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The total charge of the emitted ions from the planar metal targets irradiated by the mode­
locked ruby laser was measured. The dependence of the total emitted ions on the laser fluence 
is consistent with the theory of the muItiphoton ionization in the low fluence region. However, 
it shows saturation phenomena at the higher fluence regions. These saturations could be 
explained by the depletion of the neutral atoms and the level shifting of the intermediate state 
due to the strong Stark effect. 

M ultiphoton ionization by an intense laser radiation has 
been studied theoretically by Bebb and Gold] in rare gases 
and by Si!in2 in solid, and experimentaUy by several auth­
ors.:I-6 The experimental results indicate that the ionization 
probability is proportional to the flux raised to a power 
somewhat less than that predicted by theories. There have 
been three different explanations for this deviation. First, it 
was attributed to the depletion of the neutral atoms by the 
strong radiation.4 Later, it was suggested that, in the strong 
electric field aftne laser radiation, the Stark shift of the inter­
mediate state lowered the ionization potential. s Recently, it 
was suggested that the emitted charges screened the sample 
from the bias field and thus suppressed the photoemission. 7 

The present letter gives new experimental results on the mul­
tiphoton ionization of aluminum and copper solid that sup­
port the first explanation. However, the new local saturation 
effect in the intermediate fluence region seen in this experi­
ment could be consistent with the second explanation. 

A passiveiy mode-locked ruby laser pulse has typically a 
50-ns Q-switched envelope and consists of lOps pulses even­
ly separated by 7 ns. This laser beam of 2 mm diameter is 
focused by a lens (f = 50 mm) to 30,um diameter on an Al 
or a Cu target placed in 10- 3 Torr vacuum. The incident 
laser energy is controlled by a couple ofthin-ftlm polarizers. 
The emitted ions are collected by a diode configuration, 
which consists of a copper collector cup and a sample holder. 
The collector has a hole 5 mm diameter to pass the incident 
beam. A bias voltage of 500 V was applied on the sample and 
the collector was grounded through the load resistance. The 
space between the collector and the sample was 10 mm. In 
preparation for the experiment, samples were submerged in 
the etching solution for a minute in order to reduce the gen­
eration of the secondary electrons on the collector by the 
reflected beam. 

The time-integrated signal of the emitted ion is the total 
charge of the emitted tons. This signal was amplified by two 
Canberra model 816 spectroscopy amplifiers each with gain 
up to 64 X 8 and then fed into the computer data-acquisition 
system through an analog-to-digital converter. Simulta­
neously the laser energy was monitored by a fast vacuum 
photodiode. 

The log-log plots of the total charge of the emitted ions 
versus laser ftuence are shown in Fig. 1 for the Al sample and 

in Fig. 2 for the Cu sample. They show three different re­
gions offluence. In the low fluence region (up to 15 J/cm2 

for AI, 8 J/cm2 for CU), the data can be linearly fitted by the 
least-square method. The fitted slope is 3.44 ± 0.28 for Al 
and 5.02 ± 0.42 for Cu. In the intermediate fluence region 
(up to 80 J/cmz for AI, 50 J/cm2 for eu) the linear fitting is 
not adequate because of the local saturation. As clearly seen 
in the figures, the local saturation is especially distinctive for 
Cu. In the high fluence region the slopes gradually decrease 
as the fluence increases and this indicates the saturation phe­
nomena. 

In the low fiuence region, it can be assumed that very 
small fractions of the evaporated neutral atoms are ionized 
during the irradiation of the laser palses. Thus one would 
expect the total number of ions created per shot to be propor-
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FIG. L Dependence of charge amount of the emitted ions on the laser 
fluence for AI. The solid line is the theoretical curve for A = 4.49 X 10- 34 

em" S3 J -4 for the value ofthe evaporated neutral atom density 10'" cm-3 . 

The slope n is obtained by the linear fitting in the range below the arrow. 
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FIG. 2. Dependence of charge amount of the emitted ions on the laser 
fluence for Cu. The solid line in the low-power region is a linearly fitted line 
for A = 9.58 X 10" ·n em \0 54 J - 5 and in the high-powerregion the line i~ the 
theoretical eurve for A = 1.48 X 10 4" em 10 8

4 J- 5 for the value oftlIe den­
sity of 10'9 em '. The slope n is obtained by the linear fitting in the range 
below the arrow. 

tional to the ionization rate. The ionization rate is propor­
tional to the nth power of the average laser fiuence, where n 
is the number of photon quanta absorbed during the ioniza­
tion. The number n must be equal to (l/fIv; + 1) int' where 1 
is the ionization potential of the atom and fu;J is the laser 
quanta energy. Since the ionization potential is 5.985 eV for 
Al and 7.726 e V for Cu, n is 4 for Al and 5 for eu at the ruby 
quanta energy (ftoJ = 1. 785 e V). In the case of Cu, the ex­
perimental number 5.02 agrees with the theoretical value. 
However, the experimental number 3.44 for Ai is lower than 
the theoretical value of 4. The reason for this discrepancy 
can be explained by the assumption that the quasiresonating 
or resonating state of the integral multiple of the photon 
quanta energy contributes to lower the ionization potential 
of the atom. s In the Al atom, the resonance level may be the 
6 2P3/2' whose energy, relative to the ground state, differs by 
15 me V from the energy of three ruby quanta. 

In the intermediate fiuence region, the stationary state 
which is close to the integral multiple of photon quanta is 
overshifted by the Stark effect in. the strong electric field of 
the incident laser (E - 2 >< 107 V / cm). Thus the cross sec­
tion of the muitiphoton ionization is degraded, and the local 
saturation results from this degradation. The detailed calcu­
lation of the level shifting due to the Stark effect has not been 
performed theoretically except for the hydrogenlike atoms. 
In the potassium atom case, 4f level shift is about 1000 em - 1 

at 2>< 107 V / em electric field. 9 The local saturation is more 
significant for Cu, that is, in the nonresonating case in com­
mon with the result of Delane et af.5 

In the high fiuence region, the density of ions becomes 
appreciable compared with the evaporated neutral atom 
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density. Thus we would expect the slope to be less than n. 
With this saturation effect taken into account, we make a 
rate equation of Nj , 

dNj N;" 
-=!3(No -Nj ) --; P=AF (r,!) , (1) 

dt TR 

where N; is the density of the ions, No is the neutral atom 
density, f3 is the multi photon ionization probability, F is the 
laser fiuence, and 7' R is the recombination time to the neutral 
atom. Since the light pulses are very short (10 1's), we ne­
glect the cascade ionization in this equation. We solve the 
rate equation under the assumption that the mode-locked 
pulses have seven equal rectangular pulses with 10 ps width 
and are separated by 7 ns. Since the interpulse separation 
time (7 ns) is very ShOl~t compared with the recombination 
time which is approximately 500 ns, the decay during the 
interpulse separation may be neglected. We approximate the 
converging beam as a cone and spatially integrate the solu­
tion of the rate equation assuming a Gaussian intensity pro­
file. 10 Then, the total number of ions is given by 

(2) 

where ao is the focusing radius at the target surface, Fo is the 
laser fiuence at the focal point,Jis the focal length of the lens, 
D is the incident beam diameter, and tp is the width of the 
light pulse ( 10 ps). 

In Eq. (2) (Nt ) to! is proportional to F~ in the low 
fiuence. However, it shows the tendency to saturation as the 
fiuence increases. The asymptotic form ofEq. (2) is 

(Nj)to! =-No 1Ta6 2fi., In[7A (Fo )ntp]. 
n D 3 7tp 

(3) 

For AI, the experimental data can be fitted by Eqs. (2) 
and (3) in the whole fluence range, and the fitted value of A 
is 4.49>< 10-34 emS s3J-4 for the value of the evaporated 
neutral atom density 1019 em -'. For Cu, the above fitting 
scheme is not adequate because of the local saturation by the 
strong Stark effect in the intermediate ftuence region. There­
fore, the data in the low ftuence region were linearly fitted 

with A = 9.58>< 10. 47 em 10 S4 J' 5, and the data in the high 
fluence region were fitted by Eqs. (2) and (3) with 
A = 1.48>< 10 49 cm 10 S4 r 5 for the value of the evaporated 
neutral atom density 1019 cm· 3. We deduce the multiphoton 
ionization cross section from these values of A. For Al the 
cross section of four-photon ionization is 10 97.14 cm8 S3. 

Fer eu the cross section of five-photon ionization is 
10 - 139.11 cm 10 S4 in IGW fiuence and 10 - [41.9 em 10 8 4 in high 
ftuence, It shows that the multiphoton ionization cross sec­
tion is degraded by the order of 3 due to the strong Stark 
effect. 

One may indicate that the density of the evaporated 
atoms increases as the fluenee increases in contrast to the 
constant No in the case of gases. But with the evaporated 
neutral atom, the debris of metal is ejected in the form of 
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small fragmentso This phenomenon is easily seer:. in crystal­
line Si, and the debris with high momentum etches the Si 
surface in all directionso Since such debris is not ionized, the 
density of the neutral atoms may increase very slowly, Fur­
thermore, in the log-log plot of Ni vs Fo, the tendency of N; is 
not affected appreciably by this slow increaseo 

In conclusion, our measurement of the total charge of 
the emitted ions shows three different regions of fluence. In 
the low fluence region, the ionization probability is propor­
tional to F~. In the intermediate fluence region, the local 
saturation becomes significant due to the Stark effect. The 
cross section of five-photon ionization is degraded by the 
order of 3 for Cu. In the high fluence region, the large deple­
tion of the neutral atoms leads to saturation of the ion gener­
ation. 
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