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ABSTRACT

Further development of the kinetics of non-stationary non-equilibrium col-
lective explosion-like phenomena in a short-lived hot spot (SLHS) initiat-~
ed in a small near-to-surfsce material volume by a low energy ion (LEI)
and leading to sputtering and changes of local material properties are con-
gidered.Equations and estimates of instanteneous parameters of the hot
high pressure SLHS fireball formed by the LEI are obtained.

1. INTRODUCTION

The bombardment of solid materials by low-energy ions (LEI's) with energies
3 =Mv2/2 from a few sputtering thresholds up to € « 10“ev leads to sputter
1ﬂg.cﬂanges of material properties and other relaged phenomena important
for tokamak devices,for 81asma coating and deposition,for plasma chemical
reaction kinetics,etc." +The present knowledge about phenomena initiated
by a single LEI on the material surface and in the near-to-surface bulk is
rather poor and many observed phenomena are not quite understood,in spite
of decades of investigation and many attempts to construct theoretical mo-
dels of sputtering and related phenomen#;ﬁ? the same time many relevant
experimental data have been accumulateg and empirical relations for
sputtering phenomena were auggested1'1 s Earlier applications of the
equilibrium statistical thermodynamics to the sputtering problem have
fatled,since the equilibrium philosophy is not applicable in this cagedr 13
14.Theoretica% schemes based on transport theory and the binary collision
approximation 5 face serious conceptual objections in the case of the LEI
bombardment,and they also meet with sign%ficant difficulties in the inter-
pretation of many observations?s +9=14,15 pphe spike model17~19 and the
shock -wave onel6 face ‘the problem which follows from the absence of proper
methods to treat very non-stationary non-equilibrium collective non-linear
gshort-term behaviours of small grougs xf atﬁgngly interacting particles
with highly excited energies €55 k113+14420-25% 75" the case in question the
conventional methods based on the Hamiltonian formalism (which was used to
consider ejection of molecular clusters?2),on the equilibrium statistical
mechanics and so on are invalid.In this connection the author has suggestal
the program9'13'14 of a semiphenomenological treatment of the LEI-target
interaction by combining some ideas and methods of the non-stationary non-
equilibrium thermodynamicséﬁiggtics,microggsdynamics and certain modifica-
tions of the ideas used in and the concept of the LEI-induced ih?§t—
lived hot spot (SLHS) with short lifetime T}=T +Ti+T; including s 14, :
a) quasi-gas stage (QGS) lifetime T,, b) quasi-liquid stage (QLS) time
Th)T’ and c¢) hot solid stage (HSS) %ime T§>ti-This work presents a further
deve%opment of the above program.
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2. STATEMENT OF THE PRUBLEM.

The initial state of the LEI-solid system just before the LEI starts to in-
teract with target particles 1s determined by the ordered state of materid
composed of particles of mass m mainly performing small the{Ta oscilla~-
tions at temperature($ 3nd by the LEI having momentum p =[p 'pou]'1th
"inward” component p ) perpendicular to the surface and d rected towards
the material bulk ana "gideward" component Pou ’{pox’poy} directed paral-
lel to the surface.Then

(in) -1 [ (in),2 2
io £o.L * Lou =(21) (pol )e pou ] (1)
Immediately after the SLHS decay one can find short-term: a) energy and
momentum micro-fluxes directed towards the material bulk and b) mass,elect-
ric charge,energy and momentum microfluxes directed towards the vacuum.

Sputtered particles (sing%e g rticles,ions,clusters,etc.) propagating in
vacuum with momenta p ={p ou } and with kinetic energies

(out),2 2 (out)
€= am L0 4 92 1= 0" v g s (2)
where péiut) is the "“outward” momentum component perpendicular to the sur-

fuce and directed from it towards vacuum,pg, is the "sideward" momentum
component parallel to the surface.Then (3)

(in) 2 2 (out) 2 2
£01 = Eocos ‘fo' £oll = Eosin \fo' £s1u = fscos \fs and [su =£ssin Ya'

where ‘fo and ‘fs are angles of LEI incidence and of sputtering.Therefore
the LEI - solid interaction leading to sputtering is inevitably associated
with the in~to-out conversion of direction of particle momenta,where the
kinetic energy of spugtered particles (or clusters) on the surface should
satisfy the condition?»

(out) _ 2
f:a.i. - EBGOS T8>AEE ’ (4)

where AE% is the surface energy barrier of sputtered particles.Various
mechanisms of such conversion and related sputtering can be comsidered:
(1) Sputtering of a single particle caused by the direct LEI - target
atoms interaction''.(i11) The ejection of a single particle by LEI which is
reflected in the interior of the target and on its way out again sufferq a
heavy collision near the surface causing the ejection of a surface atom
The above two mechanisms,(i) and (ii), help to explain some sputtering dat@
however they do not help to interpret observed cluster and ion sputtering
and known changes of material properties which frequently accompany sput-
tering. (iii) All the above phenomena can be caused by a rapid release of
LEI energy £°'~(1O -105)kT in small near-to-surface volume Vf containing
a not high number Np= Vg /0l o °f material particles in the case of heavy
LEI's.This energy release can produce the initial hot high preasure SLHS
fireball (see the next section of this paper) in a very small volume.Such
fireball,in turn,can induce explosion-like phenomena associated with for-
mation of intensive microshock waves,of cumulative microjets and other
collective and gasdymamic processes that can lead to: a) ejection of clus-
ters (of various compositions),ions and single particles with wide energy
spectra and with various excitations, b) changes of local material proper-
ties and so on.In the case of light LEI's such intensive fireballs and re-
lated phenomena do not take place. (1v) Possible evaporation of material
particles from the SLHS and short-term rearrangements of the local materi-
al structure in the SLHS during successive SLHS stages can lead to addi-
tional sputtering of low energy particles and changes of local material
properties.

Therefore,observed sputtering yields
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Y = Id+Yr4Yg+¥e . (5)
which include components Y ,Y ,Y and Y associated with the above four
groups of processes,can hage different compositions,energy spectra and in-
tencities.Each of these components and related SLHS phenomena deserves the
thorough elaboration.In this paper we shall confine ourselves mainly to
the discussion of some questions associated with formation of the SLHS
fireball by LEI's with M*m and M)> m which is one of the chief processes
in the SLIHS kinetics and related phenomena.

3o FORMATION AND INITIAL PARAMETERS OF SHORT-LIVED HOT SFOTS.HEAVY AND
LIGHT LOW ENZRGY IONS,

Consider the LEI slowing down to energy £ of of a few ev (when it ceases
its propagation in the materia114) during Atf which is treated as the du-
ration of formation of the initial SLHS state.During 4ty the LEI suffers
oLef random collisions with target particles,where déf and Atf are

~n=1 e
obeg 7 1n(g /€ ) end At md .81/, (6)

here #=p¥ 1is the mean fraction of energy of the LEI losses per one col=-
lision,y=2mM(M+m)™°, reflects deviations from the binary collision appro-
ximation and can differ markedly from 1 in the case of M~m and M> m,when
the collective character of the LEI - target atom collisions play a more
important role; Al is the LEI mean free path length.During the slowing
down the projectile performs a 3-dimensional random walk with the effectiw
"drift velocity" ud«‘-r° directed along the original direction of the LEI
motion.This directed drift velocity is more_propounced in the case of hea-
vy LEI ,M>>m.Therefore if LEI energy io~4(103-10 )kT is released and rapid-
1y redistributed in rather small volume V¢ with low number Nox V /{l (for
not too light LEI's),it leads to formations of the initial ho£ high pres—
sure SLHS fireball in the near-to-surface material matter,17° is the volu-~
me per particle.This causes a very rapid and drastic transformmation of the
material state and properties.To estimate the fireball parameters for vari-
nus M/m and fo.introduce diffusion coefficient Df::Al'\'i° characterizing
the LEI random walk during A t..Then the depth of LEI penetration in the
material serving as the space fireball scale,volume Vf and number of par-
ticles Nf in V¢ are

- 3
srxmp as)t =01 e s e 0] &)
3/2
3
VoA AL = A Al-['z «1n( & /Zof] (8)
~ [t 3
N, = V0, [? In(s / zof)J (ar’/n) 9)
The LEI netway during Aty is
- -1
Lf=Atf-vo:oLef~A1z'L Al ln(Zo/ £of)>AL (10)

Since every material particle receiving ener%y from the LEI strongly inter-
acts with @ rapidly moving neighbours”» yenexrgy Eo- Eof is quick-~
1y redistributed between Nf particles: part W, of this energy can be con-

sumed to destroy crystal bonds,to ionize firegall material particles,etc.;
the other part i o produces fast and high heating of Ng particles.
The SLHS fireball can ge characterized by kinetic temperature
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associated with high fireball inner energy Ur= U,g+ Co,where UQf is the
inner energy of the N. particles before the LEI = target interaction starts,
Ef:sjk'nf is the mean {hermal energy of the fireball particle,

-1 =3

=k 1n A = kN 1n — i Ve
Sg 1n 5 x (APfopfyApfz n, °h ) (12)

is the effective fireball entropy associated with statistical welght

N 3N N
= ° . t [ £,~1 N & " o1 -3, f
Ol =CAPg e 8Peye Apg,) "o (N toh 5) alos Apgy Apgy Ay, eny +h ) F (13

of the Ng Rarticles with effective phase space volume u)fa(Apf . Apf °
. Apfzcvf) f.The fireball pressure can be estimated by X y

~ (v =N sy )~? ~ (AT 3

PoZB (£ - ¢ W) (Vp=NooV ) with V (47 ”’"u . (14)
where By 1s the fitting dimensionless coefficient,r, is the effective ra-
dius of material particles.Besides the initial excited energy Eo— €or
the SLHS fireball as a whole gains from the LEI a finite initial momentum
T .~M°v_and velocity V.= 'ﬁ}/Nf'm along the original direction of the
LEI motion.Values U.,T.,P.,S o Te and V. characterize the initial condie
tions of the SLHS firegali ai moment 7' =0 which is considered the refe-
rence point of the local SLHS time scale (similar to the SLEF peak moment
T.=0 in the SLEF theoryzo).Phenomena associated with SLHS formation at
TA <0 are treated as fireball advanced ognes; processes associated with
fireball time evolution and decey at 'TR)O can be treated as fireball re=-
tarded ones.

The obtained equations allow to estimate fireball parameters for differ-
ent ratios M/m,since

Tf~u;1~r&3/2, P 23/2,:« P'EmM(NHm)-Z and Vv .~ 23/2 (15)

Let M:mxﬁOmu,BxO.S, EOZSOOeV.Vés)"IOE'cm/s, EOf,r:Sev ythen,if A =2,

~3:10"8m. 5 ~ ~ 106 N oV
£1=%310 om, v X 0.3vo~10 ca/s8, p:ﬂ,},vf Nf Vo,.,O.SV.f.one finds

3; AL =710 %nm, -

(16)
—5105cm/s

= . 8 5 AT e Do 0T
wf~o.2£°.g¢ef~7,hf~d,ef d%2°10 “cm, At % 22108

- - 6
V.~ 10 21cm,Df'x 3°10 2cmz/s,ﬂ.fzJO,Tf’.‘-'‘,3’10‘“{»'1‘,1’ =10 at,v

f f f

Such initial SLHS hot high pressure fireball can produce very intensive
cumulative microjets and microshock waves,

Light LEI,when M<«m and 1% 1.In this case,if M =0.02m=m, A1z2d10ther

conditions ?qual,one ﬁ’%nds § 4~ 0.05, ?1/'2’-1‘ 10,vyx3-10'cm/s,v_ = 10'cm/s,
5 - . o "

OLf’: 10 Atf::4.z-1o s,Df=0.6cm2/s, AL=5°10 ’cm.Vrc‘: 2452107 %n ,

N;'_‘.’quB' £ /Nf’;’ 0.0Sev,T;-—T': 200°K,v}—«> O.Hence one can see that for
o

light LEI's hot high pressure SLHS fireballs are not formed and therefore,
one cannot expect formation of cumulative microjets.and very intensive
shock waves here.
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The above differences in formation of the initial SLHS when M=zxm and M> m
can be one of the maln reasons of observed higher sputtering yields of the
heavy LEI bombardment.A more detailed study of the fireball and related
SLHS phenomena will be considered in another article.

4, QUALITATIVE CONSIDERATION QF THE EVOLUTION OF THE HEAVY LEI-INDUCED
FIREBALL.

The SLHS evolution from the initial "fireball state" is determined by com-
petition of various factors: (i) The LEI energy £, released in the fire~
ball is redistributed between various degrees of freedom of the material
particles and the LEI.Energy Wf is consumed for destroying the crystal
structure,for ionization and excitation of inner degrees of freedom of

the involved particles.This part of energy depends on the structures of
the material particles and the LEI,on particular properties of their inter-
action,on binding energy Ep of material particles,etc.Only energy £y

can be converted in the thermal motion of fireball particles.The condiftim

E
ey =W en sy [p e s D] (ar’n )Y ()

which can be satisfied only for heavy LEI,enables one to expect that all
fireball particles can be involved in the motion during the fireball evo-
lution, (ii) When Nf is not large,the fireball as a whole can gain not
low initial velocity vex Moy /N °‘m along the original direction of the
LEI incidence.This fireball 8irected motion,which is practically immedi-
ately stopped,can initiate a strong cumulative microshock wave in the
direction opposite to the original LEI incidence,due to reflection from
the cold surrounding media.The directed fireball motion involves material
mass Ngem and is associated with energy

€42 meN vy 2/ ¢ /N ). (M/m)<<E (18)

(1i1) The fireball having high T¢ and P. ,can generate a microshock wave
coming to the surface.This wave can carry energy of the order up to
0.5( € 5~W.) and can produce microcraters (or funnels) and protrusions on
the surface by sputtering a small part of the involved particles,of which
energy on the surface satisfies condition (4), and by explosion-like spit-
ting on the surface the rest of the involved target matter which cannot
overcome the surface energy barrier, (iv) The fireball also generates the
microshock wave propagating inside the target material and forming quasi-
gas microbulb in small near-to-surface volume V_.This shockwave can be
partially reflected from the compressed cold su%rounding target media.Such
reflection can initiate the cumulative shock wave directed to the surface.
This wave is also associated with rapid explosion-like closing of the
quasi-gas microbulb when the above cumulative wave comes to the surface
egpecially during funnel formation.Then this wave can be transformed into
a cumulative microjet directed into vacuum.Such cumulative jet can produce
high-energy volcano-like splash of material particles into vacuum,similar
to that considered in hydrodynamics during formation of liquid or gas
"plumes"27.The total number AN_. of material particles coming to the sur-
face during the above gasdynamic phenomena depending on the fireball para-
meters,on the depth of the initial fireball,on material parameters,etc.,
satisfies the conditions

AN EB<Nf-EB<<g f or h AN E ~ £ -w with b>>1 (19)

Only part JN of the A Ng particles coming to the surface,can overcpme the
surface energy barriers and can be sputtered,i.e. ag JN & ANf,where ag> 1
and b should be found from experimental data.
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