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Photoelectrons were produced from a gold surface using strong picosecond Nd:glass laser pulses
of 10'°-W/cm? intensity. Unexpectedly high (up to 600 eV) energies were observed in the elec-
tron energy spectrum only when space-charge effects were completely eliminated. This result is
compared with the well-known electron energy spectra of the multiphoton ionization of gases.

Multiphoton light-matter interaction processes are
analogous in the cases of individual atoms (ionization of
gases) and solid targets (photoelectric effect of metals),
respectively.!> Good agreement with theories for both
gases and metals was found for nearly all characteristics
of the multiphoton processes (e.g., intensity dependence,
polarization dependence, wavelength dependence, etc.).
However, in spite of the interesting new results found re-
cently for the energy spectrum of the electrons appearing
in the ionization process of the atom, which is called
“above threshold ionization” (ATI),>* less attention has
been paid to the energies of the photoelectrons emitted
from the metal. Even the only two early experimental ob-
servations are in contradiction: One showed> the ex-
istence of electrons with higher energy than E =nohv — A
(no is the minimum number of photons necessary to over-
come the work function of the metal A4 and hv is the quan-
tum energy of light); the other® gave the electron-energy
distribution corresponding to the above-mentioned “mul-
tiphoton Einstein equation.”

The studies of electron-energy spectra initiated a new
experimental activity in the field of multiphoton ionization
of gases.” Very detailed experimental®~!' and theoreti-
cal "2~ investigations of these spectra revealed a series of
new basic physical phenomena: ATI,**8 7! ponderomo-
tive acceleration of electrons,® the role of the ac Stark
shift,'! etc.; however, each of them is for the case of gases.
The following obvious questions arise: Does ATI really
exist in the case of the photoeffect of metals? What is the
reason for the mentioned disagreement?>® And, in gen-
eral, how does the electron-energy distribution depend on
the various parameters of the interaction?

Therefore, in our recent experiments we analyzed the
kinetic energies of photoelectrons produced by high-
intensity laser light pulses on a metal (gold) surface. We
have found in a preliminary work'> unexpectedly high
—up to 600 eV—electron energies, and in this Rapid
Communication we describe our experiment and report in
detail on the results obtained.

Meanwhile, a further, interesting piece of experimental
work has been published on the subject in question'®
which, as we shall see below, has partly confirmed our re-
sults and partly disagreed with them— probably due to the
different experimental arrangement used.

In our experimental work we also bore in mind the
above-mentioned earlier experimental evidences, relating
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to the energies of the photoelectrons from the multiphoton
photoeffect of metals: At low ruby-laser intensities ( < 10
MW/cm?) and using various metal targets (Au, stainless
steel), no electrons with energy higher than E =nohv— A4
were found;® at somewhat higher ruby-laser intensities
(50-100 MW/cm?) and with a Ag target, electrons hav-
ing about 10-eV energy were observed.’ It should be
stressed here that the key point of the undisturbed obser-
vation in all laser-induced metallic photoeffect experi-
ments is the complete elimination of the space-charge
effect caused by the high photocurrent densities, as has
been observed in many experiments'”'® and confirmed
theoretically.!” In the cases of Refs. 5 and 6 these in-
herent space-charge effects were not completely eliminat-
ed, which might wash out the effects to be observed at
high intensities, even if they existed. The same seems to
be partly true for the experiment described in Ref. 16.

Therefore, our aim was to determine the energies of the
multiphoton photoelectrons emitted from metals at high
laser intensities in the absence of space charge. To realize
this, the basic features of our experiment were the follow-
ing: application of high intensity (<25 GW/cm?), ul-
trashort (8 psec) Nd-laser pulses (hv=1.17 eV); use of
the surface photoeffect of gold as the multiphoton interac-
tion process, i.e., using grazing incidence and p polariza-
tion of light to ensure the exclusion of the volume
photoeffect and thermal electron emission;?° application
of high (> 10 kV/cm) extracting electrostatic fields to
eliminate the space-charge effect; use of an appropriate
form of energy analysis (retarding field method with
meshes, small solid angle for electron collection, and an
electromultiplier for detection, as suggested in Refs. 21
and 22).

The experimental setup is shown in Fig. 1. Single-
bandwidth-limited pulses (8 psec, 1 mJ, 1-Hz repetition
rate) of a passive mode-locked Nd:phosphate glass oscil-
lator-amplifier laser system were directed onto a properly
polished and cleaned* thick polycrystalline gold plate T
(reflectivity ~99%) at grazing incidence ~85°. After
slight focusing the maximum li§ht intensity at the metal
surface was of Io=25 GW/cm?* related to the cross sec-
tion perpendicular to the beam axis. The electric field of
the laser was p polarized, i.e., perpendicular to the gold
surface. In front of the gold plate a mesh M, kept at +15
kV extracting potential (V) was placed at a distance of
15 mm to eliminate the space charge. Behind this mesh a
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FIG. 1. Experimental setup: laser beam (LB), monitoring
photocell (PC), gold target (T), accelerating mesh (M), dia-
phragms with diameter of 3 mm (D1, D2), retarding field
analyzer (AN), and electron multiplier (EMP). The T-M dis-
tance is 15 mm. The curve at the bottom shows the variation of
the electrostatic potential along the electron path to the electron
multiplier.
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usual retarding field energy analyzer system (AN) with
0.01 sr observing solid angle— determined by diaphragms
D1 and D2—was used. The entrance diaphragm D1 of
the analyzer was kept at the same potential (i.e., ground)
as the gold target to reobtain the original, space-charge
free-electron energy spectrum. In this way the accelerat-
ing high-voltage electrode eliminates the space-charge
effect only, and it has no effect on the electron-energy dis-
tribution.

The incoming laser intensity / was monitored by the
vacuum photocell (PC) giving signal S;. The total num-
ber of electrons emitted from the gold plate was measured
directly on a 50-Q load resistance of an oscilloscope (sig-
nal Spir), while the analyzed electrons were detected by
an electron multiplier (EMP) (signal Sgmp). The overall
interaction system was situated in a vacuum vessel
pumped down to 5%x10~% mbar by a turbomolecular
pump.

To obtain the electron-energy distributions we mea-
sured the multiplier signal Sgmp as a function of the re-
tarding potential V., (it was varied between 0 and —1000
V), which gave the integral energy distribution. Owing to
the considerable fluctuation of our laser (signal S;), ener-
gy resolution with a precision of AV i~ hv (i.e., precision
of ATI peaks) was not possible; only the distribution en-
velope was measured. To prove that the space-charge
effect seriously alters the electron-energy distribution up
to its complete elimination, this procedure was repeated at
various Ve values (Fig. 2). The energy distribution
curves changed in a very sensitive way with V¢, below
~10 kV, while above this value no change was observed:
This feature really shows the key role of the elimination of
the space charge.

There exist two further proofs of the elimination of the
space-charge effect by V.. The first one, which has been
performed traditionally by us and others>>® in the course
of multiphoton experiments is the following. The mea-
sured dependence of the total emitted electron current
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FIG. 2. Integral electron-energy distribution curves at vari-
ous Vex extracting electric potential values: (a) Ve =0V, (b)
Vext=5 kV, (c) Ve =10 kV, (d) Ve, =15 kV. S(EMP) is the
electron multiplier signal. The laser intensity is ~20 GW/cm?.

Spir on the light intensity 7 must follow the theoretical ™
power function law in the intensity range (<10 GW/
cm?) where the perturbative approach is valid;° ~2* how-
ever, only in the space-charge-free case. For our gold
plate?®> 4 =4.679 and hv=1.17 eV for the Nd-laser light,
in our case the theoretical no=[A4/hv+ 1lipicger =4, and
we measured n=no=4 only above V.u~10 kV (.e.,
space charge eliminated) and n < ng=4 for V¢, < 10 kV
(influenced by space charge). The second one is the com-
parison of the actually measured maximum current densi-
ty jmax~60 A/cm? (being the total emitted charge
~2x%10 7! C and the laser spot size on the surface ~3.2
mm?2), and the theoretically predicted (e.g., Ref. 19)
space-charge-limited current density jjm, which is 75
A/cm? for our case. In the course of the experiments the
condition jmax < jiim Was always ensured.

After these checks we measured the integral electron-
energy distributions at Ve, =15 kV. As for the laser in-
tensity range used, we had to bear in mind that the elec-
tron number arriving to the multiplier through the
analyzer was about 10 ™3 times lower than the total emit-
ted electron number. Therefore, to obtain detectable sig-
nals even at high V¢ voltages we were obliged to apply
higher incident light intensities of 13-25 GW/cm?; such
intensities are higher than the mentioned < 10-GW/cm?
values for which the perturbative approach exactly holds.
On the other hand, special care was taken to avoid any
kind of heating, melting, or plasma creation at the sur-
face, which began to appear above 30 GW/cm? The re-
sults are summarized in Fig. 3. The scattering of the ex-
perimental points, caused by the laser instability, did not
allow straightforward numerical differentiation of these
integral distributions to obtain distribution maxima.
However, it is clear that for each distribution an interval
can be found around a certain Vo value in which the de-
crease of the electron number is significantly stronger
than in the other regions (i.e., a maximum corresponds to
it in the differential electron-energy distribution at E
=¢V,e0). Table I summarizes the energy values E
around which the maximum electron number was created.
It can clearly be seen that E increases monotonically
with the laser intensity 7 up to as high as 600 eV at I =25
GW/cm?.
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FIG. 3. Integral electron-energy distribution curves obtained
with 8-psec Nd:glass laser pulses at various laser intensities: (a)
1=25 GW/cm?, (b) =22 GW/cm?, (c) I=18 GW/cm?, (d)
I=13 GW/cm?2. The extracting electric potential Ve, =15 kV.

In the course of these experiments we noticed that
the characteristic slope values n'=dlog(Semp)/8(logl)
(derived from the I" power form) showed a continuous in-
crease up to values as high as n'~15 when we increased
Vet up to the detection limit of Sgmp~0.

In order to be sure that the high-energy electrons came
only from the pure interaction processes of the laser light
and the metallic electrons, we wanted to exclude any kind
of artifacts which might also create electrons with the
same energies, e.g., from the meshes kept at 15-kV voltage
(producing secondary electrons, photons, etc.). For this
purpose we repeated the measurements with the same
electric conditions (Vex; ™+ 15 kV, Ve =0-1000 V), but
instead of the psec Nd-laser system we used a giant pulse
ruby laser, of which the pulse duration, the pulse energy,
and the intensity could easily be varied. In this way the
same electron number was achieved with the following pa-
rameters: hv=1.78 eV, the multiphoton order no=3, the
pulse duration 20 nsec, the intensity /<2 MW/cm?
which is 4 orders of magnitude less than in the case of Nd
laser. The result, represented in Fig. 4, shows less than
10-eV energies for the emitted electrons (and Sgmp <13
intensity dependence, i.e., the interaction was pure multi-
photonic). This proves that none of the mentioned side
effects of the high-voltage electrodes occurred. (Similar
results supported this check: ~10-usec normal spikes of
the ruby laser were used, whereupon long thermionic elec-
tron pulses were created with even lower electron ener-
gies.)

If we compare these results with those mentioned ear-

TABLE I. Energy values around which the photoelectron en-
ergy distribution has its maximum.

Laser intensity, / Eo
(GW/cm?) (eV)
13 100
18 300
20 350
22 500
25 600

FIG. 4. Integral electron-energy distribution curves obtained
with 20-nsec, low-intensity (2 MW/cm?) ruby-laser pulses. The
extracting electric potential Vex ™15 kV. Note the much lower
energy scale on the horizontal axis compared with Fig. 3.

lier® where the intensity was the same and the space
charge was partly eliminated, we can state that the ob-
served effect corresponds to the lowest-order perturbative
interaction. As for the other® early ruby experiment at
I~100 MW/cm?, in spite of the inherent presence of the
space charge—due to the simple two parallel cathode-
anode system used— ~10-eV electron energies were
found. This fact also supports our present results obtained
in the high-intensity range.

In conclusion, we measured the photoelectron energy
distribution induced by the multiphoton photoeffect of
gold. High-energy electrons (up to 600 eV) (appeared
even at unexpectedlg' low laser intensities (in contrast to
the case of atoms??). Our results strongly differ from
those obtained recently also for metals,'® where the ener-
gies of the emitted electrons fell in the region of 0-10 eV,
showing ATI-like structure. The same low-energy spec-
trum, apart from the 1-eV resolution, was observed at
similar light intensities in our measurements also, when
the space charge was not eliminated (see the curve at the
bottom of Fig. 1, Ve, =0). Our apparatus was not able to
resolve peaks even if they existed.

The theoretical interpretation of our results is not yet
obvious. The basic nonperturbative theories 2%’ and their
variants, particularly applied to metals,?*?® do imply the
existence of ATI. However, these theories give undetect-
able low yield for the ATI peaks with respect to the noth-
order “normal” multiphoton current. For example, the
ratio of the yields corresponding to the first- and zeroth-
order ATI peaks is 10 ™% at I=2.5%10'" W/cm?. The
other possible effect, the ponderomotive potential,®?? A
=¢2E%/4mw? would give about 2 meV in our case. The
laser-induced thermal effects?® would have produced ener-
gies less than the order of eV; however, they were com-
pletely eliminated in our experiment by using grazing in-
cidence, psec pulses, etc.

Because the observed effect cannot be explained by the
simple application of the theories mentioned here, further
generalization seems to be necessary to take into account
such fundamental facts as the macroscopic character of
the metal as a third body, the handling of the interaction
in nondipole approximation (due to the grazing in-
cidence), and the dynamic population of the infinite num-
ber of empty states of the metal between the Fermi and
vacuum levels.



RAPID COMMUNICATIONS

4126

GY. FARKAS AND CS. TOTH 41

Thanks are due to Dr. S. L. Chin, Dr. L. A. Lompré, Dr. E. Fazekas, and Dr. G. Petite for their valuable remarks.
This work was supported by the Orszagos Tudomanyos Kutatasi Alap Foundation of the Hungarian Academy of Sci-

ences.

!G. Mainfray and C. Manus, in Multiphoton Ionization of
Atoms, edited by S. L. Chin and P. Lambropoulos (Academ-
ic, Orlando, 1984), p. 7.

2Gy. Farkas, in Multiphoton Processes, edited by J. H. Eberly
and P. Lambropoulos (Wiley, New York, 1978), p. 81; S. .
Anisimov, V. A. Benderskii, and Gy. Farkas, Usp. Fiz. Nauk
122, 185 (1977) [Sov. Phys. Usp. 20, 467 (1977)]; Gy. Far-
kas, in Photons and Continuum States of Atoms and Mole-
cules, edited by N. K. Rahman, G. Guidotti, and M. Allegrini
(Springer-Verlag, Berlin, 1987), p. 36.

3P. Agostini, F. Fabre, and G. Petite, in Multiphoton Ionization
of Atoms (Ref. 1), p. 133.

4P. Agostini and G. Petite, Contemp. Phys. 29, 57 (1988).

5Gy. Farkas, 1. Kertész, Zs. Naray, and P. Varga, Phys. Lett.
24A, 475 (1967).

SE. M. Logothetis and P. L. Hartman, Phys. Rev. 187, 460
(1969).

7P. Agostini, F. Fabre, G. Mainfray, G. Petite, and N. K. Rah-
man, Phys. Rev. Lett. 42, 1127 (1979).

8P, Kruit, J. Kimman, H. G. Miiller, and M. J. van der Wiel,
Phys. Rev. A 28, 248 (1983); H. J. Humpert, H. Schwier, R.
Hippler, and H. O. Lutz, ibid. 32, 3787 (1985); U. Johann, T.
S. Luk, H. Egger, and C. K. Rhodes, ibid. 34, 1084 (1986).

9T. J. Mclirath, P. H. Bucksbaum, R. R. Freeman, and M.
Bashkansky, Phys. Rev. A 35, 4611 (1987).

10L. A. Lompré, G. Mainfray, C. Manus, and J. Kupersztych, J.
Phys. B 20, 1009 (1987).

HIM. D. Perry and O. L. Landen, Phys. Rev. A 38, 2815 (1988).

12Y. Gontier and M. Trahin, J. Phys. B 13, 4383 (1980).

13H. G. Miiller and A. Tip, Phys. Rev. A 30, 3039 (1984).

14], Javanainen, J. H. Eberly, and Q. Su, Phys. Rev. A 38, 3430
(1988).

15Gy. Farkas and Cs. Téth, in Proceedings of the Seminar on
Fundamentals of Laser Interactions II, 1989, Obergurgl,
edited by F. Ehlotzky, Lecture Notes in Physics Vol. 339
(Springer-Verlag, Heidelberg, 1989), p. 289.

16S. Luan, R. Hippler, H. Schwier, and H. O. Lutz, Europhys.
Lett. 9, 489 (1989).

17J. G. Fujimoto, J. M. Liu, E. P. Ippen, and N. Bloembergen,
Phys. Rev. Lett. 53, 1837 (1984).

18Gy. Farkas and Z. Horvéth, Opt. Commun. 12, 392 (1974);
D. Charalambidis, E. Hontzopoulos, C. Fotakis, Gy. Farkas,
and Cs. T6th, J. Appl. Phys. 65, 2843 (1989).

19J. P. Girardeau-Montaut and C. Girardeau-Montaut, J. Appl.
Phys. 65, 2889 (1989).

201, A. Lompré, J. Thebault, and Gy. Farkas, Appl. Phys. Lett.
27,110 (1975).

2L, A. Lompré, A. L’Huillier, G. Mainfray, and C. Manus, J.
Opt. Soc. Am. B 2, 1906 (1985).

22W. Xiong, F. Yergeau, S. L. Chin, and P. Lavigne, J. Phys. B
21, L159 (1988).

23Gy. Farkas, S. L. Chin, P. Galarneau, and F. Yergeau, Opt.
Commun. 48, 275 (1983).

24A . P. Silin, Fiz. Tverd. Tela 12, 3553 (1970) [Sov. Phys. Solid
State 12, 2886 (1970)].

25L. A. Lompré, G. Mainfray, C. Manus, J. Thebault, Gy. Far-
kas, and Z. Horvath, Appl. Phys. Lett. 33, 124 (1978).

26L. V. Keldysh, Zh. Eksp. Teor. Fiz. 47, 1945 (1964) [Sov.
Phys. JETP 20, 1307 (1965)].

2TH, R. Reiss, Phys. Rev. A 22, 1786 (1980).

28F. V. Bunkin and M. V. Fedorov, Zh. Eksp. Teor. Fiz. 48,
1341 (1965) [Sov. Phys. JETP 21, 896 (1965)].

R. Yen, J. Liu, and N. Bloembergen, Opt. Commun. 35, 277
(1980).



