PHYSICAL REVIEW A VOLUME 57, NUMBER 1 JANUARY 1998
High-order multiphoton ionization at metal surfaces by laser fields of moderate power
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By considering a laser-induced dipole layer along the surface of a metal and its action on an electron of the
metal, it is shown that at moderate laser field intensities of sortfe W0cm ™2 energetic electrons of a few 100
eV can be produced, which explains recent observations of Fatkas[Phys. Rev. A41, 4123(1990; Opt.
Eng.32, 2476(1993] without necessarily resorting to the mechanism of Coulomb explosion, taking place after
the completion of the ionization proce$§1050-294{®8)00601-5

PACS numbd(s): 32.80.Wr, 42.50.Hz, 79.20.Ds

With the advent of the laser, the multiphoton photoeffectRef.[10] that on one hand the relaxation time of electron-ion
became of interest and its early investigations are reviewedollisions 7,=3x 10 % sec and that on the other hand the
in a paper by Anisimowet al. [1]. As is pointed out in this electron-electron collision time can be estimated freg
work, the surface photoeffect becomes dominant, if the laser #E£/10(kgT)?. Thus for gold atT=300 K 7,=5.5
polarization is perpendicular to the metal surface. This isx 10 ** sec. Consequently, using the above value of the la-
achieved by grazing incidence of the laser pulse on the suser frequency, we getjw=60>1 and 7.w=11X 10°>1.
face of the solid. If, in addition, the laser intensity is chosenHence, in first order of approximation, we can neglect colli-
not too high, of some 8 W/cn?, and short ps pulses are sional damping effects and electrons near the surface per-
used, then no plasma will be formed during the ionizationform on the average 10 free oscillations in the laser field
process and the surface photoeffect will take place at roorhetween two collisions. This guarantees a sufficient amount
temperature. This is the experimental situation envisaged iaf phase coherence. Next we evaluate the mean free path of
the following. electrons due to electron-ion collisions. With the above val-

In a series of experiments under the above conditions byes forvg and 7, we getl;=4.2x10"° cm=4.2x1072\.
Farkas and co-worker2—4], it was shown that energetic Since the laser pulse wag=8X 10 *? sec, we find for the
electrons of up to 500 eV may be produced that cannot baumber of electron-ion collisions during,, N=r7,/7
explained by existing models-7]. It was suggested that =260. Hence we can evaluate the average distance that an
these energetic electrons have their origin in space-charggectron travels during one laser pulse. According to Ash-
effects[8]. However, in most recent experiments by Farkascroft and Mermin[10], this is given by | = JYNI,=0.67
et al. [4] at very low laser field intensities space-charge ef-x 1074 cm, which is still less than. Therefore the use of
fects were strongly suppressed and the discreteness of tige dipole approximation for the laser field will be justified.
photoelectron energy spectrum was explicitly discriminated. Now we perform the following elementary calculations.

Several years ago, it was pointed out by Liebsch andn a monovalent metal to each Wigner-Seitz cell, containing
Schaich 9] that for the generation of harmonics at solid sur-one ion, at any instant of time a quasifree conduction elec-
faces polarization effects play a crucial role. Since harmonigron can be associated. Along a surface layer of the metal we
generation and multiphoton ionization are strongly interré-genote the positions of the ions kyand the positions of the

lated, we expect that such polarization effects are equallglectrons by;(t). Then the potential of a test chargee at
important in the multiphoton photoeffect. It is the purpose ofpositionx near the surface is given by

the present work to show by means of a simple model cal-

culation that such polarization effects can be made respon-

sible for the occurrence of energetic electrons in the experi- e e

ments of Farkagt al. [2—-4]. V:? Ix=x:()] [x=x] | @
First we perform a few preliminary considerations. We J :

take the laser pulse to propagate ideally along the surface of

the metal and choose the laser polarization perpendicular 6 at t=0 the electrons are at the positionsand fort>0

the surface. Farkast al. [2—4] used a Nd:YAG laser emit- move essentially with constant velocities into arbitrary direc-

ting 8-ps pulses. Then the photon energfds=1.17 eV, the  tions, we can writex;(t) =x; +v;t+ &t) where|v;|=v¢ and

frequency w=2x10" sec!, and the wavelengthA &(t)=&(t) e describes the laser-induced oscillations of the

=10"* cm. The target was a gold surfaceTat 300 K. For  electrons near the surface.is the unit vector of linear po-

this monovalent metal the effective mas8 =m, and the larization, pointing into the positive direction, and the sur-

Fermi energyEr=5.53 eV with Fermi velocityyg=1.4  face is located in thex,y) plane such that>0 is the exte-

X 10® cm/sec. These data are from Ashcroft and Merminrior region. Making in Eqg.(1) a multipole expansion and

[10], one of our sources of information. Similarly, we find in retaining the dipole terms only we get
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2ry,. . , _ w“
V:Ej: e [Vj(t)lj('_gg(tg(x X;) VAV, @) 2mnge*Sagy Sin wt, z>0 (
]

V:
27N,e”S5(2 exfz/ 6) — 1)ag sin wt, 2<0. (5p)

Going over to continuous variables,v;—x’,v(x") and in-
troducing the corresponding integrations we find

v(X")t(x—x’ We i h li
Vs:eznef & ( |X)_(X,|3 ), e introduce the amplitude
() Vi=2mnge?day=(1/2)(w,/w)3(SIN)umc?,  (6)
z't)(z—7
Vd:ezneJ' d3x’ %3—) where w2=4mn.e?/m is the plasma frequency ang

=eFy/mwc=10"°I/hw is the intensity parameter in

V, is the static dipole potential layer at the surface of theWhich the intensityl is measured in W/cfnand the photon
metal, also present in the absence of the laser fieldVarig ~ €Nergy in ev. é” our case, the plasma frequency of g -
the dynamic part, induced by the laser, where we observetfp=1-38X _101 sec *>w. Then the penetration depth is
that £(t) is perpendicular to the metal surface.is the den-  roughly - given by 5=cl/w, [11] and we get V,
sity of electrons. =3(wp/w)um ¢2. To estimate the order of magnitude\6f
We first considetVs. According to the classic book of W€  UuS€ hwp=10.5 eV, iw=1.17 eV, and =25
Seitz[11], along the surface of the metal the electrons can< 10" W/cn?. We find V; =304 eV. Why this potential is
move freely in the X,y) directions but they are confined in SO much larger tham, d|scu§sed before, can be seen as
the z direction to within a short distance of the order of follows. While D depends orag=2.8x10"'" cn? the cor-
magnitude of the Bohr radiua,. Thus we decompos¥,  responding parameter in E(f) is daq. Using from above
into its components parallel and perpendicular to the surfacdhe value forw,, we gets=2.17x10"° cm=10%a,. On the
|ntr0ducing p|ane p0|ar Coordinate$)’((p’) in the (X'y) other hand, one finds from our values foand w, a’o:l.G

plane and observing that in this plahgx’)|=v¢ we get X 10~9 cm. Hence, although the amplitude of the electron
oscillations is so small, stillbag=3.4x10"° cnP=10Pa2
" am (., L (° , evaluated before. Therefore, the comparatively large penetra-
Vs=e nefo de fo p' dp j_a dz tion depth of the laser field into the metal is responsible for
° the surprisingly large laser-induced dipole-layer potential.
vetp’ cosp’ +2'(z—2') To simplify the following analysis, we take in E(pb) the
[p' 2+ (z—2 )22 asymptotic value forz——. Thus we get an idealized
(49 double-layer potential that oscillates at frequencietween
0 z7—7' —V; and+V, at a phase difference of betweerz>0 and
=21-re2nej . z' dz' =7 = +2me’n.a3/2, z<0. Moreover, we describe the static potential exerted on
4o

an electron by the metal surface by Sommerfeld’s step func-
tion Vo[ ®(2) —1] where V, is the depth of the potential
well. Consequently, the wave function of an electron will
have to obey the two Schdmger equations

where in the last expressidr-) holds forz>0 and(—) for
z<—agy. Hence the total potential jump due to this dipole
barrier is D=47re2nea(2)/2. Taking the valuesn,=5.9
X107 cm 2 anday,=0.53x10"8 cmwe findD=1.4 eV in (P22m—V,—V, sinot) ¥, =iha ¥, (z<0) (78
reasonable agreement with results of much more sophisti-

cated quantum mechanical calculatigdg]. This static di-
pole barrier potential is a contribution to the work function
W of the metal. Since later on we shall describe the stati
part of the metal surface by Sommerfeld’'s step potential o
depthVy=E+W, we do not need to consid& any fur-
ther.

Now we consider in Eq3) the laser-induced dipole-layer
potential V4. Using again plane polar coordinates’ (¢'),
the final integration will depend on the form éfz’,t). For
z' <0, we take the field strength of the laser pulse along the ¥,=
surface to have the forR(t) =F, exp'/d)sin wt, where §

(p22m+V; sin ot) ¥, =iho ¥, (z>0) (7b)

herel refers to the interior region and to the exterior
egion, respectively.

To fulfill the continuity conditions of the scattering prob-
lem at the surface at=0, we make Floquet antz in terms
of fundamental solutions of Eq§7a) and(7b)

x5 = x5+ > Rox 7 |exdi (V4 /i w)cos wt],
n

is the penetration depth. We have shown above that the laser (8a)
pulse can be safely described in the dipole approximation, in

particular, since the laser beam propagates along the surface =2 Teol” exdi(Vi/hw)cos wt], (8b)
(for example, in thex direction while the integration is k

alongz’ and we shall see below th&&\. Then, solving the

equation of motion of an electron of the metal in this field, where  x\"'= exd xigzAi—i(Eg+nhiw)t/h]  with  q,
we find &(z',t) = ap expE'/d)sin wt with ap=eFy/mw? for  =[2m(Vo+Eg+nfiw)]¥? and, correspondingly, ¢
7' <0. Hence the final integration in the expression Yy = exdipZi—i(Ey+kiw)t/A] with pe=[2m(Ey+ k# w)]Y2.
(from now on simplyV) yields The unknown reflection and transmission coefficidRtsand
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FIG. 1. Photoelectric currentg(n) (normalized as a function FIG. 2. Int ted photoelectri s in arbit it
of the nonlinear orden for laser intensityl =2.5x 10'° W/cn? at | =3 1% 1P nvslgcrr?FeWi& Zfijg rflgr?g)rrlef;;?(irog' W%ﬁ?ﬁﬁ?r
hich th tesr=520. Maxi t dicted 500 N ’ >
which the parametes aximum current predicted hear a=200, and for(c) 1=10" W/cn? with a=330. The general

eV electron energies. . X
shapes of these curves agree very well with observation.

Ty respectively are then obtained from the matching equa- . , . _ .

tions W,(04) =W, (01) andW¥/(0t)="W/(01), whereWw’ which is particularly accurate for large values raf Multi-
WYL=+ (Y, WL =3 (YL, . _ .

=9,¥. Using the generating function of ordinary Bes;selplalt't?éJ qu_ (k9:b))\by Js-n(~2) and summing oven we get,

functions J,(z) to Fourier decompose the time—dependentp g '

exponentials, the matching equations yield the following re-

lations: Is(—a)=2 Is A ()@ (Ay skt P/20p] Td -

koA
11
Ro=2> Jo_k(@)i 75Ty (93 v
: If we approximate @, .+ Px)/2dq by unity, then the sum-
mation over\ can be performed exactly by means of the
Sno=2 Jn_k(@)i"K (g, +Pe)/290] T,  (9b)  addition theorem of Bessel functions and we obtain the ap-
k proximationT,=J,(—a)i" so that

where we have introduced the dimensionless paramnseter . - 2,
=2V, /hw in which 2V, is the total maximum jump of the J(M=(Pa/Go)In(~ ). (12
oscillating dipole-layer potential. Hence it follows from Eq.(9a9) that in this approximation

f Thi_nhme-a_\veraged outgomgd_eIe(;tronhCL:rrentbcomgonent n= 0n o and there are no reflected currents. Nonetheless, we
(orvk\)/ chtpn |s(;efab,nc(1:’0rrevsvpon Ing Iq-ptho ona sorp; 10N, 4o not get the sum rul®,j;(n)=1, since our approximation
can be obtained fror¥,, . We normalize these current com- ;. very crude for small values of.

ponents with respect to the incoming current, and get

(M =(pn/do)|Tal?  (n=ny), (109 0.038

wheren, is the minimum number of photons to be absorbed %%

in order to yield true free running outgoing wav@é®., ion-

ization). The corresponding normalized reflected currents are . *°%

i

4
=3
)

jr(n):(qn/q0)|Rn_5n,O|2 (n=ny), (10b)

with a similar meaning fom; as forny. Conservation of 0.015
probability requires. ;[ j;(n) +j,(n)]=1, which can be used

Jt(n) (in units of j

to check the accuracy of numerical solutions of the matching ~ *
equations.

In general Eq.(9b) cannot be solved analytically. The I |
numerical solution requires the truncation of the kernel ma- | } '
trix. The size of the truncated set of equations depends, how- 0 10 20
ever, crucially on the parameterd™ for which we get from "
our above example fov, the value 520. Hence, we expecta  F|G. 3. Photoelectric currenfg(n) (normalized as a function
truncated set of matrix equations of the order 18Q000 to  of n for laser intensity 120 MW/cffor which a=36.5. At these
achieve a reliable accuracy. Fortunately, for very largeé™*  low intensities space-charge effects alone cannot be made respon-
an approximate analytic solution of E(®b) can be found, sible for the observed photoelectron currents.
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In Fig. 2 we present in arbitrary units the integrated cur-
rents for three different intensitieg@) 3.1x 10° W/cn? with
the parametem=140, (b) 3.7x10° W/cn? with a=200,
and (c) 10° W/cn? with a=330. These predicted current
distributions agree very well with the results of Fig. 3 of Ref.
[3].

In Fig. 3 we plot the normalized transmitted currgyfn)
for a much lower intensity =120 MW/cn? for which a
=36.5. As one can see, the largest currents are predicted in
the vicinity of n=35, which considerably overestimates the
experimentally observed photoelectron energy spectrum that
ends nean=9 [4]. It should be stressed, however, that the
penetration deptld and thus the parametarare only defined
6 8 10 up to a factor of 711,13

n Finally, in Fig. 4 we show the normalized transmitted

FIG. 4. Photoelectric currenfg(n) andj,(n) (normalized for (pomts_) and_ reflected(crosses currents for a very much

1=3.8x10° W/cn? for which a=6.5. At these very low intensi- |OWer intensityl = 3.8x 10° Wicn for which a=6.5. Even

ties, standard models yield negligible effects contrary to observa@t this low intensity, the transmitted currents are still appre-
ciable and in accord with experimenfd] while standard

model calculation$5—7] yield at these laser intensities neg-

Our above approximation relies on the assumption tha'l.lglble effects.

the average energy of the emitted electrons is much IargerffSLf[mma”Emg' v(\;e have shg\l/vnf th‘?rt] surface polanz?tmn
than the binding energy,. It can be shown that this ap- elfects can be made responsibie Tor thé appearance of ener-

proximation is equivalent to solving the scattering problem getic electrons in the observation of the high-order multipho-
defined by Eqs(7a and (7b), in the Born approximation 'ton photoeffect at metal surfaces at comparatively low laser
disregarding the boundary c,onditionsz&to " field intensities. These effects cannot be explained by the

For the numerical examples, presented below, we choos%XiSting mOdeI calculatior[sS_—?]. Itis tr_ue tha@ space-ch_arge
the parameter values of the exberiments of Fadtr;ui. [2— effects will play an appreciable role in the interpretation of

4]. For gold as target materi®d=5.51 eV,A=4.68 eV, ;heessh'cg%eeng:]g; phstgﬁlfj:;o'gi]s’e?\?gjeger#;‘f£'&§r$e'
thus Vo=10.2 eV, and withn,=5.9x10? cm 3, %o . gy sp : oy

o . . . P their latest experiment, cannot be ascribed to Coulomb ex-
=10.53 eV. All experiments were done with a Nd:YAG la- losion since this mechanism could only yield a continuous
ser with Aw=1.17 eV. The initial experiments were per- P yy

formed with laser intensities of about 20W/cn?, but later ~ SPECUM-

experiments were done with much lower intensities of about

100 MW/cn? to reduce the space charge effects which can This work was supported by the East-West Program of

lead to Coulomb explosion. the Austrian Academy of Sciences and by the Austrian Min-
In Fig. 1 we show the normalized transmitted currentsistry of Science, Transportation, and Art under Project No.

ji(n) as a function ofn for 1=2.5x 10 W/cn? in which  45.372/2-V1/6/97 by the Scientific-Technical Agreement be-

case the parameter=520. In agreement with the experi- tween Austria and Hungary under Project No. A-47 and by

mental findings, energetic electrons of about 500 eV are prehe Hungarian National Science Foundati@TKA) Project

dicted by our theory. No. T016140.
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