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Pulsed-laser-irradiated surfaces sometimes emit positive ions at energies several volts higher than 
one would expect, even at modest (co.1 J/cm*) fluences. A mechanism that can account for this 
phenomenon is discussed. Intense surface photoemission of electrons during the laser pulse leads to 
the formation of a space-charge layer near the surface. If the laser fluence were constant, the ions 
would accelerate and subsequently decelerate as they pass through this steady potential well. As the 
laser pulse ends, however, some ions may undergo extended acceleration as this space-charge layer 
moves away from the surface. The maximum possible ion acceleration is analytically calculated and 
the acceleration for a range of realistic experimental parameters is numerically predicted. 0 1995 
American Institute of Physics. 

I. INTRODUCTION 

It is very common to utilize high-powered pulsed (ns) 
lasers in desorption,‘-3 surface photochemistry,4-7 and mate- 
rial ablation’-” studies. The fluences (0.001 J/cm*<f< 10.0 
J/cm’) typically used in these experiments vary over several 
orders of magnitude and the effects range from perturbative 
to destructive. The laser-surface interaction progresses from 
thermal heating to neutral desorption and ultimately to ex- 
plosive ablation and plasma plume production as the fluence 
increases. The plasma plume threshold is generally at flu- 
ences greater than about 1 J/cm* (1 GW/cm* for a 2 ns 
pulse); in this regime the observed outgoing products result 
from a complex variety of electronic and chemical processes 
in the ablation plume.‘0 Laser-induced emission of positive 
ions with kinetic energies much greater than thermal has 
been reportedi’-‘3 in laser-surface experiments which have 
been carried out under seemingly mild irradiation conditions 
(SO.1 J/cm*). Although these fluences are well below the 
plasma plume production threshold, the ion yield and energy 
distributions’* indicate the possibility of ion acceleration via 
collective effects in the electron space-charge cloud pro- 
duced via photoemission. This type of dynamical accelera- 
tion was suggested as a mechanism for the laser-induced 
emission of translationally hot (-0.7 eV) positive ions from 
Cu(100) at a power threshold of =60 MW/cm*.‘* Note that 
the acceleration mechanism discussed in this article applies 
only in the low-fluence regime where the ion yield can be 
regarded as exceedingly small. For example, the model 
works well for ion yields of approximately lo*-lo4 per laser 
shot. When the ion yield becomes substantially greater, the 
“Coulomb explosion” model” is generally more applicable. 

Previous study of particle acceleration by time- 
dependent space-charge fields in the low-fluence limit has 
been restricted to electrons.‘5”6 It has been shown’5 that the 
earliest emitted electrons gain 3-4.5 eV as a rapidly forming 
negative space-charge potential layer accelerates away from 
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the surface when the laser pulse turns on. Acceleration only 
occurs for those electrons that escape before the formation of 
a primary, negative space-charge layer. Acceleration in this 
case is a rapid, transient phenomenon; on the time scale for 
electron acceleration the laser pulse and its associated space- 
charge layer are approximately constant. Ion acceleration oc- 
curs by a very different process since the mechanism for 
electron acceleration is too rapid for effective ion accelera- 
tion. Instead, ion acceleration is caused by the primary 
space-charge layer as it moves slowly away from the surface 
when the laser pulse decays. Thus, an ion emitted from the 
surface, or created in the near-surface zone at a suitable time 
and with an appropriate initial kinetic energy, may experi- 
ence a substantial energy gain if it is able to move along with 
the accelerating space-charge layer.14 This article presents an 
analytical description of space-charge-induced acceleration 
of ions in a fluence region that has received little attention, 
i.e., near the plasma threshold region. We provide numerical 
results that cover a range of experimentally relevant param- 
eters. Section II reviews the known structure of the space- 
charge layer and places upper and lower bounds on the laser 
fluence for which our treatment can be considered valid. Sec- 
tion III details the main results concerning ion acceleration 
and derives an analytical expression for the maximum energy 
gain that is theoretically possible. Section IV tests the valid- 
ity of our simple dynamical analysis of ion motion by care- 
fully examining a number of assumptions inherent in the 
model. 

II. SPACE-CHARGE MODEL 

The effect of space charge on the ability of a planar 
vacuum gap to carry a current has previously been studied 
since it is related to the performance of vacuum tubes.17 
These calculations show that the maximum transmittable 
current J, across a gap of width L by electrons with charge 
-e, mass m,, and initial energy E. is 

(1) 
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For typical parameters such as E,= 1 .O eV and L = 0.1 cm, 
Eq. (1) predicts a maximum current density of 230 ,uUm2 
or roughly six orders of magnitude less than the 100 A/cm2 
photoelectron current density that is typically emitted from a 
surface during a laser pulse.15 The vast majority of the emit- 
ted current returns to the emitting surface because of repul- 
sion from the existing negative space charge and attraction to 
the positive, image space charge inside the emitting material 
(which we assume is conductive). Equation (1) is the well 
known Child-Langmuir law of space-charge-limited current 
in a planar diode.17 

The potential 4 as a function of the coordinate z, which 
measures distance from the emitting surface, is the unique, 
self-consistent solution to the Poisson equation 
[V2+(z)=-neleo] and the Lorentz force equation 
[ m,( d2zldr2) = - e( d&dz)] that satisfies the appropriate 
boundary conditions for electron motion. It is necessary for 
us to make some assumption regarding the distribution of 
photoelectron emission energies. Electron photoemission 
tends to occur w#h energy distributions that mirror the oc- 
cupied states within the emitting surface. For a metallic 
source as assumed here, the filled states tend to occur in a 
continuous band. Thus, if we assume that the energies of the 
emitted electrons are uniformly distributed between 0 and 
E,, then the transmitted current is closely approximated by 
Eq. (1) as long as J,eJ,, where Jo is the current density 
emitted from the surface. This “step-function” electron en- 
ergy distribution is used throughout this article as a reason- 
able model for the energy distribution observed in experi- 
ments. In this case the potential across the gap becomes 

4(z)= e 
1 

3 (l-!yLj, o~z<zo, 
23! [ 1 -( XL!)““], zo~z~L, t2) 

e 

where the emitting surface is at z = 0. Note that the effect of 
image charges within the metallic emitting surface is auto- 
matically contained in Eq. (2). The parameter z. is the loca- 
tion where the minimum in the space-charge potential oc- 
curs, 

18e2 ‘I4 
zo= * ( i 

E3/4 

GiT, (3) 
e JO 

and it follows from our previous assumptions that zoGL. 
Figure 1 shows the space-charge-induced potential through- 
out the current-carrying vacuum gap. Notice that the poten- 
tial is zero at both the emitting surface and the collector, but 
reaches a minimum at z = z. very near the emitting surface. 
For typical parameters (Jo= 100 A/cm2, zolL= 0.004), the 
depth of the potential well is such that it is able to reflect the 
vast majority of photoemitted electrons; i.e., &zo) = E,le. 

Integrating Eq. (5) from z = 0 to z= z. gives the number 
density per unit surface area a=(zo/3>n(0), and thus the 
total number of electrons in a cube with side length z. is 
N=z$z(0)/3. Assuming E,=l.O eV, we find that N<l 
when Jo> 1 O6 A/cm2. Collective dynamics occurs whenever 
N+ 1, or equivalently, f G 60 J/cm2. As stated in Sec. I, the 
low-fluence regime considered here is restricted to f < 1 
J/cm2. It follows that both of the above limits to laser fluence 
are readily satisfied. 

The above solution for 4(z) and z. is valid only for a 
restricted range of Jo. Although we expect that the low- 

A lower bound on Jo arises from our assumption that 

fluence regime considered in this work should be restricted 
J,e Jo. At very low laser fluences, the photoemitted electron 

to f < 1 J/cm2, it is important to consider established upper 
current may become comparable to the maximum current 

bounds to the laser fluence for which Eq. (2) and (3) can be 
that can be transmitted across the gap according to the 
Child-Langmuir law. Specifically, Eqs. (2) and (3) are not 
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FIG. 1. One-dimensional space-charge potential C#J vs gap coordinate z. The 
potential across the entire gap is shown in the inset. This model assumes that 
J,aJ, and zOaL. The typical values assumed in this article are 
z0=4X 10m4 cm and E,= 1.0 eV. 

considered valid. An inverse bremsstrahlung-heated ion- 
electron plasma dominates the laser-surface interaction 
whenever’8”9 

P&C, (4) 

where P is the incident laser power, r is the beam duration, 
and C=2X105 W& s cm2 is an empirical constant appropri- 
ate for ~~10 ns2’ Whenever the laser fluence is this large, 
the resulting gross plasma plume makes our space-charge 
processes irrelevant. Our space-charge model could hold 
only in the low-laser-fluence limit where Eq. (4) is not sat- 
isfied (P<2 X IO9 W/cm2 for r= 10 ns). Assuming a quan- 
tum efficiency of 10e3 for electron photoemission and pho- 
ton energies of 6 eV, Eq. (4) restricts the photoemitted 
electron current to Jo<300 kA/cm2 for 10 ns pulses or a 
maximum laser fluence of 20 J/cm2. 

Another upper bound for Jo is implicit in our assumption 
that the space-charge layer can be treated as a continuous 
electron “fluid.” This condition can be expressed numeri- 
cally by requiring that an accelerating ion interacts with a 
large number of separate electrons. Equation (2) and the 
Poisson equation combine to yield the electron number den- 
sity n in the space-charge layer, 

(5) 

482 J. Appt. Phys., Vol. 78, No. 1, 1 July 1995 Peurrung et al. 

Downloaded 12 Feb 2007 to 128.187.0.164. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



accurate when J, is not much less than J,(z), where J,(z) is 
the current at location z that ultimately is reflected by the 
space-charge layer. Since we have assumed that the electrons 
have a uniform distribution of initial kinetic energies, the 
reflected current can be written 

(6) 

From this equation we conclude that our space-charge equa- 
tions are not accurate for the region where 

(7) 

For Eo= 1.0 eV and Jo = 100 A/cm2, the equations are ac- 
curate for all but a small region near z = zg. Only when the 
photo-emitted current has dropped to Jo-4X low3 A/cm2 
does the analytic solution for the gap potential lose validity 
over a region in z as wide as 0.5~~. This problem is not even 
as severe as it may appear since relatively little ion accelera- 
tion occurs in the region around z =zo. Nevertheless, for 
extremely low laser fluences this model is only approximate. 
The assumption that zoeL can also be violated for very low 
emitted currents. For example, when Jo-4X 10Y3 A/cm2 
and Eo= 1 .O eV, the minimum in the potential occurs at 
zo=O.l cm. 

III. ION ACCELERATION 

The net energy gained by many emitted ions arises from 
their interaction with a time-dependent electron space-charge 
layer. If the space-charge potential were unchanging, positive 
ions would accelerate in the region 0 <z<zo but decelerate 
in the region zo<z< L thereby arriving at the collector with 
precisely their initial kinetic energy. A permanent energy 
gain by the ions occurs during the time when the laser flu- 
ence decreases. The space-charge potential well into which 
the ions are attracted moves away from the surface at this 
time because zoaJ; 1’2. By the time a particular ion reaches 
the location where it would have decelerated, the space- 
charge potential has moved so that the ion retains its ac- 
quired velocity and possibly even continues to accelerate. In 
many circumstances ions never decelerate because they 
never catch up to the minimum in the potential well. In es- 
sence, ions interact with the time-dependent space-charge 
potential much as an ocean surfer interacts with a surface 
water wave. Implicit in this model is the assumption that ion 
acceleration is a sufficiently slow process that the potential 
created by the emitted electrons moves “adiabatically,” al- 
ways retaining its steady-state form. The validity of this as- 
sumption is examined in Sec. IV 

The surprisingly strong acceleration undergone by some 
ions (>2.0 eV energy gain can occur even when the maxi- 
mum emitted electron energy E. is 1.0 eV) is primarily a 
result of the detailed form of the space-charge potential well. 
The electric field that accelerates the ions is 

z<zo. 03) 
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z/z, 

FIG. 2. Ion acceleration a vs the location z,, of the minimum in the space- 
charge potential. The ion’s position z is fixed. The acceleration is normal- 
ized to the maximum possible acceleration at z,,=4z. Substantial accelera- 
tion occurs over a large range in zO. 

For arbitrary laser time profiles [i.e., zo(t) profiles], ion 
emission times, and initial kinetic energies, we can numeri- 
cally integrate Eq. (8) to find the total work performed on the 
ion by the space-charge electric field. Before discussing this 
general case in detail, however, it is useful to know the theo- 
retical maximum possible energy gain. For an ion located at 
position z, there is a particular laser fluence that maximizes 
the force on that ion. Figure 2 shows the acceleration for an 
ion at z as a function of z. (which depends on the instanta- 
neous laser fluence). An accelerating ion for which we con- 
tinuously adjust the laser fluence in order to maintain this 
maximum force should therefore receive the maximum pos- 
sible energy gain. The maximum electric field for an ion as a 
fixed position z occurs when zo=4z and leads to an accel- 
eration 

(9) 

The theoretical maximum possible work that may be per- 
formed on the ion is obtained by requiring the laser’s time 
profile to be such that zo=4z at all times. In this way we 
guarantee that Eq. (9) describes the ion acceleration for all 
possible values of z. 

The total amount of work performed on an accelerating 
ion under “optimal” conditions is given by 

AUKE= udz,) - UKE(O) + WV 

where z=O is the emitting surface and maximum accelera- 
tion occurs between z = z, and z = zf . Maximum acceleration 
is not possible all of the way from z = 0 because this would 
require an infinite laser fluence. We assume that maximum 
acceleration begins at zs= ~$4, where zz is the location of 
the space-charge potential minimum at peak photoelectron 
current Jo. The acceleration trajectory is assumed to stop at 
zf = L/2, where L is the width of the vacuum gap. Using Eqs. 
(2) and (9), Eq. (10) can be rewritten 
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FIG. 3. Ion position relative to (a) the space-charge potential minimum and 
(b) the energy gain vs position for an optimal acceleration trajectory. After 
reaching z= 1.0X 10e4 cm, the ion remains perfectly positioned for maxi- 
mum acceleration and energy gain depends logarithmically on distance trav- 
eled. The peak photoelectron current is Jo = 100 A/cm* and the peak pho- 
toelectron energy is E. = 1.0 eV. 

*u,,=[ 1-( q4+(;)’ In $]EO. (11) 

Figure 3 characterizes the optimal ion acceleration when 
Jo= 100 A/cm2, E,= 1.0 eV, and L=O.l cm. Figure 3(a) 
shows the ratio 4z/z0 during the entire trajectory. Until the 
ion reaches the location z = ~$4, the laser fluence is constant 
and the potential well is steady. When z>zE/4, however, the 
laser fluence must change to preserve maximum accelera- 
tion. Figure 3(b) shows A U,(z) for the same ion and laser 
parameters used above. For the specific parameters used in 
Fig. 3, the ion’s energy gain is 3.3Ea. The numerically cal- 
culated laser profile that leads to maximum ion acceleration 
in this case is shown graphically in Fig. 4. Notice that for 
z>z$4, the ion gains energy logarithmically with distance 
traveled; each decade of distance that the ion travels brings 
the same energy gain. Based on Eq. (11) we also expect that 
the energy gain of an ion is relatively insensitive to param- 
eters such as gap width L and peak photoelectron current Jo. 

Equation (IO) predicts the energy gain experienced by an 
ion as the laser fluence decreases to zero in a way that is 
optimized for maximum ion acceleration. It is also of interest 
to know the maximum ion acceleration that can be produced 
when a steady laser beam has a superimposed noise compo- 
nent. This case is substantially different because the laser 
fluence does not reach zero, but rather returns to a steady- 
state value. We assume that the laser normally causes the 
emission of a steady photoelectron current J, but that the 
current momentarily rises to J, during a spike in the laser 
fluence. The case where the laser output momentarily drops 
can be handled in a very similar fashion provided that the 
laser fluence does not drop too near to zero. As with the 
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FIG. 4. Numerically calculated photocurrent vs time for maximum ion ac- 
celeration. The laser fluence decreases only after the ion reaches 
z=4x 10-4 cm. This example is for an ion with mass nzi= 1 u and peak 
photocurrent J,= 100 A/cm*. The ion is emitted at I= 0. 

previous calculation of the ideal laser pulse profile, this cal- 
culation makes certain “worst-case” assumptions about a 
noise spike. For example, the rising edge of an upward-going 
spike is arbitrary, but the falling edge profile is assumed to 
lead to the maximum energy gain. Because the laser fluence 
in this case in not permanently decaying, the ion must decel- 
erate after it passes through the minimum in the potential 
well. As an approximation, we assume that the acceleration 
of the ion into and out of the space-charge potential well 
ultimately cancel. Evaluating Eq. (10) with boundaries of 
integration representing the beginning and the end of the 
spike-induced acceleration yields the maximum energy gain 
from a single noise spike, 

ALJKE= zln? E,. i (12) 

A noise spike in which the laser output momentarily doubles 
can produce an ion energy gain of no more than 0.15 E, . 
This is true only for spikes on time scales greater than 
roughly 100 ps; the energy gain from shorter spikes is sub- 
stantially less. This type of acceleration is therefore generally 
unimportant. 

A number of different parameters must be taken into 
account when characterizing the acceleration of an entire 
population of ions emitted during a typical pulsed laser sur- 
face experiment. The laser profiles used in actual experi- 
ments are quite unlike the ideal profiles that produce the 
maximum ion acceleration, but a surprisingly large amount 
of acceleration can still take place. We use two different laser 
profiles in our numerical study of ion acceleration. The 
Gaussian profile, J(t) = Jo exp( - t2/ do>, approximates the 
output of common, commercially available lasers except 
when 1 t/~-e] 9 1, where most laser profiles are not well speci- 
fied. The simple analytic profile that produces a large accel- 
eration is the “t-“’ profile, J(f) = Jo/[ 1 + (tl s-~)~]. For both 
cases the decay time T,, is typically chosen to be 1.0 ns. 
Assuming that the laser pulse profile is well known, the most 
important remaining parameters are the ion’s launch time 11, 
initial kinetic energy Ei , and mass mi . The launch time is 
measured relative to the time at which the laser pulse 
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RG. 5. Relative (a) location and (b) energy of an accelerating ion as it 
traverses the gap. Gaussian, tm4, and idealized laser pulse profiles are used. 
The optimal launch times for Gaussian and tC4 laser profiles are 1.05 and 
1.88 ns, respectively. Total energy gain depends largely on how the ion is 
positioned relative to the space-charge potential minimum as it traverses the 
gap. 

reaches peak intensity. Negative launch times correspond to 
ions launched before the peak of the laser pulse, whereas 
positive launch times are after the peak. Unless otherwise 
stated, the initial kinetic energy is 0 eV and the ion mass is 1 
u. We also assume that the maximum photoelectron energy is 
1 .O eV and that the gap length is 0.1 cm. 

Figure 5 characterizes the ion acceleration for the Gauss- 
ian, te4, and the “ideal” laser pulse shapes and helps to 
explain why substantial acceleration occurs in these cases. 
The particular trajectories shown are optimal, that is, the 
launch time is such that overall energy gain is maximized. 
Figure 5(a) shows the ion’s position relative to the minimum 
in the space-charge potential as the ion crosses the gap. Re- 
member that when 4z/z0= 1 .O the ion’s acceleration is 
maximized. (This is true for z>&4 in the ideal case, which 
is shown for comparison.) The horizontal axis in this figure 
is logarithmic since under optimal conditions each decade of 
gap distance contributes equally to energy gain. From Fig. 
5(a) we expect that a rT4 laser profile should lead to a large 
energy gain since the ion’s acceleration is nearly optimal 
over a large range in z. Figure 5(b) shows the ion’s energy 
profiles as they cross the gap. The Gaussian laser pulse de- 
cays so rapidly that the ion largely stops accelerating after it 
has crossed only 3% of the gap. Even with this limitation, 
this ion gains more than 1.7 times the maximum photoelec- 
tron energy as a result of the time dependence of the space- 
charge potential well. 

An ion’s energy gain is moderately sensitive to its launch 
time. The launch time determines how effectively a particu- 
lar ion is able to “surf” the moving space-charge potential. 
Figure 6 shows the energy gain as a function of distance for 
three ions launched early, optimally, and late (tr= 0, 1.88, 

FIG. 6. Energy gain pattern for an ion launched early (0.0 ns), optimally 
(1.88 ns), and late (3.76 ns) during a laser pulse with a tM4 temporal profile. 

and 3.76 ns) with a te4 laser pulse profile. The early ion 
accelerates strongly for a while but eventually gets ahead of 
the space-charge layer and must wait for the potential well to 
“catch up.” The optimally launched ion accelerates approxi- 
mately evenly across the entire gap (once it has reached the 
starting point at $4). The late ion experiences weak accel- 
eration near the surface and therefore gains less energy. Fig- 
ure 7 shows the energy gain as a function of launch time for 
both Gaussian and te4 laser profiles. In both cases ions are 
strongly accelerated for a wide range of launch times that are 
coincident with the laser pulse. Little acceleration is felt only 
for ions launched more than 2.0 ns after the peak of a Gauss- 
ian laser pulse. Note that maximum acceleration always oc- 
curs for ions launched during the trailing edge of the laser 
pulse; this is a physically realistic launch time since the ions 
observed by Strupp and co-workers’2 are believed to be pro- 
duced by electron collisions with thermally desorbed atoms. 
Though the mass of the ion was not identified in this refer- 
ence, it is interesting to note that the experimentally ob- 
served positive ion kinetic energy distribution is qualitatively 
similar to the energy gain for H+ calculated with a Gaussian 
laser pulse. 

The initial ion kinetic energy has relatively little effect 
on its subsequent acceleration assuming that for each initial 
energy we choose the launch time that maximizes energy 
gain. Figure 8 shows the numerically calculated optimal en- 

2.5 1 
2.0 t4 

-4 -2 0 2 4 6 8 
6 04 

FIG. 7. Energy gain vs launch time for both Gaussian and tC4 laser pulse 
profiles. Note that maximum acceleration occurs for ions launched during 
the trailing edge of the laser pulse. 
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FIG. 8. Optimal energy gain vs initial kinetic energy. The launch time is 
chosen to maximize acceleration. Note that the ion acceleration is not very 
sensitive to the initial kinetic energy. 

ergy gain for both Gaussian and tw4 profiles as a function of 
initial energy. The optimal launch time does depend slightly 
on initial ion energy. For example, with a Gaussian laser 
profile the optimal launch time is 1.05 ns when Ei= 0 eV and 
1.59 ns when Ei= 4.0 eV. Generally, ions with larger initial 
energies have later optimal launch times. The surface plots in 
Fig. 9 show the energy gain over the entire experimentally 
accessible range of Ei and tl . Note that the net acceleration 
for a Gaussian laser profile is remarkably independent of 
initial ion energy. From this figure one can again see that ion 
acceleration is a phenomenon that should affect a substantial 
fraction of the emitted ions. 

The last parameter of experimental interest is ion mass. 
Although we have presented data exclusively for hydrogen 
ions (protons), the behavior is quite similar for ions of other 
masses. Figure 10 shows the optimal energy gain with both 
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FIG. 9. Energy gain vs launch time and initial kinetic energy for both 
Gaussian and tC4 laser profiles. These contour profiles show the wide range 
of conditions for which substantial acceleration can occur. 
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FIG. 10. Optimal energy gain vs ion mass for both Gaussian and tC4 laser 
profiles. The launch time is chosen to maximize acceleration. Note that the 
optimal energy gain is not very sensitive to the ion mass. 

laser profiles as a function of ion mass. The detailed shape of 
these curves certainly depends on our choice of 1.0 ns for the 
laser pulse decay time ro, but the general trend is clear. Ion 
acceleration does not depend strongly on ion mass. The 
maximum acceleration occurs for the te4 profile at a mass of 
mi = 5 u. The energy gain for this ion is 84% of the theoreti- 
cal maximum acceleration of 3.3 eV. Of course, the optimal 
launch time also depends on ion mass. With a te4 laser pro- 
file, for example, the optimal launch time is t! = 1.88 ns 
when mi= 1 u but 0.45 ns when mi=5 u. Since maximum 
ion emission presumably occurs at peak laser fluence (t[ = 0 
ns), a population of Dl ions (mi=4 u) would therefore ex- 
perience a larger average energy gain than a population of 
Df ions (mi=2 u). 

IV. NONIDEAL EFFECTS 

There are several assumptions inherent in our numerical 
computation of the ion’s interaction with the electron space- 
charge layer. Do the properties of the electron space-charge 
layer depend only on the value of the electron photocurrent 
J(r) and not, for example, on its rate of change? We treat the 
electron space charge as a continuous fluid, rather than the 
nonneutral plasma that is really is. Are there any interactions 
that arise in a plasma that affect our conclusions? Does the 
passage of ions modify the space-charge layer in some way? 
This section attempts to answer these questions and test the 
validity of our assumptions. 

The model for the electron space-charge layer discussed 
in Sec. II is a steady-state approximation. In order to deter- 
mine whether this approximation can be used to analyze ion 
acceleration, the rate at which the space-charge layer reaches 
equilibrium T= must be compared to the time scale for 
changes of the laser fluence rf. We expect our equilibrium 
space-charge model to be applicable whenever rp< rj. The 
relaxation time for processes within the emitting surface (i.e., 
the image charge formation time) is assumed to be much 
smaller than rf. Since the space-charge layer constitutes a 
non-neutral plasma,” the equilibration time should be of the 
order of the period for plasma oscillations,** re = 2 n-/w,, 
where ~,=(n,e~/~~m,)“~ is the plasma oscillation fre- 
quency and n, is the electron density at the emitting surface. 
Gilton et ~1.‘~ have numerically calculated the relaxation 
time for a space-charge layer formed by 100 A/cm2 of emit- 
ted electron current where all electrons start with 1.0 eV of 
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energy. Their results indicate that the space-charge layer is 
fully formed 20 ps after the sudden onset of a laser pulse. Of 
course, TV increases as the laser fluence drops. Since the 
“plasma” density nr is proportional to the emission current 
Jo, Eq. (3) implies that r,azo. When the laser fluence has 
dropped so low that the space-charge layer is near the col- 
lector ( zo”L), the relaxation time rises to ~~-5 ns. The 
time scale rf=J(r)/(aJl&) for changes in the laser fluence 
is easily calculated for both te4 and Gaussian profiles. The 
result is 

t-4: rf=3 [ l +$f’). (14) 

A careful comparison of r, and rf reveals that for both laser 
profiles re< rr fails to be true near the end of the ion trajec- 
tory. For the re4 laser profile, TV= rf when zo= 0.1 cm. 
Since this is the point at which the ion reaches the collector, 
we expect that our steady-state approximation remains valid. 
For the Gaussian laser profile, ree< rf fails to be true for 
t> 3 r. ; however, as shown in Fig. 5, ion acceleration has 
largely stopped by this time. 

The two types of interaction between an ion and the 
electron space-charge layer are collective interactions and 
random, collisional interactions. Until this point we have im- 
plicitly neglected the random, collisional interaction between 
ions and electrons and instead focused on the ion’s interac- 
tion with the space-charge potential collectively set up by the 
electrons. We now argue for the validity of this assumption. 
In practice, the ion emission rate is sufficiently small that 
ion-ion interactions can be ignored. Because this article is 
not concerned with the mechanisms for ion emission from 
surfaces, we also neglect the potentially strong interaction 
between an ion and its own image charge when they are near 
the emitting surface. In addition, the ion is regarded as a free 
particle; the recombination rate at these low densities is very 
slow. If a recombination event were to occur, the resulting 
neutral particle would obviously suffer no further accelera- 
tion, but would carry the previous momentum of the ion. 

It is very difficult for electrons in a plasma to change the 
velocity of ions via collisions. For this reason, the effective 
ion-electron collision frequency vi, is slower by a factor of 
m,lm, than the corresponding electron-electron collision 
frequency,” 

8m,e4 In A 
VW= 2 3 

m,vc? ’ 
(15) 

where v, is the electron thermal velocity and In A is approxi- 
mately 3. A collision is defined as an event that changes the 
average electron’s velocity vector by 90”. The application of 
Eq. (15) is only approximate since the plasma in the space- 
charge layer is far from thermal equilibrium. The ion- 
electron collision frequency for this system is Vi,~5X105 
s-‘, where the electron density at the emitting surface is used 
and we assume that Jo = 100 A/cm2 and mi= 1 u. Since the 
ion crosses the space-charge layer in approximately lo-*’ s 
and reaches the collector in approximately lo-’ s, direct 

Coulomb collisions have a negligible effect on ion motion. 
Equivalently, the ordinary frictional drag force felt by the ion 
as it moves through the electron “fluid” is unimportant. A 
second, more subtle interaction may take place between the 
accelerating ion and the non-neutral electron “plasma” that 
makes up the space-charge layer. The passing ion attracts the 
electrons and must therefore perturb the form of the space- 
charge potential. For a stationary ion this effect is simply the 
well-known Debye shielding of particles within a plasma. 
The shielding electron cloud forms slightly behind a moving 
ion since a moving ion’s position changes in the time re- 
quired for the electrons to react.24 The electric field from this 
electron cloud acts continuously on the ion and may act to 
slow it. In order to place an upper bound on the strength of 
this effect, we assume that the ion moves through the space- 
charge layer at the electron thermal speed. This assumption 
should greatly overestimate the strength of this effect since 
the ion actually moves much more slowly through the elec- 
tron plasma. When moving at this speed, the ion’s shielding 
cloud has a charge e and should form a distance X, behind 
the ion where X,= [ ~om,v~/2n(0)e2]“2 is the plasma’s De- 
bye length. When Jo = 100 A/cm2, the electric field from the 
shielding cloud at the ion’s location is E=eIXi= 15 V/cm, 
or roughly 1000 times less than the surface electric field 
assumed by the model. At lower laser fluences this disparity 
is even larger. We conclude, therefore, that this effect should 
not complicate the process of ion acceleration. 

V. CONCLUSIONS 

Even at low intensity, pulsed laser irradiation of a sur- 
face leads to the formation of a time-dependent electron 
space-charge layer that strongly effects the dynamics of 
emitted positive ions. Ions gain energy as they accelerate 
away from me surface with the space-charge layer during the 
trailing edge of the laser pulse. Theoretically, the maximum 
possible energy gain is proportional to the maximum photo- 
electron energy and to the logarithm of the acceleration dis- 
tance. A simple yet accurate model can be used to study ion 
acceleration for a particular experimental situation. The en- 
ergy gain experienced by a particular ion depends on many 
parameters such as the ion’s mass, launch time, and initial 
kinetic energy. The detailed form of the laser pulse profile is 
also important in determining ion acceleration. For the 
Gaussian pulse profile with gap length 0.1 cm and a maxi- 
mum photoelectron energy of 1.0 eV, hydrogen ions gain 
approximately 1.0 eV on average, while some ions may gain 
as much as 1.75 eV. Some ions accelerated by a longer- 
lasting, tm4 pulse profile gain more than 80% of the maxi- 
mum possible energy gain of 3.3 eV. Generally, this mecha- 
nism for ion acceleration is found to be robust, causing 
substantial acceleration over a wide range of experimental 
parameters. 

The effects discussed in this article likely dominate the 
energy spectrum of positive ions emitted from a pulsed-laser- 
irradiated conductive surfaces at low laser fluence. It follows 
that the experimental observation of ions with several volts 
of energy does not require the existence of an energetic sur- 
face emission process. These results are applicable to the 
low-laser-power limit where ablation of surface material can 
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be ignored. We find that the potency of this ion acceleration 
mechanism diminishes only logarithmically with peak laser 
intensity. 
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