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Theory of photodesorption of molecules by resonant laser-molecular vibrational coupling
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Photodesorption due to a laser resonantly coupled into an internal vibrational mode of an

adsorbed molecule is considered. Based on a master equation with transition probabilities

calculated quantum statistically for laser-induced vibrational transitions, phonon-mediated

bound-state —bound-state and bound-state —continuum transitions, and tunneling transitions

from bound states degenerate with the continuum, we calculate desorption rates as a func-

tion of temperature and laser intensity. They are highly nonlinear in both, and become sa-

turated for high intensities. The theory is applied to the CH3F-NaC1 and CO-NaCl sys-

tems.

I. INTRODUCTION

A laser beam impinging onto an adsorbate-
covered surface of a solid can deposit all or part of
its energy either (a) into the solid directly, (b) into
the surface bond with which an adsorbed molecule is
bound to the surface, or (c) into some internal vibra-
tional or rotational mode of the adsorbed molecule.
Process (a) will heat up the solid leading to thermal
desorption: We speak of direct laser-induced
thermal desorption. Its feasibility was demonstrated

by Levine et al. ' and by Ertl and Neumann
after many inconclusive attempts by others. In a re-
cent study of this kind on the Co-Fe system in
which time of flight spectra of the desorbed mole-
cules are analyzed in great detail, Wedier and Ruh-
mann, reach surface temperatures of about 1000 C
within the duration of nanoseconds {ns) of a pulsed
Nd laser at intensities up to 30 mW/cm .

Whereas direct laser-induced thermal desorption
is possible at all laser frequencies at which appreci-
able absorption of light occurs in the solid, processes
(b) and (c) are resonant in character. To understand
{b) we recall that, at least in physisorption, we can
envisage the adsorbed molecule to sit in the attrac-
tive trough of a surface potential V, which
represents the net interaction between the molecule
and the solid. Its long-range attractive part is essen-
tially the interaction energy between the mutually-
induced fluctuating dipole moments on the adsorbed
gas particle and in the solid. This surface potential
V, will in general develop several bound states
ED, . . .,E„ into which gas molecules can become
trapped to form the adsorbate. For most adsorbates
there is also a net charge transfer between the solid

and the adsorbed molecule, very pronounced, e.g., in
the adsorption of alkali or halogen atoms on metals.
The electromagnetic field of the laser can couple
into the resulting dipole, promoting an adsorbed
molecule from a surface bound state E; to Ej if the
laser frequency is close to resonance flQI Ej E;.
Let us therefore tune a laser such that one photon
lifts a molecule from Eo to Ej, say. At high-enough
laser intensity further absorption of photons can
occur provided that a surface bound state is avail-
able at energy Ej ——Ej+RQI. Because the surface
potential is very anharmonic, particularly at the top,
this is very unlikely, except if these states Ej are
broadened considerably as Jedrzejek et al. postulate
it for CO on Cu, a system for which further adsorp-
tion of a third photon lifts the molecule into a con-
tinuum state, i.e., desorbs it. We call this process (b)
photodesorption by laser —surface-bond coupling.
Higher-order processes like the simultaneous absorp-
tion of a photon and emission or absorption of a
phonon can also lead to overall energy conservation
but that seems quite unlikely.

Next we consider process (c) in which we assume
that a laser is resonantly coupled into an internal vi-
brational mode of the adsorbed molecule, which for
the lowest few excited states we assume to be ade-
quately described by a harmonic oscillator of fre-
quency Q. Because fiQ is typically much larger
than the spacing between the energies (E;+j —E; ) of
bound states in the surface potential, we can, in a
first approximation, assume that the internal degrees
of freedom of the molecule are decoupled from its
interaction with the surface. At low temperatures
an adsorbed molecule will then be in the ground
state of energy
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FIG. 1. Schematic energy diagram of a molecule adsorbed on a surface with some of the processes included in the

theory indicated by arrows with the following transition probabilities: P;";" indicates the phonon-mediated bound

state —bound state: (i, u)~(i ', u'); P,";"is the phonon-mediated bound state —continuum; Q,";"indicates elastic tunneling into
I

continuum; W,";"indicates laser coupling.

E;"=ED ——Eo+ —,AQ

where i labels the bound states in the surface poten-

tial and v counts the quanta excited in the internal

vibrational mode of the molecule. Upon absorption

of a laser photon the molecule will be in a state Eo
from which it can either absorb more photons to go

up to higher v or emit a phonon of energy fico such

that E; =Eq+fuu. It is then in an excited state of
the surface potential from which it can cascade

down to i =0, emitting more phonons and thus

heating up the solid. This process one might call

resonant heating. If effective enough it can lead to
thermal desorption (see Fig. l).

If a molecule can be excited into a higher internal

vibrational state such that its total energy

E()——p /2m+(v'+ —,) AQ

is degenerate with some continuum state of momen-

tum p (with v' possibly zero) then elastic tunneling

into the latter state will desorb the molecule. This
process has been examined by Lucas and Ewing.
Tunneling can also be inelastic, i.e., aided by the
emission and adsorption of phonons, a process in-

vestigated by Kreuzer and Lowy. ' We will refer to
both elastic and inelastic tunneling processes as pho-

todesorption by resonant laser-molecule vibrational

coupling. Its feasibility has been demonstrated by
Heidberg et al. " ' for the system CH3F on NaC1

and by Chuang' ' for pyridine on KC1 and silver.

In the next two sections we will set up the Hamil-

tonian for a molecule adsorbed on the surface of a
solid interacting with its phonon field and with the

photon field of an incident laser beam. For the
latter it is obviously necessary to know the local
electric and magnetic fields within a few angstroms

of the surface of the solid. For a dielectric a good
case can be made to calculate the local fields accord-

ing to the classical Fresnel formulas, which seem to
be applicable even at the surface of a metal that is

covered by a monolayer adsorbate treated as a thin

dielectric sheet. ' The theory predicts in this case a
high absorption coefficient for light close to grazing

incidence, i.e., incident under an angle of 80'—90' to
the surface normal, a fact that is used in infrared
reflection-absorption spectroscopy of adsorbed

atoms and molecules. ' On the other hand, the local
laser field at a metal surface with much less than a
monolayer of adsorbed rnolecules seems to be ampli-

fied by many orders of magnitude as inferred from

extraordinarily large surface Raman scattering, par-

ticularly on silver surfaces. ' A number of greatly

varying explanations are currently discussed in the



GORTEL, KREUZER, PIERCY, AND TESHIMA 27

literature. ' We will restrict our numerical results in
this paper to dielectrics for which the local fields are
evaluated in the Appendix.

In Sec. IV we set up the master equation control-
ling the time evolution of the occupation functions
of the states E;"of an adsorbed molecule with transi-
tion probabilities calculated according to Fermi's
golden rule for the laser-induced dipole transitions
in the molecule, for the phonon-induced cascades in
the surface potential, for the resonant heating
mechanism, and for the elastic and inelastic tunnel-

ing processes into continuum states leading eventu-

ally to desorption. These calculations can be done
analytically if one chooses for the surface potential a
one-dimensional Morse potential.

In Sec. IV we present the numerical calculations
of photodesorption rates as a function of solid tem-
perature and laser fluence, the latter being the sur-
face density of the energy deposited by the laser
pulse, i.e., the time integral of its intensity. The two
systems studied are CH3F on NaC1 and CO on
NaC1; for the former experimental results have been
published by Heidberg et al. " ' Section VI
presents some final comments and an outlook to fu-
ture work.

II. STATIC GAS-SOLID SYSTEM

In the photodesorption of molecules by resonant
laser-molecular vibrational coupling only one inter-
nal degree of freedom of the molecule plays an ac-
tive part, namely that vibration into which the laser
is coupled resonantly. We can therefore treat the
polyatomic molecule as consisting of two inert parts
A and B vibrating against each other with some fre-
quency Q. In a diatomic molecule like CO, A and B
are simply atoms; for CH3F, one identifies A with F
and B with the CH3 radical with 0=v3.

We write the Hamiltonian of the gas-solid system
as

H =H, +H, +HI+H, „„,
where Hg is the Hamiltonian of the molecular gas in
front of a static surface, H, contains the phonon de-
grees of freedom of the solid, Kg describes the free
radiation field of the laser, and Hd„„couples these
sets of degrees of freedom together. In this section
we deal with Kg only and write

fi2 () fi 82
Hg ———

2m' c}xq 2m@ Bx~

where U is the harmonic-oscillator potential for the
active vibrational degree of freedom of the molecule.
V,

'"' is the effective surface potential felt by the
A part of the molecule and V,

' ' is the same for the
B part. We introduce center-of-mass and relative
coordinates,

m x =mz xi+my xg

g=xs xg

m =my +my

and also the reduced mass p, with

—1 —1

p =mz +mz

to get
R' a' fP a'

2ttt (i x 2 2(u ()P
+U(g)+V(") x —"

g
mg

Hg ———

(4)

+V'' x+~ g
mg

The Hamiltonian has eigenfunctions and eigen-
values given by the Schrodinger equation,

Hsg,"(x, g) =E;"P,"(x,g) . (6)

Introducing field operators g(x, g, t) and expanding
them in the complete set of eigenfunctions,

P(x, g, t) =g({},"(x,()a;"(t),
l, V

we may express the Hamiltonian operator in second
quantized form as

Hs ——IPt(x, g, t)Hsg(x, g, t)d x d g

(g)
l, V

The operators a; and a; create and destroy normalV

modes of excitations in the system described by Hg,
with quantum labels i and U.

We next observe that the energy levels of U are
typically much more widely spaced than those in the
surface potentials V,

'"' and V,
' ' so that, in lowest

approximation, we can r~elace g in the latter by the
equilibrium separation go of the A and B parts in
the molecule. Defining

$2 Q2

+ y(A)( )+ p(B)( ) (2)
+ y(8) ~+ P

mg
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(10)

H, (x,g)= V,
'"' x — g —V,

'"' x — go
mg mq

+ V(B) ~+ tJ
g

mg

—V"'x+" g
mg

A A (p) A
Hg

——Hg +H,~,
where

(p) v v v
Hg =gE;a; a;,

I, V

H, =g fdxdg ((i*;(x)u„*(g)H„,(x, g)
ll
vv

X({);(x)u„(g)a," a,"' . (20)

we have

Hg(x, g) =H (x }+H„(g)+H, (x, g) . (12)

(14)

If we neglect H„, for a moment, the quantum num-
bers i refer to the center of mass Hamiltonian H of
the molecule as a whole in the surface potential,
enumerating the bound states and the continuum
states. Molecules trapped in the bound states form
the adsorbate; those in continuum states make up
the gas phase. The quantum number U labels the
linear harmonic-oscillator states of the internal
molecular vibration, so that in this approximation

E;"=E;+(v+ —,)fiQ, (13)

((),"(x,g) =(();(x)u„(g),

The operator a," thus creates a molecule in the ith
surface state and vth vibrational excitation. The
residual Hamiltonian couples the approximate (i, v)
states together and will be treated later as a dynami-
cal perturbation.

III. DYNAMICS OF THE GAS-SOLID SYSTEM

A. Laser coupling

We can include the effect of laser radiation in the
Hamiltonian using minimal coupling. Denoting the
charge acquired by parts A and B in the molecule by
—Q and +Q, respectively (see Fig. 1}, we replace
the kinetic energy terms (—i)i /2m& )(8 /Bx „) and
( —R /2m~)(B /Bx s) in the gas-solid Hamiltonian
by

where

Km 0t =EH'i

H„u„=(U + —,)A'Qu„.

Equation (7) then reads

P(x, g, t) =gP;(x)u„(g)a,"(t),

(15)

(16)

(17)

and

8 A'Q 1 -( )
8

2m' Bxz~ ~ ma Bxz

l, v

so that (12}becomes in second quantization
We then get as part of Hd„„ in (1) the gas-laser cou-
pling

Kg t= —. Q—
1

A x — (t+
mq mz mg

A x+ g, t
mg

+ —Ax —"gt —Ax+
m mz mg

(21)

where we adopted the radiation gauge V A=0.
The bound-state wave functions for the atoms in the adsorbed molecule all vanish within a few angstroms of

the metal surface, while the radiation which couples to the molecular modes has wavelengths exceeding 10 A.
We may therefore safely neglect the g dependence in A and get

(22)

Introducing the second quantization, and using the expansions for the field operators given by Eq. (17},we
get
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(24)

y f da Q '~ (K,~)[U~x" „(0)exp[—iQ(K, a)t]c'x'„+H.c.],
K, II

(25)

where K is the component of the wave vector of the incident light along the surface, a is its component perpen-
dicular to the surface, and II labels the two possible polarizations. Of course, Q(K, a.)=c(E +tt )'~, eo is the
dielectric constant of vacuum, and c'~'„+ creates a photon. The free-laser-field Hamiltonian is thus given by

Ht= g f dtt AQ(K, (t)(c'K'kc~K'„+ —, ) . (26)
7K. ,a

[o]
The eigenmodes UK „(x}of the electromagnetic field must satisfy the appropriate boundary conditions and

are given in the Appendix.

B. Phonon coupling

We next consider the internal degrees of freedom of the solid, i.e., the lattice vibrations, in the Hamiltonian

(1). In the harmonic approximation we have

H~ =QAco&bj bj, (27)
J

where bJ creates a phonon of mode J. For simplicity we use a Debye bulk model though the theory can be car-
ried through for proper surface phonon modes as well. To include the effect of the lattice vibrations on the
adsorbed molecule we replace in (2),

V,'"'(xz)+ V,
' '(xs)~V,'"'{xz—u(t)}+V,

' '(xs —u(t))

—+ ~ -+ Q -+
Hs t= ———g fP';(x)A(x, t)(t(;(x)dx fdgu„'(g) u„(g)a," a," . (23)

' I si' ag
"

V, V

For infrared and visible radiation A(x, t} changes little over the size of the tnolecule so that A(x, t) =A{0,t)
where the origin is taken at the adsorption site. We then get from {23}

Hs t ————+A(O, t) g fdf u„'(g) u„( j)a," a," .
i, v, v' af

"'

To go further we must specify the vector potential A(O, t) of the laser at the surface of the solid. In second
quantized form it can be written

' 1/2

A{O,t)=
2E'0

=V,'"'(xz)+V,' '(xs) —u(t) [V, '(xq)+V,' '(xs)],
()x

(28)

where the last line is obtained in the harmonic approximation. We expand the lattice displacement at the sur-

face
' 1/2

u(t) =- gcaJ ' [bJ(t)u (0)+bq(t)u( '*(0)],
2p

(29)

where p is the mass density of the solid. The functions u (r =0) have to satisfy proper boundary conditions.
In the bulk Debye model they are simply

-'"(o)=- rv'"
P ty

fi

2M, N,
V(A) ~ P f + V(8) ~+ tj'

mq mg
g(c0- ) '~2e~ g fdjdx {{()x) u(g)

Bx
v, v

XP;(x)u„(g)a," (b-, +b-, )a,"'.

where e- is the polarization vector of a phonon of momentum p with o enumerating transverse and longitu-
P 0'

dinal modes. The solid occupies a volume V, and has N, constituents of mass M, .
With (17) we get from (28) a contribution to the dynamic part in (1}:

1/2
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The total Hamiltonian is then given with (18), (24), (26), (27), and (31) by

H H g +HI +Hg +Hg I +Hg g +Hreg

It will be the basis of the kinetic theory of photodesorption.

IV. KINETICS

(32)

We assume that the kinetics of the gas-solid system coupled to the laser field is a stationary Markov process
and is controlled by a master equation,

dn;"(r) = ~~R ' n" —~~R"'"n"
d ll l ~ ll l

i

(33)

for the occupation functions n;" of a state (i, v} of the molecule. Its adequacy for desorption kinetics has been
discussed and tested, e.g., in Refs. 7, 21, 27, and 28. The label i enumerates the bound states (i.e., adsorbed
molecules) and the continuum states (i.e., gas phase). The transition probabilities R are calculated according to
Fermi's golden rule from (32) with (Hs +Ki+H, ) as the unperturbed part.

A. Laser transition probabilities

The contribution from Hs i to R is from (24) and (25)
2

W;; =5g — g f da. (K +a. )
CpC P K,II

2

X fd(u„'(g) u„(g).Ug „(0)

X [n, (K,a, II}5[E;"—E;" Pic(K +a—}'~].
+[n, (K,s., li)+1]5[E;"—E;" +iric(K +s. )' ]), (34)

where n, (K,a, II) is the occupation number of photons of momentuin (K,a) and polarization II. The integral
over g in (34} is easily computed for harmonic-oscillator wave functions. For further evaluation we now as-
sume that the solid is a dielectric with refractive index n, . We restrict ourselves to situations where the molec-
ular dipole is perpendicular to the surface so that only light polarized in the plane of incidence (II =p) can ex-
cite it (for arbitrary orientation see the Appendix). With the eigenfunctions U given in the Appendix we then

get after replacing the summation over K by an integration

W,";" =5;;(Q /4ir @op,c)

&& fd Kda Kin, (Ki+ir )
' n, +a + 2

n,

)& jn, (K,a., ll=p)v5„„,+[n, (K,a, II=p)+1](v+1)5„„+i)5[0/c (K +K ) ], —

(35)

where

a =cos8, /cos8;, (36)

I

Next we must relate the photon occupation num-
bers

(37)

where 8; is the angle between the incident laser
beain and the normal, i.e., tan8;=

~

n
~

/~ K ~, and 8,
is the angle of the transmitted beam.

with the intensity of the incident laser beam in that
particular mode. Vfe recall that the intensity of the
incoming laser beam is given by
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X[n, (K,», II)+ —,] . (39)

From (A3) we get for p waves

I() —— i'"E (x, t) i,„
pp

averaged over one period. The prefix "in" denotes
the fact that in E(x, t) we should only keep the in-

coining field. With an expansion like (25) for E( x, t)
we get immediately

I,= y J' d»I(K, », II)
K,II

=c g J d» ~'"U~g~ „(x)~2ftc(K +» )'~'

K, II

2
,„-(n=p), 1 (n, +a )

i
'"UK„(x)

f

2m.L n, +a +2a/n,

(40)

where L is the area of the surface. We also go to
the continuous limit in (35}by the replacement

g~(L/2ir) fd E . (41)

Finally we specify that the laser is perfectly col-
limated along the incident beam direction and has a
Lorentzian frequency distribution around Q~ of
width I ~. This then allows us to identify the occu-
pation functions as follows

(2ir)3c2 n„+a +2a/n„
n, (K,», ll=p)+ —,=ID

(i)t'Q' ) (n, +a)2

X5(p —p;)5(cos8 —cos8;)(I t/2ir)[(Q' —Qt) +I't/4] (42)

where Q'=c(I(: +» )'c and Io is the intensity of
the incoming beam far from the surface. Before we
use (42} to evaluate (35), a few clarifying remarks
are necessary We h.ave set up the Hamiltonian (32)
with the vibrational degree of freedom of the mole-
cule represented by a harmonic oscillator. Energy
conservation in vibrational transitions then produces
the 5 function in (35). To avoid infinities we inust
then give a linewidth I ~ to the laser. This is, indeed,
reasonable for the description of typical laser-
induced desorption experiments in which pulsed
lasers are used of pulse length typically ~~

——2 &(10
s, i.e., of width I ~=T~ ——5)&10 s '. We will see
in Sec. V from our numerical work that the width of
the vibrational levels of the molecule, produced by

I

the coupling Hs, and H, in (32) is typically
10 —10" s ', i.e., many orders larger than the laser
width I ~ and also much larger than its inherent
linewidth I due to the coupling of the vibrational
levels to electromagnetic vacuum fluctuations. With
a continuous laser of very small bandwidth, typical-
ly of the order 10 s ', some caution is necessary, as
the inherent linewidth of the vibrational transitions
of the molecule I =10 s ' is definitely larger
than that. It is then advisable to replace the 5 func-
tion in (35} by a Lorentzian of width I' and treat
the laser as monochromatic, i.e., let I q go to zero as
done, e.g., by Jedrzejek et al. 7 For a (pulsed) laser
of width I't » I' we get from (35), using (42)

W;; =2irQ (e()pcAQt) 'n, sin 8; [n, +[1+(1—n, )tan 8;]' j (2Ioit/ir)[v5„„)+(v+1)5„„+(]5;;.

(43)

Note that Ior~ ——F& is the (approximate) fluence of the laser pulse.

B. Phonon-transition probabilities

The contribution to the transition probabilities R in (33}from Hs, in (31) is

P;; = /co [n~h(co- )5(E;" E;" fico- )+[—n—~h(co- )+1]5(E;" E;" +fico- )j—
S S ~p

2

X e- dx dg ({)'(x)u'(g) V,
'"' x — g + V,

' ' x+ ~ j u(g)()) (x)
mg

I

(44)
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where nvq(~0) is the Bose-Einstein occupation func-
tion for phonons. To evaluate the g integrals we do
a Taylor expansion of the V, in terms of (g —gp)n,
where n is a unit vector along the molecular dipole
axis, i.e., perpendicular to the surface, leading to in-
tegrals of the type

J dg u„'(g)(g g—p}'u„(g), (45)

between shifted harmonic-oscillator states which can
be easily computed.

For the following calculations we choose the sur-
face potential to be a one-dimensional Morse poten-
tial for which the wave functions P;(z} are known
explicitly. One could keep the theory three dimen-
sional and the surface potential more realistic like
sums of Lennard-Jones potentials; however, this
would imply extensive numerical work (which we
have shown in previous work to be manageable);
we therefore prefer here a simpler and analytic ap-

crp ——2m Vp/(Ry)

r =2mcvD/~,

5=%cog)/kg T,
b, =0/coD,

E;"/Ace D

r(op ——i ——,) +(v+ —,)6,1

(46)

where co~ is the Debye frequency; Vp and y are
depth and inverse range of the Morse potential. For
bound-state —bound-state transitions we have

proach. One can show numerically that in (44) as
well as in Hs

' in (32} one can safely drop the V,
' '

term. Then the x integrals in (44} are of the same
structure as those appearing in the cascade model of
thermal desorption. ' We therefore just quote the fi-
nal result after introducing dimensionless variables

P;; =roD(e,"—e,"'}Iexp[5(e,"—e,"')]—1 j
' 8(1—

~
e,
"—e,"'

~
)24nopr (m IM, )(v&!/v &!)(

~

v —v' ~!)

4m'

myrrh

1
20'p —l —/ —l

(i i') (—o p i ——,)—(op —i' ——, )(i &!Ii &!)
20'p

2- Ju'-u
)

+
/i i' /—

XP2op —i& )/1'(2crp i& )—, (47)
I

where i & and i & are the smaller or larger of i and i' For (.e,
"

e,"') &0 the —transition occurs via absorption of a
phonon; otherwise via stimulated and spontaneous emission. For v =v (47) reduces to the expression in the
phonon cascade model. '

To describe desorption with the master equation (33} we must also know all transitions from any (i', v'}
bound state into all accessible continuum states with vibrational quantum number U. It is given by

P,";" =cvD(3n /4)(m/M, )(v &!Iv&!)(
~

v —v'!, !)

(4ms/myrrh)

~"

2crp —2i' —1 & +»+ i

X, J, dx 8(x)(x —e,"- +vh)i'!I' 2np —i') e,".,'-ua-t

X Iexp[5(x —e,"'+vh)] —1I '
~

1 (op+ , +iV rx ) ~—
cos (m.op)+sinh (n. rx )

(harp
—i' ——, ) +2op(1 —2

(4g)

(The argument of the I' function is complex, i.e., i =v' —l. } Again for v =v this reduces to the known re-
sult."

C. Transition probabilities due to the residual interaction.

Transitions due to the residual interaction (20) are due to tunneling between states of Hg
' and are not aided

by either phonon or photon fields. They are the ones considered by Lucas and Ewing in their model of vibra-
tional predissociation. Because the energies of initial and final states must be the same for such tunneling these
transitions can take place only in the continuum, apart from some rather unlikely situations. The transition
probability summed over all available continuum states is given by Fermi's golden rule as (neglecting again
y(B))
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Q„' = g fdx dg P'-(x)u„'(g) V,
'"' x-

q

—V,
'"' x — g() ((};(x )u„(g ) 5(E"- E;—" ),

m~
s v q

(49)

where q is the center-of-mass wave number of a molecule in the continuum of energy A' q /2m. Again we ex-
pand the potential in a Taylor series in (g —gp) n and obtain in the dimensionless variables (46)

/
v —v'

/4m' 2(Tp —2l —1
Qpr ——cuD(r it/16)(u)!/u (!)(

~

u —u' ~!) X
mq rh i'!I (2crp i'—)

sinh[2n Qr(e," —ub, )]X!r[tr + , +t'!/—r(e ua)] —
~

cos (n.op)+sinh

[mar�(e,

"' —uh}]

20.
X [(u' —u)h+ (1—2' !" "!)] e(E; —u5) . (50)

For crp an integer, v =0, v' = 1, and in the limit
r e,"'~ oo (50) reiuces to the expression given by Lu-
cas and Ewing, their equation (9).

D. The master equation

To describe photodesorption with the master
equation (33}we drop the transitions from the con-
tinuum back to the bound states (appropriate for an
experiment in which the gas phase is pumped out
during the laser irradiation}. We then get for the oc-
cupation of the bound states

I

where ( —Aj) are the eigenvalues of the matrix
(W+P+Q) in (51). In most cases one finds that
the lowest eigenvalue A.p is much smaller than all
other AJ, j &0, and contributes to the sum (53} with
the largest weight Sp - 1 with SJ &&Sp. Thus the
evolution of the total occupation in desorption ex-
periment is controlled by a single time scale A,p

which can be identified as the rate of desorption
rq +or the des——orption time td=kp '. Details of
the calculational methods are discussed at great
length in Refs. 2 1, 27, and 28.

dn;"(t)
g [(W,,'+P, ,' )n;" (t}

dt p p

—(W,"-;"+P;;)n;"(t}]

00—g (P "+Q,";")n;"(t),
v'=p

(51}

where (i + 1) is the number of bound states in the
Morse potential, determined as the maximum in-

1

teger such that cd —im,„——, & 0.
After calculating the transition probabilities P,

W, and Q we have solved (51) by matrix diagonali-
zation (after truncating the summation over the vi-
brational quantum number v) starting from an initial
thermal occupation

n;"(t =0)=A exp( —5e";) . (52)

g git,"(t)

N(t)/N(0) =
gn;". (0)
l', v

=gS ~ J' (53)

The total occupation in the adsorbate then develops
according to

V. RESULTS

Before we present numerical results on the photo-
desorption rates in particular systems we would like
to discuss the structure of the master equation (51)
and relate it to the schematics of Fig. 1. Let us first
set all transition probabilities P and Q equal to zero
and only keep W,";"&0. Equation (51} then has a
steady-state population in which, for a given i, all v

levels are equally occupied. If the gas-solid system
was initially, i.e., before the laser was switched on,
in equilibrium then the steady-state occupation is
simply

—PE,.
n; =Ae (54}

where E; is an energy eigenvalue of H, see ( 15),
and A is a normalization constant. In our theory the
molecular vibrations are modeled by a harmonic os-
cillator (quantum number v). This, of course, is only
reasonable up to a certain v,„,above which anhar-
monic frequency shifts and linewidth can no longer
be neglected. We will therefore, in our numerical
work, truncate the harmonic oscillator at some v

studying, of course, the dependence of the photo-
desorption rates as a function of v

Let us next switch on, in addition to W,";" the
transition probabilities (P,";"+Q„) in the inaster
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equation (51) that causes transitions to continuum
states, i.e., that dcsorb molecules. Because all
bound-state transitions are still suppressed (P;";" =0)
desorption can, for the system depicted in Fig. 1,
proceed as follows: We assume that at times t(0
the gas-solid system is in thermal equilibrium with
the laser switch off. The energy levels E;" are then
thermally occupied

n;"(t &0)=A e (55)

At time t =0 the laser is switched on; its itensity is
Ip and, if pulsed of duration rI, delivers a fluence
F~ =Ip~I. In our theory we also assume that the gas
phase is removed, so that we may, for t &0, set the
occupation of the continuum states equal to zero.
The experiments on the CH3F-NaC1 system by
Heidberg et al." ' are done at T=77 K where
thermal desorption is negligible (the heat of adsorp-
tion is about 3000 K} and the pressure above the
surface is about 10 mbar, justifying the above pro-
cedure. Let us in the following discussion (not,
however, in the numerical work) assume that only
the ground state i =v =0 is initially occupied.
Switching on the laser will then take a molecule
from a state (i,u) =(0,0}~(0,1)~(0,2)~
~(O, u ) with a transition probability typically of
order W,";"-+'=10Et, see (43). Let us for the system
depicted in Fig. 1 first set v,„=2. At very low flu-
ence such that (P,o+Q, o)»Moo all molecules
pumped up to v =2 will desorb so that the overall
desorption rate Id is controlled by the bottleneck of
the laser, so that r~ is linear in F~. Increasing the
fluence will eventually lead to a situation where
(P~p+Q~~&& ) && Woo so that now the bottleneck exists
at the top and the rate becomes independent of FI,
i.e., we have saturation. If we now increase v,„,the
rate will increase because more

desolation
channels

open, e.g. , due to (P,'o+Q,'o ) and (P,o+ Q, o). Note
from expressions (48}and (50} that

13 13P o+Qco 3!
p02 +Q02

(56)
Po+Qo 3!

03 03

p02+Q02

so that desorption rates in the saturation range in-
crease significantly with v,„; still with all phonon
cascades, i.e., bound-state —bound-state transitions
P;; suppressed. We next include the latter in the
master equation (51}. Even without a laser, mole-
cules can now desorb thermally in a cascade of
many one-phonon processes mainly due to P;; and
P„. as in the cascade model. ' With the laser on we
can now also have the following process:
(i,v)=(0,0)~(0,1)~(ip 0); from the latter state a

i' 06
Cl

8
0.4

O
I-

0.2
Cg

Z

20 40

e,
Soo

FIG. 2. The angular part of the laser coupling (A5)
with I,'„,'/I;'„", =1 as a function of the angle of laser in-
cidence 8; with respect to the normal, with 8 the orien-
tation of the molecule (averaged over polar orientation).

quick cascade of one-phonon emission processes
with transition probabilities typically of the order
10' —10' s ' will bring the molecule back to the
ground state (i,v) =(0,0); thus transforming the ini-
tial laser photon of energy fiQ into many phonons:
We called this process resonant heating. This is ob-
viously a loss process as far as desorption goes and
should reduce the desorption rate. It also produces
the significant linewidth of the vibrations of ad-
sorbed molecules. In addition to the loss mechanism
(i,u}=(0,0)~(0,1)~(io,0)~(0,0) we can also
desorb via (0,0}~(0,1}~(io,O)~(cont. , 0) where
the last step in the second process thermally desorbs
the molecule from the state (io,0) with an activation
energy that is only half the depth of the surface po-
tential. This process should therefore be much fas-
ter than thermal desorption from the ground state if
it dominates over the downward cascade (io, O)

~(0,0}which it does only at high temperatures.
The laser will also pump the molecule through a

sequence (i,v)=(0,0)~(0,1)~(0,2} after which
desorption occurs via (P,o +Q, o ). From (i, v)
=(0,2) we can also go in a phonon-mediated process
P,', to (i*,1 }, then desorb, or cascade down to (0,1),
tunnel into (io,O}, and cascade down to (0,0). In
most systems, the additional desorption channels
will dominate the loss (heating} mechanisms so that
with increasing v,„, the desorption rate will rise.
For a fixed v, large fluences FI will again lead to
saturation.

To substantiate this discussion we have evaluated
the above theory of photodesorption numerically for
two systems, namely CH3F and CO on NaC1, calcu-
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lating desorption rates by solving the master equa-
tion as outlined at the end of Sec. IV and detailed,
e.g., in Ref. 21. The parameters entering the theory
are the masses m„and m~ and effective charge Q of
the constituents A and B of the molecule, the vibra-
tional frequency 0 of the active mode, the Debye
temperature T~ of the solid (TD ——281 K for NaC1},
mass of the unit cell of the solid M„ its refractive
index (n, = 1.544), and the depth Vp and range y
of the surface Morse potential. Variables are tem-
perature T, laser fluence F~ (or intensity Ip} and an-

gle of incidence 8; of the laser with respect to the
surface normal. Changing the angle of incidence
alters the local electric and magnetic fields in the vi-

cinity of the adsorbed molecule and thus the cou-
pling into its dhole y, . This is depicted in Fig. 2
where we plot (E p ) as a function of 8;. All subse-

quent calculations of desorption rates are done for
an angle 0; =60' of optimal coupling. Rates at other
angles of laser incidence can be deduced with the
help of Fig. 2 by enhancing or reducing the fluence
values given accordingly.

A. CH3F on NaC1

The two parts A and B of CH3F are identified as
F and the CH3 radical, respectively, with mass num-
bers mz ——19 and mz ——15. There is no evidence in
what position CH3F is adsorbed on NaC1 though
one can speculate from electronegativity and size
that F is sitting over Na. For our theory this is not
crucial because of the small mass difference between
mq and m~. For the free CH3F molecule the
derivative of the dipole moment is Bp/B(=4. 6
debye/A implying an effective charge Q=qe=e,
i.e., q=1. Most molecules, however, change their
dipole moment significantly upon adsorption on a
solid. Unfortunately, nothing seems to be known
about the dipole moment of adsorbed CH3F. We
therefore take q as determined in the free molecule
and keep in mind that q enters the theory only in the
combination (q FI) so that a different value of q
simply implies a rescaling of the fluence.

The active vibration of CH3F into which the laser
is tuned has a wave number in the free molecule of
v3 —1048 cm '. Adsorbed on NaC1 it is reduced"
to 970 cm ' so that fiQ/k& ——1400 K. Next we con-
sider the parameters of the surface potential. Its
depth Vo can be equaled to the heat of adsorption
measured to be aboutii, i2 or somewhat less than 25
kJ/mol or 3025 K per particle. From this depth it
takes at least three photons of energy A'0 each to lift
the molecule into a state degenerate with the contin-
uum, whereas a reduction of 10%%uo (within the exper-
imental uncertainty) in Vp to 22.5 kJ/mol would al-
low this to happen in a two-photon process. Noth-

ing is known about the range y
' of the surface po-

tential except that it is certainly less than an
angstrom. We have therefore studied four potential
models differing in depth as indicated above and

varying in range from 0.25 to 0.35 A. We begin
with a model with Vo ——2570 K and y '=0.25 A so
that the dimensionless parameters in (46) are

ciao
——16.3 and r =27.5. The surface Morse potential

has therefore 16 bound states the lowest two of
which are separated by (E~ —Ep) =2 (0'p —1)Afi)D/r
=1.11AcoD. Thermal desorption is therefore not
possible by one-phonon cascades, as it takes at least
the simultaneous absorption of two phonons for a
molecule to be lifted from Eo to E&. As our theory
so far includes only one-phonon processes, some
features of this model system are somewhat artifi-
cial; they, however, highlight nicely some details of
the photodesorption process, which are less obvious
in the next system (with E~ Ep 0.8—1flct)~} to be
considered.

In Fig. 3 we present the fluence dependence of the
desorption rate as calculated from (51) for various
temperatures and v,„. In a first calculation we
truncate the vibrational ladder at v,„=1.The laser
can then lift the adsorbed molecule only halfway up
the surface potential well (see Fig. 1) to a state
(i,v) =(0, 1) from where phonon-assisted inelastic
tunneling will take it to (i', 0) with a rate of about
10" s '. Subsequently a very fast cascade with typ-
ical transition probabilities P;; =10' s ' will take
it down into lower bound states of the surface poten-
tial, the surplus energy being given off in emitting
phonons. As the latter energy-loss mechanism is, in
our theory, included in the one-phonon approxima-
tion, the downward cascade ends at the state
(i, v) =(2,0), because for this model the second excit-
ed surface state E2 is separated from the first excit-
ed state E~ by more than the Debye energy. This is
certainly an artifact of the present choice of poten-
tial parameters, but is useful, nevertheless, for the
study of the overall process: Indeed, one finds that
at very low fluence and not too high temperature,
desorption is thermally activated, i.e., that the rate
can be parametrized according to Arrhenius and
Frenkel as

(57)

with a heat of adsorption Q= E2, rather than-
(—Eo) as one would expect for straight thermal
desorption. Increasing fluence will keep some of the
higher-surface bound states occupied via the channel
(i,v) =(0,0)~(0,1)~(i',0)~(i)2,0) so that the
effective heat of adsorption is still smaller. If we in-
clude more harmonic oscillator states, i.e., set
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FIG. 3. Photodesorption rate rd from (51) for CH3F on NaCl vs laser fluence FI——Iov I with Io the incident laser intensi-

ty and rI the duration of laser pulse. v is the maximum number of oscillator states included for the vibrational mode of
CH3F. Parameters in (46) oo ——16.3, r =27.5. Dotted line without elastic tunneling, Q,";"=0,for v =5. Dashed line in

(c): third eigenvalue of the transition matrix (W+P+Q) in (51) as examplified in Table I. Also given are the rates with
I

bound-state —bound-state transitions put equal to zero: P;" =0.

v,„&2, the desorption rate at T =50 K becomes
much larger (as compared to v =1}because now a
new mechanism takes over in that the laser pumps
the molecule into vibrational states degenerate with
the continuuin, i.e., (i,O)=(0,0)~(0,1)~(0,2}
~(cont. ,O) where the last step is caused by
(Pg +Q,";"). At low fluences F~&IJm the rate
rises at T =50 K and for v,„&2 like rd -F~ where

For F~ & 1 Jm the rates increase less than qua-
dratically and eventually saturate with asymptotic
values depending on v,„. This is a consequence of
the fact that a high-intensity laser populates all vi-

brational states up to v,„ in a very short time so
that the desorption rate is limited by the (fluence in-

dependent) transition probabilities (P,";" +Q„), see
the arguments around (56). Indeed, the quadratic
power law rd -F~ seems to be the asymptotic
behavior for large v,„ though one might expect a
slower increase for very large v,„. This is, howev-

er, a somewhat academic problem, because we
should not expect the vibrational levels of the ad-
sorbed CH3F molecule to be harmonic (as assumed

in the theory) for too-large quantum numbers v.

Nothing seems to be known about anharmonic ef-
fects in adsorbed CH3F although Heidberg et al. "
argue that v =3 though for different reasons.

To see the importance of the various terms in the
master equation (51}we first put the elastic tunnel-

ing matrix elements, i.e., Q„' equal to zero. We re-
call that this was the process studied by Lucas and
Ewing. The rates are down by about a factor of 2
for this system at T =50 K for all fluences shown in
Fig. 3(a) and also for every v . With Q,";"

switched on again we next suppress all bound state-
bound state transitions by putting P;; =0. To start
with no desorption is now possible if we restrict
v,„=l. But even when we keep more vibrational
states with v,„)2 desorption is down considerably
for all but the lowest fluences because most of the
desorption channels depicted in Fig. 1 are now
closed, the only available ones being
(i,v) = (0,0)~(0, 1)~(0,2) ~(cont. ,O), or (0,0)
~(0,1)~(0,2)~(0,3) ~(cont. , 1) and similar ones
up to v=v, „. Note also that with P;; =0, the
rates are basically independent of temperature and
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fluence, except for very high temperature or very
low fluence because P„' is mostly dominated by
spontaneous phonon emitting processes.

Going up to a temperature T =100 K increases
the rates by about a factor of two but changes little
in the qualitative picture, see Fig. 3(b). At T= 150
K, Fig. 3(c}, however, new features appear. First,
for fluences FI &10 Jm the desorption rate
rises linearly with fluence for v,„&2 because here
desorption can occur at most as fast as the vibra-
tional levels degenerate with the continuum are pop-
ulated. As the fluence is increased beyond 10
Jm, the desorption rate becomes nearly constant
to rise again for fluences beyond 1 Jm to eventu-

ally saturate at values depending on v,„. To under-
stand the origin in the break at FI -10 Jm, we
recall that the solution of the master equation (51) is
given by (53} where the A, s are the eigenvalues of
the complete matrix R;; of transition probabilities,
it so happens that for physically interesting systems,
temperatures, and fluences, the smallest eigenvalue
A,o appears in the sum (53) with the largest weight $0
so that it can be identified as the desorption rate.
All other eigenvalues A,;, i & 0 are typically of order
10' —10' s ' and appear with extremely small
weights S; in (53) so that they represent small and
fast initial transients. In the region of interest, i.e.,
around FI-10 Jm, several eigenvalues are of
order A,p with one having also a weight of order one,
as is demonstrated in Table I. This eigenvalue ex-

changes its role with A,p at this particular fluence as
indictaed in Fig. 3(c}. We should also point out that
the matrix (W+P+Q) in (51) is, in the presence of
the laser terms, no longer symmetric, so that pairs
of complex eigenvalues are possible. They, indeed,
occur at high fluence and temperature with real
parts of the order 10' s ' and imaginary parts
about 10' s ' appearing with extremely small
weights in the sum (53). Increasing temperature to
T =200 K [Fig. 3(d)] increases the rates slightly but
basically follows the same behavior as just discussed
at T =150 K. The linear rise of rq for small FI is
identical for T)150 K. We should note that
thermal desorption (if included in the theory) will,
for small fluences, eventually terminate the linear
portion as the rate must always be larger than the
thermal one. From the temperature dependence of
the "flat" eigenvalue we can identify it as being the
rate of thermal desorption from the state E2 (that
again is an artifact of the present choice of potential
parameters which do not allow one-phonon process-
es to connect states Ep with E& and Ei with E2).

In a second model for the CH3F-NaCl system we
have increased the depth of the surface potential to
Vp/kg =3025 K, yielding a heat of adsorption of 25
kJ/mol. With the range y

' =0.25 A the same as in
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the previous model, a deeper potential has a large
derivative, so that the coupling to the phonons gets
stronger. Predictably the rates increase, e.g., by
about a factor of 2 at T = 100 K.

Next we look at a model for the CH3F-NaC1 sys-
tem in which we increase the range y

' of the sur-
face potential to 0.35 A keeping the depth at
Vo/kq ——2750 K, so that era ——22.82 and r =53.9.
The CH3F molecule can now get trapped into 23
bound states the lowest two of which are separated
by EI —E0-0.81ficoz. With the laser switched off,
thermal desorption by a cascade of one-phonon pro-
cess is now possible. The rate, calculated from the
master equation (51) with fluence F~=O, can be
parametrized by the Arrhenius-Frenkel formula (57)
with Q= Vo and v=2X10' s '. We have calculat-
ed the fluence dependence of the photodesorption
rates from (51) for T =50 and 100 K and for vari-
ous u,„, see Fig. 4. At low fluences the photo-
desorption rate gets slowly larger than the thermal
desorption rate; there is around F~-10 Jm an
indication of a quadratic rise, i.e., r~-F~. At high-
fluence saturation is reached earlier and the rates are
typically smaller in this model by 5 —6 orders of
magnitude. Indeed, the loss mechanisms become
much more effective, e.g., let us pump, with the

laser, a molecule from (i,u)=(0, 0) to (0,1). From
here it can go to (i', 0) via inelastic tunneling P,,'0
and cascade down by emission of phonons all the
way to the bottom of the potential well to
(i,u)=(0,0). Thus the photon does not aid the
desorption process. Because in the previous model
the downward cascade stopped at (i, v) =(2,0), some
of the photon energy could then be saved and used
for desorption. Had we included coherent two-
phonon processes in our theory (as we will be doing
shortly following Ref. 24), the cascade would have
continued from (2,0) to (0,0) thus reducing the rates
in Fig. 3, to pull them more in line with those in
Fig. 4.

For the model parameters yielding Fig. 4 we again
looked at the various contributions in the master
equation (51). If we set all bound-state —bound-state
transitions to zero, P;";"=0,the rates are reduced for
all fluences shown to about 20 s ' at both tempera-
tures, indicating again the importance of the various
cross channels in Fig. 1. Without elastic tunneling
(Lucas-Ewing mechanism ), i.e., putting Q„' =0,
reduces the rates by about a factor of 3 at T = 100 K
and a factor of 10 at T =50 K (dotted curves in Fig.
4). Because this model potential has a wider range
as compared to that for Fig. 3, the derivative pho-
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FIG. 4. As Fig. 3 but for 00——22. 82, r =53.7. Dashed curve for T= 100 K is for a deeper surface potential as indicat-
ed.



5080 GORTEL, KREUZER, PIERCY, AND TESHIMA 27

non coupling is weaker, making (temperature-
independent) elastic tunneling more effective; higher
temperature enhances inelastic tunneling, however.

In a fourth model for CH3F-NaC1 we kept the
larger range of y

' =0.35 A and made the potential
deeper again to correspond to a heat of adsorption
of 25 kJ/mol. This now, not surprisingly, reduces
the rates by about a factor of 4 as compared to the
shallower potential.

We will now attempt a comparison of our model
calculations with the experiment by Heidberg
et al."' Looking at their Fig. 10 in Ref. 11 or
Fig. 2 in Ref. 13 one is tempted to see an analogy
with the left halves of our Figs. 3 and 4. In the ex-
periment the reinaining coverage 8=8(ri) is deter-
mined after a laser flash of duration ~~ has desorbed
a fraction (80—8) with 80 being the initial coverage.
Assuming an exponential decay 8=80exp( rdt} one-
can extract from Fig. 2 in Ref. 12, desorption rates
as a function of fluence as

rd =ri 'ln(80/8)

with ~I given as 200 ns. At F~ ——800 Jm their
data yield rq=5X10 s '. Our theory (both models
of Figs. 3 and 4} produces such values at inuch
smaller fluences in the range 10 —10 ' Jm
There are several uncertainties that made a direct
comparison difficult (and thus save our theory from
outright rejection). (1} Our theory is made for the
zero-coverage limit; at finite coverage (unknown in
the experiment) dipole-dipole (u-U) coupling between
adsorbed molecules will dissipate the absorbed laser
energy slowing down desorption; experiment then
needs a higher fluence at finite coverage than the
theory needs at zero coverage to achieve the same
desorption rate. (2) Our theory predicts that a lot of
the laser energy is used up to resonantly heat the
solid via inelastic bound-state —bound-state tunnel-

ing and subsequent phonon cascade in the surface
potential. We have not yet calculated the resulting
temperature rise which can lead to enhanced
thermal desorption; we suggest that in the experi-
ment the sample temperature is also measured after
the laser pulses. (3) We have assumed in the theory
that the CH3F molecule sticks perpendicularly out
from the surface. This is not known experimentally.
Figure 2 suggests that, e.g., for an orientation of 60'
with respect to the normal a laser intensity higher by
about a factor of 2 is needed to give the same rate.
(4) Last and most importantly we assumed that the
dipole moment of CH3F adsorbed onto NaC1 is the
same as that of the free molecule stemming from
charges +e at either end of the molecule. It is very
likely that the dipole moment changes upon adsorp-

tion and a reduction of the effective charges to, e.g.,
0.1e is quite possible. This would immediately

raise our fluence values by a factor of 100 bringing
them into line with the experiment. Though this is
hopeful thinking, it is nevertheless quite possible,
and we suggest that the dipole moment of adsorbed
CH3F be measured. For future comparisons be-
tween experiment and theory it would be very help-
ful if thermal desorption time also (without laser ir-
radiation) could be measured, e.g., in temperature-
programmed desorption experiments at two heating
rates to allow a unique determination of heat of ad-
sorption Q and prefactor v in (57). This would al-
low the theorist to pin down with some confidence
the depth and range parameters of the surface po-
tential. Photodesorption experiments should also be
done at a low and known coverage, e.g., at 8 (0.1.

Our theory also allows us to estimate the
linewidth I of the v3 molecular vibration of the ad-
sorbed CH3F molecule as it is given to a large extent
by the inelastic tunneling transition probabilities
P, ,'. For the model of Fig. 3 we find I =10" s
=3 cm ' and for the model of Fig. 4 we get I =10
s '=0.03 cm '. Experiments on other adsorbed
molecules suggest' that typical linewidths are of or-
der 5 —50 cm ' as compared to 0.001—0. 1 in free
molecules. A detailed account will be given else-
where.

B. COon NaC1

Carbon monoxide adsorbs on NaC1 with a heat of
adsorption of Q =18 kJ/mo1=2170 K/particle.
The C-0 stretch vibration is increased from 2143
cm ' in free space to 2160 cm ' in the adsorbed
states at a coverage 0=0.1. This implies that a sin-

gle laser photon of that frequency can lift a CO
molecule into a state degenerate with a continuum
of CO in its vibrational ground state. We have
modeled the CO-NaCl system by choosing a range
of the surface potential y

' =0.32 A so that
cr0——16.13 and r =33.6 implying that the lowest-two
bound states are separated by Ei —E0-0.9ficoD.
Thermal desorption rates, calculated from (51) with
the laser switched off, yield a prefactor v=10' s
In Fig. 5 we plot the photodesorption rates r~ versus
inverse temperature T ' for various cutoffs v,„of
the harmonic oscillator modeling the CO stretch vi-
bration. One gets saturation for all fluences FI less
than 10 Jm, assuming again effective charges
+e on C and 0 ends of the adsorbed CO molecules.
For temperatures T)100 K desorption is purely
thermal; it becomes laser dominated very quickly for
T &100 K. The very low fluences needed for sa-
turation imply that laser-induced resonant desorp-
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FIG. 5. Photodesorption rate for CO on NaC1.

00——17, r =33 vs inverse temperature for fluences
F~ & 10 Jm (saturation).

tion of CO from NaC1 could be attempted with a
(1—10)-W laser operating in continuous mode.

VI. COMMENTS

In this paper we have developed a quantum-
statistical theory of resonant photodesorption of
molecules from the surface of dielectrics. The ap-
proach is based on the master equation {51)with the
transition probabilities calculated according to
Fermi's golden rule from the Hamiltonian (32). The
numerical study, apart from providing photodesorp-
tion rates, highlighted three points: (1) the impor-
tance of resonant heating through inelastic tunneling
between bound states; (2) the importance of elastic
tunneling into the continuum for desorption; and
(3) saturation of the photodesorption rates for high
laser intensities as a function of the maximal num-
ber v,„ofvibrational molecular states included. A
number of experiments are suggested by this study:
(1) thermal desorption experiments (e.g., tempera-
ture programmed) should be performed on the
CH3F-NaC1 and CO-NaC1 systems to allow a
(rough) determination of the range of the surface po-

tential from the prefactor v given in (57) with the
heat of adsorption Q measured calorimetrically. (2}
The anharmonicity and linewidths of the v3 vibra-
tion of the adsorbed CH3F molecule and its dipole
moment should be measured to pin down some of
the parameters entering a theory of resonant photo-
desorption. (3) Lower laser intensities are needed to
reach saturation in the CO-NaC1 system according
to Fig. 5, and experiment should therefore be easier.
(4) The higher vibrational excitations in the satura-
tion regime might be detected as additional maxima
in the time of flight spectrum at times of arrival

t„- I/[2m (v+ —, )hQ —Q]'~

for v large enough, where I is the flight path to the
detector. The spectrum, of course will differ strong-
ly from a quasi-Maxwellian spectrum usually ob-
served in thermal desorption.

In the theory a number of further calculations
will be performed: (1} We will calculate explicitly
the resonant heating rate. (2) We will make a de-

tailed study of the linewidths of the vibrational lev-
els of the adsorbed molecule. Improvements of the
theory must include: (1) a three-dimensional version
of the so far one-dimensional theory; this is possible
with the experiences gained in previous work, e.g., in
Ref. 20. (2) With the methods developed in Ref. 24
one should include two-phonon processes in the cal-
culation of transition probabilities. (3) One would
hope that the full master equation (51) can be sim-
plified into a simpler approximate equation in the
same way as we reduced the master equation of the
thermal-desorption cascade model to Fokker-Planck
and Kramers equations in Refs. 27 and 28. This
would make the theory more pallable to experimen-
talists. {4) So far our theory was restricted to adsor-
bates of vanishing coverage. An extension to finite
coverage must take the dipole-dipole interaction be-
tween coadsorbed molecules into account. One
hopes that now after priorities have been established
more careful experiments will also present data on
the coverage at which photodesorption is measured.
(5) After a careful study of electromagnetic fields at
metal surface an extension of the present theory, so
far restricted to dielectrics, will be given.
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In this appendix we summarize the essential features of the electromagnetic fields at the surface of a dielec-

tric including their quantization. We consider light incident from the vacuum side under an angle 8; with

respect to the surface normal n. The normal modes of radiation are calculated from Maxwell's equations with

appropriate boundary conditions. Their wave vector k=(K,a} is decomposed into a two-dimensional com-

ponent K parallel to the surface and its z component ~ &0 perpendicular to it. Their polarization II can be
decomposed into two independent ones: II=s polarized perpendicular to the plane of incidence (s waves or TE
waves) and II =p polarized in this plane (p waves of TM waves). The vector potential is then given by

A(R,z)= g f da'[tri/2eoQ(K, a)]'~2[op „(R,z)e 'n' '""cx'„+c c ]., . (Al}
R,a

where c.c. denotes complex conjugate. We also have

U~gi „(R,z)=(2mS)-1 "e "'(n)&K/E)[8(z)[e -+e- -(1 n,a}/-(I+n, a)]+8(-z)2e- -/(1+n, a)],

U'-'„' (R;}=(2~S) '"e-' " "(n +a)W'+2)-'"
K,z

n, —a
X(n, +2an, +a )

'~ 8(z}[nE e' +e
n, +a

(A2)

T

n, +a——~ e —e
K n~ —a

,.„,Kn —n, aa K/K
+8(—z) 2e

n, +a
(A3)

where S is the surface area, a =cos8, /cos8;, with 8, the angle between the transmitted beam and the negative
surface normal. Also 8(z)=1 for z&0 and 8(z)=0 for z &0. n, is the refractive index of the dielectric.
These modes satisfy the orthogonality relations

fdR f dz[n, 8( —z)+8(z)] O~g~.z(R z)o~g~ „(R,z)=5nn5g, x5(a' —a) . (A4)

To quantize the electromagnetic field we simply treat the expansion coefficients c'&'„as annihilation operators

satisfying Bose-Einstein commutation relations. In the evaluation of the laser transition probabilities (3S) one

needs the normal modes (A3) taken at R=O and z =0+. In (39) only its incident part proportional to exp(iaz)
is used. In Sec. IV A we considered a situation where the dipole moment p of the adsorbed molecule is perpen-
dicular to the surface. If it forms an angle 8 with the normal and P~ with respect to some direction in the
surface plane then the coupling of the laser, incident under an angle 8;, into the dipole, averaged over ((} on a
uniform surface, is proportional to

(
~

E 1u
~

)/~E'~'~ =2(I,'„",/I'~,')sin 8 cos 8;[(n, —sin 8;)'~ +cos8;]

+2cos28;[(n, —sin 8;)'~ +n, cos8;] [(n, —sin 8;}sin28 +2n, sin28;cos 8 ] .

(AS}

For 8 =0 this reduces to the angular dependence of (43).
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