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An expression is derived for the degree of surface ionization resulting from irradiation of the
surface with high-intensity hflaser radiation. It is assumed that the evaporation (desorption) of
an atom from the metal substrate is of thermal nature. It is shown that deformation of the electron
energy distribution function and appearance of radiation-induced channels of electron exchange
between an atom and the surface makes the ionization process much more effective than predicted
by the Saha-Langmuir relationship. The case of evaporation of copper from a copper substrate is

analyzed in detail.

1.INTRODUCTION

The dynamics of electron transitions in the surface lay-
er, particularly the dynamics of electron exchange in the
surface—adatom system, is currently one of the most active
and interesting topics in the physics of surfaces.'~* This top-
ic is particularly important because of the development of
laser methods for the analysis and modification of surfaces,
such as laser heterogeneous catalysis, laser mass spectrosco-
py, selective surface photoionization, etc. The main physical
feature of the topic is that both the adatom and the surface
itself are subject to an electromagnetic radiation field which,
for a number of reasons (such as enhancement of the field at
surface irregularities and generation of surface electromag-
netic waves) cannot be regarded as a priori weak even at
moderate laser radiation intensities.

One must point out two possible ways the electromag-
netic field can influence the nature of electron exchange near
the surface. One the one hand, this is a change in the quan-
tum-mechanical structure of an adatom and, on the other, it
is a change in the electron energy distribution function in the
irradiation zone. Recent investigations show that both these
effects are quite important and cannot be ignored on the
basis of general considerations. We shall try to analyze the
situation using the example of such a familiar effect as the
emission of positively charged ions from the surface under
the influence of laser radiation.

The emission of positive ions was one of the first effects
observed when the laser began to be used as a physical instru-
ment.* The possibility of formation of ions is almost self-
evident if we bear in mind that very high temperatures can be
reached at the focal spot of laser radiation.® The subsequent
rapid realization of laser capabilities and the associated hope
for laser thermonuclear fusion has led to the concentration
of interest on problems associated with the generation of
ions in a plasma. The established view on the processes of
surface ionization is that they can all be described by the
Saha-Langmuir model, as apparently confirmed by the ex-
periments of Knecht many years ago.® Doubts which have
been raised have been put forward as hypotheses’ and, to the
best of our knowledge, have not been analyzed in detail.
True, there have been some recent indications that the pro-
cess of laser-stimulated desorption may be of nonthermal
nature,® but charge exchange has not been considered.

However, there are many experimental observations
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demonstrating that the interaction of laser radiation with
the surface is basically nonthermal. This applies also to the
emission of “hot” electrons which have essentially a non-
thermal spectrum; it is also true of the emission of negative
ions observed under conditions when deformation is not
very likely;'! finally, it applies to the “hot”’ luminescence of
metals,'*'? which is impossible to observe under equilibri-
um conditions. All these reports make it essential to carry
out a thorough analysis of the process of laser-stimulated ion
emission allowing for the influence of the electromagnetic
field on the dynamics of electron transitions.

2. ADIABATIC APPROXIMATION

We derive a relationship governing the surface ioniza-
tion coefficient which explicitly allows for electron states of
the surface and of the desorbed particles. We assume that the
emission of positive ions is the result of two independent
processes, evaporation of atomic particles and their ioniza-
tion as a result of charge exchange with the surface. We also
assume that the exchange is a purely resonant process, i.e., it
occurs without a change in the energy of an electron that
undergoes such a transition. We therefore ignore the possi-
ble contribution of the Auger processes. It should be pointed
out that, because of the strong broadening of an atomic level
of a particle located near the surface, the range of resonant
transitions may be very wide.

We postulate that the evaporation of particles from the
surface is a purely thermal process and can be described by
an equation of the form

N=BoT exp(—A/kT), (n

where N is the number of particles evaporated at a tempera-
ture T, B is a numerical coefficient; w is a frequency factor, k
is the Boltzmann constant, and A is the heat of evaporation.

We assume that in escaping from the surface an atomic
particle may, as a result of resonant exchange, lose an elec-
tron and go over to an ionic state with a probability W, and
again capture an electron (at a vacant level ) with a probabil-
ity W_. It is worth noting that in the adiabatic approxima-
tion these probabilities are governed by the configuration of
the adatom-surface system, i.e., they are a function only of
position and are independent of the velocity. Consequently,
we find that the population of a selected level of an adatom
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moving away from the surface is related to the probabilities
W, and W, by the following simple differential equation:
0
2wy -p) W 8, @)
the solution of which is

B(t)=Boexp {— f [WC(T)+WS‘(1:)]d1:}
+jd‘ch(17)exp{— jdt' exp[W.(¢)+W,, ()] } 3)

In view of the indeterminacy of the path »(z), we estimate
B( ) [because we have to determine specifically the quan-
tity B( 0 ) = limB(¢) ] using the mean-value theorem:

I—

WC(T‘)
W_(1*) + W, (%)

p(t)=

X{i—exp[—jdt'(Wc(t')-f— Ws(t'))]}, (4)

where 7*€[0,?] is a certain average value.
We can show that B( ) differs from S(¢) by an
amount smaller than

= —ZL=QA exp[—ar(t) ]/av, (5)

where W, is the probability that an electron tunnels across a
rectangular barrier of width #(¢), Q is the classical frequency
of electron oscillations in an atom, A=16I
X (@ +ep — D/ (@ + )4 a = (2mI)""* #, Iis the ioniza-
tion potential of an atom, @ is the work function; £ is the
Fermi level, m is the mass of an electron, and v is the particle
velocity. If weselect ¢ to be sufficiently large [7(?) - « in the
limit z— o ], we can make this correction negligibly small.
On the other hand, we can show that if the condition

QA>qv (6)

is satisfied, we can ignore the exponential function on the
right-hand side of Eq. (4).

The inequality (6) means that the rate of exchange of
electrons (charge exchange) during the removal of an atom-
ic particle away from the surface should be much greater
than the particle removal rate, which is known to be satisfied
at velocities corresponding to thermal processes. An atomic
particle moving away from the surface and experiencing the
process of resonant charge exchange has in general an inde-
terminate path because of the various forces exerted by the
surface on an ion and on a neutral atom. However, if the
condition (6) is satisfied, we can assume that, irrespective of
the velocity of the departing particle, this particle is in the
field of a certain effective potential which determines
uniquely the equation of motion, so that

r=r(t),

where 7(#) is a single-valued function of #.
In view of this, we can transform Eq. (4) to

B(t) =W (r )/ [W.(r ) + W(r,)], 7N
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where r,, = r(7*) is the critical distance for resonant charge
transfer and 7, is a parameter of the theory.

It therefore follows that the degree of surface ionization
defined as the ratio of the number of ions N * to the total
number of evaporated neutral atoms N, is

N* W (r,) (A —A.)
cr a i , 8)
Xp T (

No  W.(r.)
where A, and A; are the heats of evaporation of an atom and
an ion, respectively.
In the absence of the field the probabilities W, and W,
are governed by the resonant exchange with the surface and
are described by

W,.=g, (e')fo(s') W,(r.), 9)
W, =8iv(e') (1—fo(e')) W, (r.,), (10)

where g, and g; are, respectively, the statistical weight of an
atom or an ion, £’ is the energy of an atomic level which is
involved in a resonant transition of an electron from the met-
al v(&') is the density of the electron states in the metal, f;,(£)
is the distribution function of the electron energy in a metal
and W, (7., ) is the probability of tunneling of an electron. If
we assume that f,(£) is the Fermi function and substitute
Eqgs. (9) and (10) into Eq. (8), we readily obtain the famil-
iar Saha—-Langmuir expression for the surface ionization co-
efficient:

=— — ). 11
) exp( (11)

It should be noted that the choice of the probabilities
W, and W, in the form given by Eqgs. (9) and (10) is based
on the assumption that broadening of the energy level of an
atom which is at a critical distance 7., can be ignored, where-
as the Stark shift of the level Ae = ¢, — €, (¢, and €, are the
energies of a resonant level of an atom at a distance 7., from
the surface and of an isolated atom, respectively) cannot be
regarded as small. These assumptions are usually made in
discussing the process of surface ionization' and in the sub-
sequent discussion we shall allow for the position of the level
£., which reflects the influence of the surface on the electron
structure of the evaporated atom.

3.EVAPORATED ATOMIN AN ELECTROMAGNETIC FIELD

Equation (8) is derived without any assumptions re-
stricting the values of W, W, A,, and W, so that we can
apply it also in the case of evaporation (desorption) in an
electromagnetic field.

We assume that A, and A, are not affected by the field.
The changes in W, and W, are due to deformation of the
distribution function and also due to the multichannel na-
ture of the exchange process associated with the induced
absorption and emission of radiation quanta under tunnel-
ing conditions.

This multichannel charge exchange can be described as
occurring between the surface of a metal heated by the inci-
dent radiation with a deformed distribution function and the
compound atom-field system. When the energy of a laser
radiation photon is considerably less than the difference
between the energies of the ground and first excited states of
an atom, we can assume that the amplitudes of the probabili-
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ties of finding an electron in an excited state are small and the
wave function is governed by the process of the interaction of
radiation with an electron in the ground state. We regard
this approximation as of single-level nature and the corre-
sponding wave function of an electron is then of the form'*

©

P(r, t)= Z, u,(r)exp[—i(e,tnho)t],

n=-—oo

(12)

where the different functions u, are orthogonal to one an-
other and represent the amplitudes of the probabilities of
finding an electron in a state of energy €, = €, + nfiw, &, is
the quasienergy approximately equal to the energy of an
atomic level unperturbed by the field; o is the radiation fre-
quency, the average energy of an atomic electron in the field
is

n/o L
E=2ﬂ 5dr<1p|H|1p>=Za,.pm (13)
—n/o N=—o00 .

where p, = (u,|u,), H=H,+V;, Hy= — (#/2m) A
+ V,(r) + V,(r) is the unperturbed Hamiltonian of an
atom near the surface, ¥, (r) is the potential of an atom,
V; (r) is the surface potential, and V,(r,t) = V,(r)e“‘” is the
perturbing electromagnetic field. Note that in view of the
orthogonality of u,, (r) and u,, (r) wehave E = (¢Y|H |¢).In
weak fields (¥, <V, ) the functions #, can be found using
perturbation theory. For example, uy, u , ,,and u , , arede-
scribed by

uo (r) =gy (r),
Uy (r) = Zl Vuv(Pu(l‘)/(E“—Go:thm) ,

U (r) = 1 | Vo |* (2u—e0) o (r)
4R (eu—e0)’—(Ro)*
Vi Vaopu(r)

o (es—eot2ha) (e,—e,thm)

where @, and ¢, are the eigenfunctions and the eigenvalues
of the Hamiltonian Hyand V,, = (@, |V;(r)|@, ) is a matrix
element of a transition.

It therefore follows that an atom subjected to an electro-
magnetic field has an additional system of equidistant levels
(Floquet levels) whose wave functions are given by Eq.
(14). This circumstance has an important influence on the
rates of charge exchange, which should not involve not only
to the ground level, but also to the other Floquet levels (nat-
urally, after allowing for their populations p, ). When these
points are taken into account, the expressions for the proba-
bility of charge exchange given by Egs. (9) and (10) can be
generalized as follows:

co

W, =g, Z,,V(en)f(en)pn Wi (re),

n=—00

(15)

W, =g v (en) L—f(en) 19 W17 (r0).

N=—o0

(16)

Here p, represents the statistical weight of the n-th charge
exchange channel, W (" (r,, ) is the probability of an elec-

764 Sov. Phys. JETP 71 (4), October 1990

tron of energy €, crossing a barrier, and f(¢) is the distribu-
tion function of electrons in the investigated metal.

4.DISTRIBUTION OF ELECTRONS INAMETAL SUBJECTED
TO AN ELECTROMAGNETIC FIELD

The problem of the nature of the electron distribution
function of a metal subjected to the field of a high-power
electromagnetic radiation is still a matter of discussion.
Some authors'*!¢ retain the equilibrium form of this func-
tion even for interaction times comparable with the elec-
tron—electron relaxation time 7,, ~10~'>-10~'* s. How-
ever, the interaction of an equilibrium subsystem in a metal
with a photon flux far from equilibrium when the photon
energy is comparable with the average energy of electrons
(#iw ~ €5 ) may give rise to an electron distribution function,
the form of which cannot be determined from any general
considerations.

The true electron distribution function can be found by
solving the kinetic problem describing the behavior of an
electron gas in a metal subjected to the field of high-intensity
laser radiation and allowing for the quantum nature of the
interaction between electrons and photons.'” This problem
is formulated in Ref. 18 and can in fact be reduced to finding
the steady-state electron distribution function in the pres-
ence of a source and a sink of particles in the energy space
which would allow, on the one hand, for the pumping of an
electron gas with laser radiation and, on the other hand, for
dissipative collisional processes. Since the required probabi-
lities W, and W, are governed by the classical distribution
function f(¢), it follows that is sufficient to write down the
relevant differential-difference equation for this function,
which after linearization in the quasisteady-state approxi-
mation becomes'®

j(e)=fole) Tx{f(et+ho)—f(e)
tu(e—ho) [f(e—he)—f(e) ]} =0, a7

where f,(g) = 1/{1 + exp[(e — ££)/kT]} is the Fermi
function, u(¢) is the Heaviside function, and » is a small
dimensionless parameter:

#=(1—R) g/ (61,20). (18)

Here, g is the laser radiation power density, & is the effective
depth of absorption of laser radiation, and n, is the effective
density of electrons participating in the absorption process.

We can easily see that x represents the probability for
one photon to be absorbed by one electron in a time equal to
T.. and, as usual, we have x €1. Then the solution of Eq.
(17) can be found in the form of a series in »:

Fe)= X, fu(e)

n=0u

. (19)
fu(e)= X, (~1)"Boum (&) fole+ (n—m) ho].

m=0

The coefficients B 7, (&) satisfy the following recurrence re-
lationships:
B,,"(e) =Bjn_p(etho)+[1tu(e—%0)]
XByl(e) tu(e—ho) Bil, (e—ho),
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B.."(e)=0, if m<0 or m>2n
If the electron gas is degenerate, then the following estimate

applies:

—x", &<egp,

f(3)=fo(3)+{ (20)

®", €>¢€p,

where n = [|er —¢|/#iw] + 1 and [b] denotes the integral
part of b.

Substituting Eqgs. (15) and (16) into Eq. (8), we obtain
the final expression for the surface ionization coefficient:

S (1= fle,) [pav(e )W (1)

R
I
| %
)
]
=l
~
>
]
|
>
—
=
fl

S AP EIW T (1)

n= —

21

5.SURFACE IONIZATION OF COPPERIN A LASER
RADIATIONFIELD

We obtain quantitative estimates of the influence of an
electromagnetic field on the charge state of evaporated parti-
cles by considering the evaporation of a copper atom from a
copper substrate. The expression for the degree of ionization
of Eq. (21) can then be simplified greatly, because at practi-
cally all temperatures we can regard the function f,(¢) as
degenerate and we then have (¢/V,) €1. Equation (21)
thus becomes

o= as_L<+6a‘+6a2, (22)

where ag ; is the degree of ionization in accordance with the
Saha-Langmuir theory, defined from the expression (11),
while da, and a, are the additional terms:

g ( Ao = A\L=fo(en) Pxv(ex) WV (r,)

Say = — ,
* 8a o kT 7/ fo(eo) pov(es) W(r,)

(23)

8 (Aa _Ai) N [ |3F—Bo| ]
_& Da TRy =22l g (24
Sat, 2 exp P AN 7 1. (24)

The first additional term 8a, in Eq. (22) is related to
the multichannel nature of the exchange process and an elec-
tron is captured by the zeroth Floquet level, and the loss of
an electron occurs from the N-th level, while the second term
Sa, appears because the distribution function f(€) deviates
from the equilibrium form. Figure 1 shows the energy dia-
gram of a copper atom evaporated from a copper substrate.
The width of the conduction band of copper is 10.6 eV, the
work function is ¢ = 4.5 eV, and the ionization potential is
I=17.78 eV. The ground state of copper &, is 3s(S{,,) and
the first excited state £* is 4p>(P?); the latter lies 0.49 eV
above the Fermi level. Under the action of an electromagnet-
ic field a valence electron may be transferred to a quasi-Flo-
quet level (dashed curve), and if the latter is above the Fermi
level an electron tunnels resonantly into the metal.

It is quite obvious that the competing process is the
ionization described by the Saha-Langmuir relationship
(11). Therefore, the problem is to find the ranges of values of
the power density ¢ in which dominance of one or another
ionization channel may be observed. We note first of all that
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FIG. 1. Diagram of a copper atom evaporated from a copper substrate.

ag  is related to the intensity of the laser radiation via the

surface temperature 7 and
t

1-R q(t’)
(J’IZXC) ' ; (t_tl) LY

T(t)=T,+ at’, (25)

where T, is the initial temperature of the surface, R is the
reflection coefficient, y and c are the thermal diffusivity and
the thermal conductivity of a metal.*

Assuming that the laser radiation pulse has the Gaus-
sian time profile [¢ =g,, exp( —?/77)], we can obtain
simple relationships between the maximum temperature of
the surfaces T, and the quantities ¢,, and x,,, :

(-R)x*  dnhet”
2'/. . (T[XC) ‘2 m 2'1‘ . (nxc) ‘I:T“

lﬂ

Km=Agn.  (26)

m

Hence it is easy to derive the relationship between the pa-
rameters of a laser radiation pulse 7; and g,, ensuring that
one particular ionization process will dominate. Comparing
Eq. (11) with Eqgs. (23) and (24), substituting Eq. (26),
and ignoring a factor of order unity, we obtain an expression
for 7¥ which is the critical length of a pulse governing the
maximum duration 7; and the power density ¢,, of laser
radiation, in accordance with the above condition:

=21 ={(I—¢)/[kAgnIn(p,+x.)]}? (27)

8

- 8ne
p‘ C(ga‘_ea)z(ea.—sc-‘ﬁm)z '

The results of calculations of 7¥* are plotted in Fig. 2. The
calculations were carried out for copper atoms and different
reflection coefficients R (this coefficient can be varied quite
readily if only by altering the angle of incidence of a laser
radiation beam on the surface). The shaded region in Fig. 2
indicates where the thermal ionization process dominates,
but it is quite clear that this is limited greatly by the processes
of damage to the surface and plasma formation.

From the experimental point of view it is interesting to
consider the behavior of  as the intensity g,,, increases when
the length of the laser radiation pulses 7; is kept constant.
Figure 3 shows the relationship between In a and the reci-
procal of the maximum surface temperature, 1/7T,,, which
corresponds to the generally accepted representation of de-
pendences of this type.! The corresponding values of ¢,,, are
shown on the lower abscissa. Curves / and 2 represent values
of a calculated allowing for corrections due to different re-
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FIG. 2. Dependence of 7# on the maximum amplitude of laser radiation
4. » plotted for different reflection coefficients R: 1) R =0; 2) 0.5; 3) 0.9;
4) 0.99.

flection coefficients R = 0.5 and R =0, and curve 3 repre-
sents the Saha-Langmuir surface ionization coefficient
ag ;. Up to temperatures 754000 K the contribution of
“nonthermal” processes dominates. An increase in the tem-
perature of the metal reduces the population of the level with
the energy €., the quantity 1 — f;(&,) becomes comparable
with 1 — f;(£,) and then larger than the latter, so that it
now assumes the role of the main channel of the loss of elec-
trons by an atom, resonant exchange takes place with the
ground level £/, and the value of & approaches asymptotical-
ly ag ; . Note that calculations are carried out for a specific
value 7, = 10~ 7 s and the nature of the dependence for dif-

-

! |
5 10

L ! Ll 1 1

| S -
20 8765 4 3 gl wiom

=4 -1
10Ty K

FIG. 3. Dependence of a on the calculated value of 1/7,,: I) R =0.5;
2) R =0; 3) ag, . The lower abscissa gives the corresponding values of

m-
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FIG. 4. Dependence of In a on the energy of laser radiation photon #iw.

ferent values of 7; will be different; however, their behavior
is readily found by analyzing Fig. 2.

The situation described above applies to the case when
the additional ionization channel 8a, is of the one-photon
nature, i.e., when the first Floquet level lies above the Fermi
level of the metal: #iw > I — @. It is quite obvious that in the
opposite case (#iw < I — @) the contribution of 8a, decreases
considerably, because the ionization begins to be dominated
by the higher-order processes. Similarly, it follows from Eq.
(24) that éa, is governed by a higher degree of x. On the
other hand, the, value of ag ; is loosely related to @ and the
relationship is only via the frequency dependence R(w),
which as a rule has no sharp singularities. Figure 4 shows the
dependence of In @ on the radiation photon energy. This de-
pendence is calculated assuming that 7, =10~7 s and
4» = 10 W/cm? The sharp kink at #iw ~ 3.3 eV is related to
activation of a one-photon ionization channel. The value of
In a obtained in the range #iw <3.3 eV is close to In ag | .

At #iw = 3.79 eV the value of In a diverges, since the
radiation frequency is then equal to the frequency of a transi-
tion to the first excited state of the Cu atom. The one-level
approximation is no longer valid, but allowance for reso-
nance can be made by considering a two-level problem exact-
ly as in Ref. 19. There is no need to apply the Floquet
theorem to find the transient wave function, because the
transition process is first-order. The expression for the ioni-
zation coefficient in the case of our resonance is of the form

8i (Aa —'A,)
o= E’a‘ exp kT

1—f(es’ tho+hAw/2) | Vel?
fles¥hAai2)  [Va|+2(hhar2):® ¥
where Aw is the frequency detuning or offset

(Aw = w,, — w), w,, is the transition frequency, ¥, is the
matrix element of the transition, and f(¢) is the distribution
function. The positions of all the singularities in the frequen-
cy dependence of o are somewhat arbitrary because calcula-
tions are carried out using the data on the energy spectrum of
an isolated Cu atom, and because the positions of the levels
of which ¢, are generally different from the levels €, of an
atom located near the surface. Therefore, an experimental
investigation of the a(w) dependence makes it possible to
find the energy spectrum of an atom disturbed by the influ-
ence of the surface, which is of itself an important problem.

These effects can be observed in a limited range of pho-
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ton energies fiw and of the values of 7; and ¢,,,, which can be
found by comparing the curves plotted in Figs. 2 and 4. Un-
der specific calculation conditions assumed in plotting the
graphsin Fig. 3 these effects are limited only to temperatures
T <4000 K, which is associated with the exponential rise of
the contribution of the thermal ionization channel, while the
contributions of da, and Sa, increase as functions of the
laser radiation intensity in accordance with the power law.
However, we should point out that 4000 K is much higher
than even the boiling point of copper and that the formation
of ions at certain laser radiation intensities is related to the
processes of charge exchange in a plasma, which is outside
the scope of the present paper.

6.CONCLUSIONS

The mechanism of charge exchange between a depart-
ing atom and the surface subjected to an electromagnetic
radiation field provides an additional “easier” surface ioni-
zation channel, which is much more effective than that pre-
dicted by the Saha—Langmuir formula. Moreover, the ioni-
zation in this channel has the property of frequency
selectivity, and it requires photon energies #iw which are con-
siderably less than the ionization potential.

The multichannel nature of the exchange and the non-
equilibrium nature of the distribution function should have a
significant influence on the process of formation not only of
positive but also of negative ions and of excited atoms, whose
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anomalous formation as a result of laser irradiation of a sur-
face was already pointed out in Ref. 11.
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