calculated in Refcks in mica: 50
years later[27], the recording process of tracks happens a few kiloreatader-
ground under large pressure and temperatures of 700-108iEHough much more
work is necessary, the answer is positive. For comparisgiild (a-b) shows two
simulations at 300K and 1000K in the system without substpattential where
the kink survives over hundreds of lattice sites. It is nailyesurprising as, if we
compare the energy of the crowdion 26.2 eV with the mean takemergy of a par-
ticle ksT, the crowdion energy is 1000 and 300 times larger at 300K &9 K,
respectively.

In the case of including the substrate potential, as showrign[I4 (c-d) for
300K and 1000K respectively, the crowdion can also travehfmdreds of sites
of the previously thermalized media. As it was studied in. {2f the crowdion al-
ways has finite kinetic energy, but the final total energy efkimk, Ey, is always of
the order of magnitude of the Peierls-Nabarro (PN) barfiee equivalent kinetic
energy equivalent for the thermalized media is 0.005 (0edf) 3t 300K and 0.016
(0.043eV) at 1000K in normalized and physical units . Thesleas are far be-
low the energy difference between the PN barrier and the &imgegy. However, in
some simulations, for temperatures of 1000K the thermi@dizas not completely
achieved due to appearance of nonlinear waves instead abpsoTherefore, lo-
calized peaks of the background vibrations can interfeth thie crowdion where,
in some cases, it can be trapped leading to a highly locahoadinear stationary
perturbation. Figure14 (d) shows and example of this sinatvhere the crowdion
is eventually trapped forming an interstitial defect.

Thermal effects discussed in this section lead to diffesentival path lengths of
the crowdions. If the hypothesis of crowdions propagatmmgica muscovite is cor-
rect, they might be related with some of the tracks obsemdte mineral. Other
feature of the presented simulations worth remarking omas the high equiva-
lent temperature of the nonlinear tail radiation of the alawa is likely to favour a
change of structure and the formation of tracks.
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Fig. 14 (Color) Particle energy plots of two crowdions travelling & previously thermalized
medium at (a,c) 300K and (b,d) 1000 K, top without and bottoith wubstrate potential. Color
bars are in 10log)(E) units
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7 Recoil energy of*K

If the hypothesis of quodons being vibrational entitiesarfd of potassium is cor-
rect, the most likely source of energy is the recoil frét{ because a) the energy
will be given directly to the potassium ion'K b) the relative abundance and decay
frequency of°K, and c) because of the energies involved as explained below

The two most abundant isotopes of potassium are the stibnd*'K isotopes,
with 93.7% and 6.7% abundance respectively. The next mastdsnt isotope is
40K with a very long half life of 1248x 10° years and abundance of 0.0117%. This
isotope is the most important source of radioactivity fomtauns.

As shown in Fig[Ib and tablé 2, the nuclé8K experiences decay through dif-
ferent branches with two daughter nué&Ca and°Ar [4)20]. The main parameters
of the decay aré, the intensity of a given branch in % a@j which is the difference
between the rest masses of the parent and daugtaers The difference of mass
between atoms is better tabulated than between nuclei.efattims are neutral the
mass difference between nuclei has to take into accountffieesthce in the number
of electrons in the neutral atoms. The available energydeiiend on the rest mass
of the parent and daughter nuclei and other particles. Ithgilobtained below for
each type of decay.

The decay branche8— andf+ involve the emission of an electron or a positron
and a neutrino. The electron or positron velocities are shahthey have to be
treated relativistically, while the recoil velocity of tmauch heavier nuclei can be

ElU e
(1.2504(30) - 10” a)

[
ot e /
/
/ B8
%/ 89.25(17) %
10.55(11) % 0-2(1)“//0 (7 %

, Q = 1311.07(11) keV
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0.00100(12) % 0+

Q = 1504.69(19) keV “Ca
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Ay
Fig. 15 Sketch showing the different decays and branchintfisf Reproduced with permission

from: Pradler, J., Singh, B., Yavin, I.: On an unverified macl decay and its role in the DAMA
experiment. Phys. Lett. B20(4-5), 399-.404 (2013). Copyright Creative Commons BY 3.0
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described classically. We will suppose an electron to sijnpihe language, but a
positron can be equally described in what follows. The maxintecoil energy of
the nucleus is obtained when the neutrino gets no kinetiggn&he recoil energy
is much smaller than the electron energy, so it can be negléctthe energy cal-
culations while due to its large mass, it is essential forttenenta balance. The
electron maximum energy B = mec?+ E, beingE the available energy in the de-
cay, ande2 = mgc* + pZc?, wherepe is the momentum of the electron. Considering
the parent nucleus at rest, the momentum of the nucleusnsid¢aéto the momen-
tum of the electromy = pe = (1/¢)(E2 — méc*)Y/2 and the maximum nucleus recoil
energy is given bfEy = pg/(2my). The decays always involve the emission of a
neutrino and may include the emission of a photon, eijhfeom the nucleus of X
from the electron shell, although the latter have much smalhergy and momen-
tum and will be of no importance for K recoil. The neutrino can be considered as
a massless particle as its rest mass it known to be bel@w\2&. Therefore for
photons or neutrinos their energy is giventyy, x = pc. If only a photon or a neu-
trino is emitted the recoil momentupy, is equal to the momentum of the photon or
neutrino and triviallyEy = P3/(2my). If there are only two daughter particles the
recoil energyEn has a single value.

Other data of interest are the ionization energies of K arti@tlaughter nuclei.
If the recoil energy is larger than the ionization energytd itoms that interact,
it can be used to ionize an atom or ion and the energy cannoabsférred to the
neighbours. The ionization energies of the daughter atooms 1°K decay can be
seen in tabl€ll. A examination of the possible ionizatiorcpsses is done in the
following subsection.

Table 1 Table of ionization energies (eV) of atoms involved¥ decay [17]

Element | 1] Il v \Y

Ar 15.76 27.63 40.74 59.81 75.02
K 4.34 31.63 45.81 60.91 82.66
Ca 6.11 11.87 50.91 67.27 84.50

As the lattice is formed by K, it is probable that the second ionization of K,
31.6 eV, is an upper limit for crowdions or single row kink egies.

7.1 0K decay branches

Here, we analyze in detail the different decay branches.mnsary if presented in

table2.
The“°K decay branch that leads #8Ca is:



24 JFR Archilla, YuA Kosevich, N Jiménez, VJ Sanchez-M@and LM Garcia-Raffi
B~ decay

B~ : Decay with emission of an electron
With 13~ = 89.25% and mass difference between at@ns 131107 keV [20].
As the Ca atom has an extra electron, discarding the elebinoimg energy of a
few keV, the mass difference between nucléis mec? and the energy available
when emitting an electron B ~ Q + mec? — mec? ~ Q which will be shared be-
tween the electron and the antineutrino emitted. Thergfoeemaximum kinetic
energy of the electron a@ndpointis almost equal t&@. The daughter nuclei of
40Ca have a continuous distribution of energy with a maximurmB,o 42 eV at
the endpoint corresponding to a velodity= 14.4 km/s.
The proton number increases by one, but the number of efectloes not
change, therefore the daughter ion would be Cavith 50.6 eV third ioniza-
tion energy. This is a likely origin of quodons for the decayth recoil energy
smaller than the 31.6 eV K second ionization energy. Theilewdth larger en-
ergy will be able to deliver up to 10.4 eV after the first cadlis that could pro-
duce breathers but not crowdions.

The following processes had@Ar as daughter nuclei being the difference between
the atomicmasse®) = 150469 keV. As the Ar atom has an electron less than K,
discarding the electron binding energies the mass difterdretween nuclei is
Q— mec? and the energy available depends on the specific decay.

EC1:Electron capture with decay tfAr excited state angt radiation.
With le = 10.55%, an electron from the shell is captured, therefore thdahle
energy isE ~ Q — mec? + mec® ~ Q. In this decay a monoenergetic neutrino of
44 keV is emitted with negligible recoil (26 meV) and the datgg nucleus is in
an excited state. Thereafter, the excited nucleus decaye tground state with
the emission of a 1460keY ray [20]. The corresponding K recoil energy of
4OAr is Ey ~ 29.2 eV with velocityV = 12.0 km/s. As this is a two body process
Ex has only slight variations due to interactions with the kélelctrons.
As no charge is emitted from the ion"K the daughter will also be a monovalent
ion of Ar™, with 27.7 eV second ionization energy. So there is someghibh
ity that the first A" collision with K will further ionize Ar". The remaining
energy 1.3 eV will not be enough to produce a kink but may pcedubreather.

EC1+CE:Electron capture with decay t§Ar excited state and conversion electron.
This is actually a subset of the previous decay, but with &glodity 1I=0.001 per
100 decays, the 1460 kextay emitted can interact with the shell and deliver the
energy to an electron, called a conversion electron. Saxaefeaw keV of binding
energy they energy is converted into kinetic energy of the electronhaitecoil
for the ion of 49.7 eV and 15.6 km/s. This is the largest enefall the recoils.
As an electron has been emitted from the shell, the daughtewill be Art+
with 40.8 eV third ionization energy. This ionization ané 8.6 eV second one
of K* are likely to occur. The remaining energies of 8.8 or 18 e\hcaproduce
a crowdion but will be able to produce breathers.
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EC2:Electron capture with direct decay f8Ar ground state
With probabilityl = 0.2%, the energy available as in the decay abo#eisQ =
150469. There is a direct decay to the ground staté%af after the capture of
a shell electron and the emission of a monoenergetic nettnat takes most of
the energy availablg ~ 150469 keV minus the electron binding energy which
is only a few keV [21,, 34]. The recoil energy is 31.1 eV. Thelshmits a 3keV
Auger electron when another electron of the shell occupiessacancy left by
the captured electron, however, this has a negligible kecoi
The daughter nucleus has lost a positive unit charge butlasghell has lost two
electrons, the captured one plus the Auger electron. Towr¢fie daughter ion
will be Ar™™, which has too little energy for further ionization of Ar or K+
which need 40.8 and 31.6 eV, respectively. Therefore, itldibe a likely source
of crowdions but difficult to distinguish from thg™ recoil.

B : decay with positron emission
With very low probabilityl 3 = 0.001%, the available energy is the mass dif-
ference between nuclei minus the mass energy of the po®trotted, that is,
E ~ Q—meC® — meC? = Q — 2mec® = 4837keV. The energ)E is shared be-
tween a neutrino, the emitted positron and the daughterensciTherefore,
the positrons have a continuum of energies with a maximumasrendpoint
483.7 keV [4]. 8, 20], which leads to the maximum recoil endggy- 10 eV and
velocity of 7 km/s.
As the atomic number is decreased by one unittdl, the initial ion K" has lost
a positive unit charge, but there has been no change in theerwoh electrons,
thus the daughter ion will be a neutral Ar interacting witlbhtange forces with
the neighbouring K. The first ionization energy of Aris 15.8 eV, so, actuallg th
Ar atom has less of the required energy for ionizing itsefoorfurther ionization
of KT and will be able to keep the 10 eV energy. This seems toofitproduce

Table 2 Table of decays fof°K

Decay B~ EC1 EC1+CE ECZ B+
Intensity 89.25% 10.55% 0.001% 0.2% 0.001%
T (keV) 1311.07 1460 1460 1504.69 483.7
Emitted charged particle e e e er

Recoil from v+e y e v v+et

Max Recoil (eV) 42 29.% 49 M 31.M 10
Daugther ion (A=40) car Art Artt Art Ar

Max V (Km/s) 14.4 b4 15.M 12.M 7
lonization of daughter (eV) 50.6 27.7 40.8 40.8 15.8
Aq (e) +1 0 +1 +1 -1

1 Subset of EC1 when the gamma is delivered to a shell electron; M Monocromatic
2 Direct decay to Ar ground state, recoil from neutrino entissB KeV Auger €

EC: electron capture; CE: conversion electron; T: energylavle excluding rest masses
lonization energy of K 31.6 eV
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a kink but may produce a breather. Due to their positive aagrgsitrons leave
tracks in mica muscovite [25, B5].

A study with the correlation of positron tracks, thicknegstribution of quodon
tracks and other characteristics could make it possibleotdiren the nature and
characteristics of quodons. S&@cks in mica: 50 years latdor more details[[2]7].

7.2 Secondary processes

Electron—positron pair productian
This is a secondary process after theay emission of 1460.82keV considered
above[[8]. It needs the interaction of theay with a nucleus, and the produced
positron and electron can share the energy in any propoifio® maximum re-
coil energy corresponds to a single particle taking almthgsha energy except
for the small amount taken by the nucleus, which is neceskaryo momentum
conservation. The available kinetic energyeis= E, — 2mec? = 437.4keV and
the maximum recoil energy B = 8.8 eV. The probability of the combined pro-
cess of electron capture and pair production is of the sader of magnitude as
B+ emission and also the energies are similar [8]. The proipabil interaction
of they ray with a nucleus is proportional ## which favors the interaction with
potassium; however, potassium atoms are only 5% of the atomga.
As the energy is smaller than the second ionization enerd¢§yaf31.6 eV it is
likely that the subsequent®-K™ collisions are elastic.

Other secondary processes may also occur via other rai@aciclei and their
corresponding decay, but it will be beyond the objectivehif work to continue the
subject further.

8 Summary

In this work we have described in detail the magic mode forstngin or compres-
sion of the bonds. A construction in terms of phasors has Heeeloped in order
to obtain an intuition of the relative phases and behaviduhe particles as the
kink passes over them. We have considered an 1D model fotdke-packed lines
of potassium ions inside a cation layer of mica muscovitagisealistic potentials.
There exists only a single kink with a specific velocity andmgy dubbed the crow-
dion. It is relatively well described by the magic mode bug Kink is transformed
into a double kink. It leaves behind a phonon wave with exptialy diminishing

amplitude that travels at the same velocity as that of thk. li&mulations with dif-

ferent initial energies bring about a variety of phenomertduiding the formation
of two crowdions that leave behind nonlinear waves and phenthe crowdions
also survive at temperatures of 300-1000K. Finally, anyasislof the possible de-
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cay modes of%K has been performed including their possible consequenitbs
respect to crowdion formation. A careful study of the traicksiica muscovite com-
pared with the decay modes can shed light on their charatitsrand origin.

The energy of the kinks or crowdions described in this worklsa provided by
the4°K decay and is enough to expel an atom at the border. The comwdurvive
to high temperature and travel long distances. They trahgusitive charge and
therefore are very likely to be recorded in the form of daskcks in mica muscovite.
If they are the cause of the quodons or other marks observbisimineral is still
an open question.
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