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ABSTRACT

The new collective treatment of the behaviour of low energy particles
(LEPs) in the bulk and on the surface of solids is considered.Thres-
hold emergies £, for sputtering and particle displacements in the
bulk axe calculated.The novel expression for the probability exponen-
tially depending on LEP energy f?ig of different processes im short-
lived hot spots caused by the LEPs in and on solids is discussed.

I. INTRODUCTION

The phenomena caused in golids and liquids by ion bombardment are not
quite understood,especially in the case of low emergy impinging par-
ticles (LEIP) /I-7/.The applicability of the binary collision ground-
ed theory /5,6/ to the phenomena caused by the LEIP,meets with objec-
tions (eog. see /3/).This theory cammnot take into consideration short
=lived collective LEIP-induced processes in small volumes of the ma-
terial /I2/.The earlier attempts /8-II/ to comsider short-lived hot
spots (SLHS) with the help of the equilibrium statistical mechanics
have failed,as the latter is not applicable to the SLHS, that was
mentioned in /I2/; these attempts did not take into account momentum-
transfer phenomena teking an essential role in comsidered processes.
The suggested non-equilibrium kinetic treatment uses the non-equilib~
rium statistical thermodynamic and kinetic theories /I3-I5/ %o com -
sider collective phemomena in the SLHS and also to take into account
momentum-transfer processes.For this purpose we have modified some
ideas used earlier for the many-body mon equilibrium treatment of the
phenomena caused in and on eolids by short-lived large energy fluctu-
ations (SLEFs) /I5-19/,by high energy rediation /20/ and by recoils
/21/.In our earlier work /I2/ we mai considexr the pheEome caused
by ions with moderate energies € =Mv</2,e.g. with £ ~ I0°-I0%ev,in
this paper we concentrate mainly on the phenomena caused in and on
the materials by LEIP with energies near (lower and above) the thres-
hold omes.
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2, THE KINETIC BEHAVIOUR AND PROPAGATION OF LOW ENERGY PARTICLES
IN SOLIDS.

Consider a monoatomic solid consisting of particles with mass m at
temperatures T >0 with_effective coordination number = and with vol-
ume per particle ﬂo-d3-Q/ ¥ oowhere © is the Debye temperature,qQ is
the elementary cell volume with 250 particles.Evexigiparticle suffers
# collisions with its % neighbours for the time D-h/ke and the
effective time between two subsequent collisions is §t=h/ 2k0.Now
consider & low emergy particle (LEP) of the solid,which suddenly,at
moment t, gets kinetic energy Uo(to)-nvg/z of a few ev.This energy
can be tranemitted to the LEP by a glancing collision with high-ener-
gy particle (HEP) whose velocity v and energy £=Mv2/2 satisfy the
conditions

atmafy «fs or vy pare /iy esrtuaiel ab/2MZi p >4 o(1)

where A_she /k@ is the Debye wave length,c_ is the sound veloeity,
At is tge tfme of interaction of the HEP with the perticle of the
solid.The LEP has the great short-lived initial deviation 4 Up($y)=
W, (6)=3kE =Uys(t,) from equilibrium themmal excitation 3kT«Ug(%g)e

1% interacts with the % surrounding particles with emergy B CGefl=
c:ae-.fm ,2which is not very small comparatively with Uo(to),where 322.15
the coordinstes of the I.EP,qa -={qd} are the coordinates of the s
rounding particles,Y,; is the gair interaction energy.Therefore,relax-
ation of the LEP emergy is a many-body non-equilibrium non-stationary
phenomenon involving many surrounding particles.Consider the follow=
ing cases: X, The LEP emergy Un(to) is mot sufficient to leave its
initial site and to propagate im the golid. In this case the LEP per-
forms a short-term non-linear mon-steady motion with a large ampli-
tude ap=d in volume Vom4T %3/3,during time T of relaxation and
redistribution of the energy Uo(to) among A Ny =N 1..1_ surrounding par-
ticles im the LEP vicinity with volume 2=V, =V,,whexre

v1z413 (1 +RN1=a(N\/=)3 [uo(to)/koi]yz» Y o (2)

H,=0,V;/Q,1% col and values T ,1 and V; can be calculated by the
method similar to that used in the kinetic many-body SLEF theory/I7/.
Then one can obtain the expressions

[muo(to)]*

’X'lp.f [
leading to Eq (2),where 0, and o, are local values of € and ¢, inm
the LEP vicimity, };’ is the effective pair force acting between the

LEP and one of thL surrounding particles,where | p,[~Foq/ce and Foq
is given by the equation amalogous to that introduced in the SLE%

theory /15,16/
Poi--](i"'!oi)'Ai(Q(i),p(i),t)'(9Ceai/a wo) ¢l “w

where

~ (h/gkei )e [Uo(to)/koi-]% : 12701"5' ; (3
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D1(¢{°)’P(°)5Q(1)0p(1)5t) = Do(q(o).p(\o).t)-( 1i +Y°1)- Ai(q(i).P(i),t)’(S)

D is the one-particle distribution function of the LEP with phase
cSordinates 9, and p o, 8,(qQ, 9P, yot) de the (N -1)-particle distri-
bution functiSh of (q(N1-i)£l)~ticSigs with phase ooordinatu.q(i)-{q },
P(q)"= Pg} 2321525000 ,0p4; 4T, mdq g *dp( ,(1+¥°1) is the factor o
short-térm statistical coupling b&t)een %l.)le LEFP @and the surroundings.
The LEP motion and the accompanying motion of thepurrounding partic-
les in the phase space,during the LEP energy relaxation are described
by the system of coupled kimetic equations analogous to those used
for the dymamic SLEF treatment /I5,16/

a 3 2% ___JLD u
0 o ;cto' +{7C°'ho} + P (6)
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The two fixst Bqs (6) and (7) of the hierarchy describe the short-
termed motion of the LEP and the surrounding correlative cluster of
ANl -1 particles in volume £1=V <V, .The initial conditions in the
considered case are different from those taking place in the SLEF
/15,16/,where the initial conditions include short-temrm advanced
fluxes directed to the fluctuating particle amd transferring the
fluctuational energy to it from the surroundings.in the LEP case the
initial conditions are

U, (t,) = mvi(s_)/2,1n Dy g(8)) =y (- pH (8)

and they imclude U _(t_ ) and the initial equilibrium distribution of
the other N-i pa icies of the system with Hemiltomian HN- swhere
X o==1n Do’ ?(,L--ln D4,H, is the Hamiltonian of Ng particlesy ho is
the LEP Hamiltonian.%....} is the Poisson bmckets,l‘,ﬂ is the effect-
ive force acting on Ni particles from the surroundings and is equal to

2P WPaz| .| 2Psz |1
Fgp ® -J(1+¥12). 8y ?q_:idrz‘ [4l- ‘T:Z' ) I Tq_g)’ «d o

D“(qm.p(o);q(i).pu) 39(5) ,p(z);t) =D, (1+!12)-G(q(2)p(2)t) (10)

G is the distribution function of the extermal surroundings of the
Ni particles that acts on these particles with the effective force
Fi, given by Eq (9); 9(p) @4 P(,) are the phase coordinates of N-N,
particles of the exte surroundings; d[ =dq,,\dp,,\,(4+Y, . ) is
the factor describing the statistical coupiing(atv‘gg the 121! par-
ticles and the rest of the system.The first stage of relaxatio
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described by Eqs (6),(7),e%c. ,may mot be described in local "macro-
scopic® terms:by heat conductivity,temperature,etc.The second stage
of the relaxation et t>T and for volumes V,> V, can be approximately
described in such terms.The first two Eqs (3) a.éd (7) can be approxi-
mately decoupled from the other equations of the hierarchy with the
help of the procedure amslogous to that suggested for the SLEF treat-
ment /I5,16/ and using the following conditions

«] F,<BKH, ; Stx(/2Ke) << T (11)

Ni» 1 ,Y 4

12

\
2., The LEP has energy AU'(t,,).which satisfies the condition,E4<g(tc)<
<E_ end which is sufficient for the LEP to propagate from the ini-

cial site to a meighbouring ome at a distance R,~ d,but is no} enough
to pass & way Rp~ 2d to the next site.Since d <1,the energy'U (to)>
>U(t,) is released in approximately the same velume V¥q=V, end
heats this volume to the larger local short-temm temperature T¥ 5 e
where

51, [V, (+)) ~AE] /3N, > ST U (8 )/36N, (12)

here A E is the difference between binding energies in the original
LEP site (e.g. & lattice one) and the final one (e.g. am interstitial
gite).In this cese the LEP behaviour can also be described by the
system of equations of the type of Eas (6),(7),etc.Leaving alone this
problem here,ws shall comsider some related problems semiquantatively
The LEP with higher Ug(ty) (e.g.Ug(ty)~ 20ev) can pass & way RyxJjd
along the traectory gimiler to & rendom walk ome,and such a stops
at a distance A L~ j9d from the initial point,hers J=2,3,...Then
Uy(t,) is released in volume 4 Vx 413~ 33 243 with 4 Ne AVY,/Q par-
ticles and the SLHS with locel short-texm temperature T+ 6 T(U,) is
foxmed ;where

Bolty) L %) | o (2-30/2
3ksN 3k‘2°33/2 °

§r(u) = with &€ 2/3 , (13)

When J~U: ,where o can increase with U,,for low Ug.Hence,§T increas-
es with U ,when & < 2/3,and 6 does not depemd on Ug,when ok =2/3,I%
can be expected that o< 2/3,when Upy< Uy; here Uy is the LEP emergy
equal to several tems of ev,when particle displacement caused by the
LEP begins to play en essential role.This means that the mechanism
of the LEP energy dissipation is changed,when U°>fff;.ﬂowever. the
behaviour of secondary particles displaced by the LEP with Uy> U, can
be described through the treatment discussed above,whefg the secondery
particles have emergies U<;< Uo.since the LEP with U,<U, forms the
SIHS with the effective local temperature T+ & T(Uog.one can expect
that the short-term probability of themmally activated processes in
the SLHS is given by

oy L
P (O5) ~ expl L% )- o2 {’ ISP e

where 5 W >> kT and S S is the entropy change assocliated with the
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SLHS processes which can also include shoxé-lived Phase and polymor-
phic transformations,electron transitions,etc. ,analogous to those
caused by short-temm fluctuations in small volumes of solids /18/.
Hence,one cam see that Y (U.) is the exponential function of Uy when
Uo<UpIf U>T, (eg when Uz(%5)40% ey ) new kinds of collective pheno-
mena can be developed im the SLHS /I2/. The comsidered approach can
also be applied to the LEP on the surface and near it and ean help
o understand the shaxrp increase im sputtering ylelds with a change
of energies £ of impinging ions mear the threshold values Ets.Suoh
sputtering can be comsidered as the evaporation of a surface particle
from the surface SLHS having a high "temperature”,0.g. when emergy

€ ~ (20 to 30)ev is transmitted to & near-surface volume with AXZ IO
particles and T-gOO"x.one can get § > (6.6 to I0)I03 %Kk ana (T+8T)>
>(4.4 to 1.6)I0° °k,A gimilar approach can be applied to liquids.

3. On Sputtering Threshold Energies.

A surface particle (SP) can be sputtered (or sublimated) when it gets
kinetic energy Ugy= Jy r+U) satisfying the conditions

& 2 . 2
Uiy = ¥ /20> B, =2 B0 U = Bi/m <E__ =& B o (15)

where P is the SP momentum component directed toward the vacuum ,
P, is tﬁg one parallel to the surface; £ ,E and E axe the SP
coordination number,binding and ligrationaonsrgiu “-pectively,dopen-
ding on the SP position,etc.The SP gets emergy Ugy~ Eg+Eyg from the
low energy impinging particle (LEIP),mot £itting Eqs fI),during col-
ligion time Atyx d,/v,which is so long that 2 _ meighbours ecome into
play before the co!lision is over,and they can get emergy 4 Bgmfg®, o
"ﬁ'.r,where {S, 1.Therefore,the threshold energy L4y is determined by
the minimal total enmergy tramsfer from the LEIP to the SP and €y sur
rounding particles during the collision,allowing comditions (I5) to
be satisfied for ome of the particles involved.Them one can obtain
gtg”usr + AEs or E‘tB-A( g . xs+1)(Ea+En), (16)
where A~ 4,E < E .When 2o is avereged over different SP positioms,
one can get ““for®many cases 2;x2 to 4 and L5~ (3 to 5)E,,in agree-
ment with observations.For some special cases,when Zais mll,t’lgg can
be less.A similar approach can be applied to estimate threshold emer—
gles Etgfor displacement of bulk particles from the lattice site into
neighbouring void,where E Ed.Ev

gtb"N" AUh«r AEb or €tb-B(fb-Z+i)~E, B~d; ;bgi (I7)

By is the energy of self-diffusion,B, is vacancy formation emergy
A By={, 20 .54nce 222(2 to 4) &g and Eg ~(2 to 3)E,ons can expect

Gl sfzb,that fits the observations.Essential differences between
coﬂ.il ons of material atoms with a high-energy particle satisfying
Eqs (I),with the LEIP that does mot satisfy Eqs (I),depend on para-
meters entering Eqs (I).These pargmeters vary in rclntivzly wide in-
tervals: Xe3 to I2,co=(4 to 5)I0° opn/gec,0~ (4 to I0)I0°°K and
M=(2 to I0°)My.This gives sigmificant varlety of materisls amd of
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numerical values of M,v and € satisfying Bgqs (I),when the binary col-
lision approximation,at least for head-on colli iom.Rocomes applic-
able.However,as & rule,it takes place for £> I0” 2 I0" ev
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