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Laser-cluster interaction with subcycle pulses
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The interaction of intense laser light with atomic nanoclusters is studied with a rigid sphere model and
three-dimensional particle-in-cell simulations for ultrashort laser pulses of pulse durations T down to one optical
period T and below. In this subcycle regime not all conventional pulse models are applicable and may lead to
unphysical absorption of laser energy. For allowed pulse models, we show that for a given laser peak intensity, and
cluster, the efficiency of laser absorption increases as t shortens and reaches a maximum value in the subcycle
regime. For deuterium clusters, where inner ionization quickly saturates, the absorbed energy and outer ionization
reaches a peak at T ~ 0.87 . For argon clusters, however, such a peak disappears, and energy absorption continues

even for T < 0.8T due to additional inner ionization.
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I. INTRODUCTION

Laser-based, table-top, particle (electrons, ions), and light
sources (x rays) require efficient coupling of laser energy
to matter. Nanoclusters formed in an atomic gas jet were
shown to be an efficient absorber of laser light. With the
cluster size being much smaller than the wavelength A (usually
248-1064 nm), the laser radiation can efficiently couple
to the solidlike atomic density with negligible skin-layer
reflection and without hot electrons escaping into a cold bulk.
Because of these advantages nearly 90% of laser energy
can be absorbed [1] in clusters, producing ions of near
MeV energies [1-8], electrons with keV energies [9-13],
harmonic radiation [14-18], and x rays [19-22]. Nuclear
fusion was also demonstrated with laser-heated deuterium
clusters [23].

Experimentally, laser-cluster interaction is commonly stud-
ied with a pump-probe setup [24] (also see Refs. [25,26]
for review). The pump laser of frequency w first ionizes the
cluster, leading to a prompt increase of the charge density
p(t) as well as the Mie-plasma frequency wm(t) = wp/ V3=
VArp(t)/3 > w (w, is the plasma frequency, atomic units
le] = m =4mey = 1 are used unless mentioned explicitly).
Subsequent displacement of the electrons from the quasistatic
ion background leads to a space charge field, which may
exceed the applied laser field. The total field (space charge
plus laser field) may cause further ionization of ions, known
as ionization ignition [27-32]. This ionization ignition and
ionization of atoms/ions (inner ionization) depends upon
the number of electrons leaving the cluster as a whole,
called outer ionization. Outer ionization leaves behind a net
positively charged ionic background, which later explodes
due to Coulomb repulsion. During the expansion, enhanced
energy absorption may take place when wy(f) = w is met at
a later time, typically >50 fs [24] for 800 nm laser, provided
the laser pulse is long enough. This linear resonance (LR)
has been studied within a nanoplasma model [33] where
the expanding cluster was assumed to be homogeneously
charged. However, in reality, ions near the cluster boundary
are disintegrated and leave the cluster with higher kinetic
energy much earlier than the relatively slow ions in the cluster
core. Only in the nearly homogeneous core region wy(f) may
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be unambiguously defined and there LR occurs efficiently. A
substantial fraction of particles outside the homogeneous ion
core does not undergo this LR.

Moreover, for a short pulse <50 fs [34] or at early times of
a long pulse, the expansion of the ionic background is insuffi-
cient to meet the above conventional LR. In this case nonlinear
resonance (NLR) was identified as the leading collisionless
mechanism of efficient laser absorption in Refs. [34—38]. NLR
occurs when the excitation energy-dependent eigenfrequency
of a (laser-driven) electron in the self-consistent, anharmonic
cluster potential meets the laser frequency w.

The conventional dual-pulse LR in the expanding stage
of a cluster is less efficient than a LR during the early
cycles of a single, short, laser pulse when the cluster is
still compact [39]. By particle-in-cell (PIC) simulations of
xenon clusters it was envisaged that early LR requires intense,
short pulses of ultraviolet wavelength near 125 nm [39].
However, experiments close to this wavelength are rare,
except for a few at free electron lasers [40—42] and x-ray
lasers of wavelength below 100 nm [43] and intensities
<10 Wem™2. On the other hand, subcycle (SC) [44,45],
single-cycle [46—49], and extreme few-cycle laser pulses
with near relativistic peak intensity [50,51] were reported
and stimulated research activities for direct acceleration of
electrons [52]. These ultrashort broadband pulses may open
another promising route toward efficient absorption without
significant cluster expansion. The rather broad wy (due to
charge inhomogeneity) may overlap with some part of the
broad frequency spectrum of the near-single-cycle pulse to
yield higher absorption via early LR. The decrease of the
relative density p/p.(w) > 1, [pc(w) = w2/471 is the critical
density at @] with respect to the higher « may drive NLR with
a greater efficiency [35,36] together with LR.

In this work, we report on the regime of laser-cluster
interaction with pulse durations v below one optical period
T = Ao/c at the central wavelength Ap = 800 nm. In this case
the ponderomotive energy U, = E}/4w* (i.e., the average
kinetic energy of a free electron in a monochromatic laser
field of frequency w and field strength E() cannot be uniquely
defined. Our goal is to investigate the nature of energy
absorption with extremely short pulses.
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Since the cluster radius Ry < A, the dipole approximation
is applicable, and the effect of v x B is negligible as long as the
laser intensity < 10'8 W cm~2, which is the case in this work.
However, previously used conventional sin? pulses [35-37,53]
or Gaussian pulses [34,54-57] for the laser electric field E(¢)
cannot be used in the near-single-cycle and subcycle regime
since they yield nonzero value of the integral f;f E(t)dt over
the pulse duration #; — 7, which results in an unphysical
energy gain even by a free charge [58]. In Sec. II we introduce
two pulse models that are valid in the SC regime. We study
energy absorption by a rigid sphere model (RSM) of a cluster
[37] and by more realistic three-dimensional PIC simulations
[35,36] for deuterium clusters in Secs. III and IV and argon
clusters in Sec. V. In Sec. VI we conclude and summarize the
results.

II. LIGHT PULSE IN THE SUBCYCLE REGIME

First we consider a widely used Gaussian pulse E(t) =
RelE exp(—t2/282) exp(iowt + i¢o)]. Following Ref. [58] the
corresponding electric field, valid in the SC regime, can be
found as

IV 232 2 /
E(’) = Re |:—iE0(1 + it Jwé*)” + 1/(w8)* p(t ):| )

1+ 1/(w8)? p(0)

where p(t) = poexp(—t2/28%)exp(iowt + igy), t' =t — 1y, tg
is the time when E(¢') = Ej, and § is related to the FWHM © =
25+/21n 2. In Ref. [58] it is shown that I(t) = f_oooo E@")dt”
does not vanish for the conventional pulse when the pulse dura-
tion T < 2T . For the corrected pulse (1) I(¢) = 0, irrespective
of . When t > 2T, the integral 1(¢) of the corrected pulse and
the conventional pulse both vanish, which had allowed various
researchers to use conventional Gaussian pulses [34,54—-56] for
studying laser-cluster interaction in the long-pulse regime.
We consider another widely used conventional model
of an n-cycle laser pulse, the sin’> pulse E(t) =
Ey sin®(wt /2n) cos(wt) for 0 <t < nT [35-37,53], which
in some cases also yields fonT E(t)dt #0. For exam-

ple n =1 gives fO"T E(t)dt = —T /4. To overcome this
unphysical feature we use the vector potential A(?) =
(Eo/w)sin*(wt /2n) cos(wt) for 0 < t < nT and compute the
electric field E(t) = —dA/dt as

Z?Zl ciw; sin(w;t) 0 <t <nT

E(t) = (Eo/w) 0 (2)

otherwise

with ¢y =1/2, o =c3=—1/4, o1 =w, o =1+ 1/n)

w,w3 = (1 — 1/n)w. Figures 1(a)-1(c) show the waveform of
E(t) of the conventional sin® pulse [light gray (green)] and
the corrected pulse [dark gray (red)] (2) for different values of
T =2T,T,3T /4. The corresponding integrals /(¢) are shown
in Figs. 1(d)-1(f) with conventional [light gray (green)] and
corrected [dark gray (red)] pulses. For v = 2T, the integral
1(¢) of the corrected pulse [in Fig. 1(d)] and the conventional
pulse vanishes exactly. As t approaches T (e.g., fort =T
[Figs. 1(b) and 1(e)]) I(¢) of the conventional sin? pulse
strongly deviates from zero [in Fig. 1(e)] at the end of the
pulse. This deviation remains [in Fig. 1(f)] for subcycle pulses
[in Fig. 1(c)] of T = 3T /4. In all cases [Figs. 1(d)-1(f)] the
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corrected pulse (2) leads to fO”T E(t)dt = 0 and thus prohibits
unphysical energy transfer to the cluster particles.

The spectra for the fields (1) and (2) are broad. For instance,
w in (2) assumes values 2w,3w for n = 1,1/2 respectively.
We shall mostly use (2) unless explicitly mentioned.

III. LASER ABSORPTION IN DEUTERIUM CLUSTERS
VERSUS PULSE DURATION

Due to the delicate dependency of laser energy absorption
on cluster size [18,24,55,59], laser wavelength [39,54,55,59],
peak intensity [24,34-36,55,57,59,60], and pulse duration
T > 2T [24,53,55,56,59,61-63], it is difficult to predict which
combination of parameters will lead to efficient absorption.
Experiments [24] and two-dimensional PIC simulations [56]
with rare-gas clusters for a fixed pulse energy and cluster
size showed that energy absorption increases initially with
increasing T up to a value between 1007-1507 (at 800 nm),
then reaches a peak value, and decreases for very long
picosecond pulses. These results were explained on the basis
of the LR. However, we restrict T below 50 fs where the
conventional LR does not occur. Although our results for
T > 2T agree qualitatively with previous works [24,56], they
are entirely different in nature for r < 27'. Recent experiments
[62,63] with sub-10fs (FWHM) pulses demonstrated already
a different nature of ion emission from clusters.

In this section we consider the interaction of a deuterium
cluster of radius Ry = 2.2 nm (number of atoms N = 2176)
and charge density p = 27.86p.(w) (i.e., oM & 3w) with laser
pulses in the multicycle down to the subcycle regime with the
peak intensity fixed. The radius Rj of a cluster is estimated
from the number of atoms N through Ry = roN 173 with ry
the Wigner-Seitz radius that depends on the cluster type (e.g.,
for deuterium and argon cluster 7o = 0.17 nm and 0.24 nm,
respectively).

A. Absorption study with a rigid sphere model

First we study energy absorption with a simple rigid sphere
model (RSM) of a cluster [35-37]. In the RSM the cluster is
regarded as a spherical pre-ionized plasma of homogeneous
charge density. The center of the negatively charged electron
sphere initially coincides with the center of the positively
charged ion sphere. During the short duration of the laser pulse
the massive ion-sphere is considered immobile. Although the
RSM s a simple model it qualitatively reproduced many results
of realistic PIC simulations [35,36] in the past.

In alinearly (along x) polarized laser field E(¢) the equation
of motion of the electron sphere can be written as

¥ +g(r)x/r=—-XEQ), 3)
where » = |x| is the displacement of the electron sphere, and
g(r) is the electrostatic restoring force which reads

) r+ar?+prt 0<r < 2Ry
g(r) = wM 2
y/r r > 2Ry

Here @ = —9/16Ry, B = 1/32R?, and y = 1. As the electron
sphere moves away from the center » = 0 of the ion sphere,
g(r) changes from harmonic to anharmonic, and finally
Coulombic behavior for r > 2R, [35-37]. The pulse profile
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FIG. 1. (Color online) Temporal variation of a conventional sin? pulse E(t) = E sin’*(wt /2n) cos(wt) [light gray (green) in (a), (b), and (c)]
and the corresponding corrected pulse (2) [dark gray (red) in (a), (b), and (c)] for various pulse lengths v = 27,7,3T /4. The integral
I1(t) = ftt E(t")dt” is shown in (d), (e), and (f). The central wavelength is 2o = 800 nm and E, = 1 a.u.. The integral /(¢) of the conventional

pulse [(lilght gray (green)] does not always vanish for t < T'.

E(t) can be chosen according (1) or (2). The energy E,
absorbed by the cluster (of mass m and total charge of the
electron sphere gy) is calculated as E, = E,(t) = mgx2/2 +
qs f g(rydr.

Before we study the absorption by the above anharmonic
oscillator it is worth examining the corresponding harmonic
oscillator (HO) by setting o« = B = y = 0. For analytical
tractability we use (2) for E(¢) and find

3
x =Y alsin(wit) — ay sin(wut)/oul/ (0 — @f).  (5)
k=1
with x(0) = x(0) = 0 and a;y = —Eycywy/w. The absorbed
energy in this case is simply E, = m;v?/2 + g;0yx*/2 and
plotted (normalized to NU,) vs t/T in Fig. 2, showing that
E,/NU, increases [thin solid black (blue)] with decreasing

7/T from t/T = 2 (with a faster rise of E,/NU, for /T <
1), reaches a peak between t/T =~ 0.3-0.4, and then drops
with further decrease of /7. The energy absorption by the
HO in Fig. 2 can be illustrated by the dynamics of the electron
sphere in the (x,v)-phase space (x and v are normalized by
Ry and the quiver velocity vy = Ey/w, respectively) in Fig. 3
for different values of n = /T = 4,2,1,0.5. As n increases,
the electron sphere undergoes more and more oscillations and
tends to come back to its initial point in phase space. For
n — oo the electron sphere is driven with a single frequency
w far below the linear resonance wy ~ 3w. It returns to
its initial point after the pulse is over, and no net energy
absorption takes place [37]. The situation changes as t/T
shortens. Already at t/T =4 [in Fig. 3(a)] one sees that
the phase-space trajectory is not closed. The distance of the
initial point to the final point also increases with decreasing
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FIG. 2. (Color online) Normalized absorbed energy E,/NU, vs
pulse duration t/T in the RSM [thick solid gray (green)] and
harmonic oscillator [thin solid black (blue), withoe = 8 =y =01in
Eq. (4)] using (2). The Deuterium cluster of radius Ry = 2.2nm (N =
2176), charge density p = 27.86p. is irradiated by laser pulses of
central wavelength Ay = 800 nm and peak intensity 5 x 10'> W cm™2.

/T =4,2,1,0.5, leading to the increased energy absorption
in Fig. 2 for the HO. As t/T is decreased from 1 — 0.5
the frequency component w; changes 2w — 3w, and the HO
passes from near resonance to resonance where both excursion
x and velocity v are substantially increased [Figs. 3(c) and
3(d)]. For the lowest value T/ T = 1/8 considered in this work
both frequency components w;,ws; exceed wy;, the plasma
becomes underdense with respect to them, and the absorption
drops. The above results clearly show that, contrary to the
known long-pulse scenario, a harmonic oscillator driven by
ultrashort pulses may gain energy by retaining a phase different
from its initial value.

0.1 (a) J {ZT = 4 0.1 b) ) 1:/:1‘ = 2]

0.05 \ 0.05
] 0|

0

o
2
S

-0.05]

; \ Q T = 0.5
2 0 1 2
xRy

FIG. 3. (Color online) Phase space (x,v) diagram for the har-
monic oscillator at various t/7T = 4,2,1,0.5, corresponding to the
parameters of Fig. 2.
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In the above harmonic oscillator approximation the electron
sphere moves in an infinitely deep parabolic potential. After the
pulse the whole electron cloud will continue to oscillate with
wwm- In reality, however, electrons may leave the cluster (outer
ionization), sensing the Coulomb tail of the potential due to the
net charge left behind. The RSM (4) has this property, and the
electron sphere may undergo LR and/or NLR, depending upon
the frequencies in the driver. As soon as the electron sphere
comes close to the resonance (either LR or NLR) the final
(x,v) differs from its initial value. Solving the RSM (3)—(4)
numerically we compare E,/NU, vs t/T for the full RSM
with the HO in Fig. 2. Both RSM and HO show that E,/NUp
increases as T/ T decreases, reaches a maximum below t/T =
1 and then drops for very low /7. In case of the RSM the
phase-space trajectory starts becoming more chaotic due to the
nonlinearity in g(r), leading to a faster rise in E,/N U, already
atabigger t/T (~1.5) and a shift of the peak position towards
t/T = 1. For the HO, E,/NU, vs /T and the peak position
are independent of the peak intensity Iy = Ej. This is not the
case for the RSM due to the intensity-dependent eigenperiod
determining the NLR.

B. Particle-in-cell results

In this section we study the energy absorption with more
realistic three-dimensional PIC simulations [18,39]. In our PIC
simulation, initially the laser field E(¢) ionizes all neutral
atoms X to X via over-the-barrier ionization [64] after
reaching a critical value E(t) > 1,(Z)*/4Z [where I,(Z)
is the ionization potential for charge state Z]. Subsequent
displacement of electrons by the laser field creates a space
charge field Eg, and further ionization is governed by the
condition |E(t)% + Es(t,R;)| > 1,(Z)*/4Z, for an ion at
position R;. A PIC electron has the same charge to mass ratio as
areal electron. The equation of motion of the i th PIC electron is
F; = —XE(t) — Ey(t,r;) whereas the jth ion of mass M; and
charge Z; obeys MjR; = Z;[XE(t) + Es(t,R;)]. The space
charge field E is obtained by solving Poisson’s equation on
the numerical grid. The field is then interpolated to the particle
positions, and the equations motion for the particles are solved
using the Runge-Kutta method. The total absorbed energy
E,(t) is obtained by summing over the kinetic energies of all
particles (electrons and ions) plus the electrostatic field energy.
The numerical parameters in our PIC simulations (spatial and
temporal resolution, grid size, number of PIC particles, etc.)
were carefully chosen such that artificial numerical heating
was negligible.

1. Energy absorption and outer ionization

The same deuterium cluster of radius Ry = 2.2 nm is
irradiated with various peak intensities and pulse durations
with E(¢) according to (2). Figure 4 shows the scaled energy
E.(t)/NU, vs ©/T for intensities 5 x 105 Wem™2 [dark
gray (red)] and 10'® W cm~2 [light gray (green)]. The vertical
dashed line at t/T = 1 indicates the onset of the subcycle
regime. A clearly distinct behavior of E,(t)/NU, is observed
fort/T <2andt/T > 2. At5 x 10"> W cm~? the absorbed
energy increases for 2 < t/T < 12 before it saturates. At the
higher intensity 10'® W cm™2 a similar variation is observed.
The qualitative nature of energy absorption beyond /7 > 2
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FIG. 4. (Color online) PIC results for the absorbed energy
E,/NU, per cluster ion N in units of U, vs pulse duration
7/T for peak intensities 5.0 x 10" Wcm™2 [dark gray (red)] and
10'® W cm~2 [light gray (green)]. (b) is the expanded view of (a) for
t/T < 2. Other laser and cluster parameters are as in Fig. 2.

conforms the results in Ref. [56] for deuterium clusters in
long pulses. However, E,(t)/N U, also increases as /T drops
below 2, with a maximum at ~0.8. Decreasing t/7T further
below 0.8, E,(t)/NU, decreases again (similar to the RSM
results in Fig. 2). The peak values of E,/N U, in this subcycle
regime are similar or even higher than for longer pulses of the
same intensity.

Without the efficient outer ionization the increased absorp-
tion in the subcycle regime is certainly not possible. Figure 5
shows the degree of outer ionization ngy /N (noy being the
number of electrons that already left the cluster) vs /T, also
demonstrating a clearly distinct behavior below /T ~ 2 and
above. For long pulses outer ionization gradually increases
and saturates (1, /N ~ 1 means 100% outer ionization, i.e.,
complete removal of all electrons from the cluster). Below
/T =2, outer ionization also increases (with decreasing
7/ T),reaching the peak value ny, /N ~ latt/T = 0.8 before
it drops again. Hence, our results clearly show that outer
ionization and energy absorption go together.

2. Explanation for absorption and outer ionization

The absorption mechanism and the peak positionat /T ~
0.8 for E.(t)/NU, of Fig. 4 and noy/N of Fig. 5 can
be explained by comparing the different frequency compo-
nents w; = wy,w;,ws in (2) and the Mie-plasma frequency

| ——5.0x10'5 (a) L (b)
1.0x10 11 ]
z 0.9 |
0.8 ‘
| 0.7 |
0.6f

0 2 46 8 101214160'500.51 152
Pulse width, ©/T Pulse width, ©/T
FIG. 5. (Color online) PIC results for outer ionization nqy/N
vs t/ T for the same peak intensities 5.0 x 10'> W cm™2 [dark gray
(red)] and 10'® W cm™2 [light gray (green)] as in Fig. 4. (b) is the
expanded view of (a) for /T < 2.
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oM = /4 p/3 =~ 3w of the deuterium cluster. We found [35]
that for long pulses (t/T = 2-16, wy > w;, i.e., plasma
remains overdense) the absorption process is due to NLR. For
t/T =1, one finds w; = w,2w,0. Hence, our interpretation
is that the plasma is marginally overdense with respect
to w, = 2w and the NLR becomes more efficient due to
the decrease of the relative density p/p.(w;) with respect
to wp, = 2w. Thus, in passing from v/T =2 to /T =1,
increased absorption and outer ionization may occur because
of the gradual decrease of the ratio p/p.(w,) with respect
to w; that drives the NLR more efficiently. For t/T = 0.5,
the frequencies are w; = w,3w,w. The laser pulse becomes
E(t) = Ep[sin(wt)/4 — 3sin(3wt)/4]. In this case LR (for
the 3w component) and NLR (for the @ component) may
occur simultaneously but the opposite polarity of the two
components reduce each others contribution, resulting in
absorption and outer ionization below the respective peak
values. Moreover, for such a short pulse the temporal width of
the LR at early times is too small to have a significant effect.
Just meeting the resonance condition is not enough. Both a
high driver strength and enough time close to the resonance
are important for efficient absorption. With a much shorter
t/T =0.25 (where w; = w,50w,3w) the plasma becomes
underdense with respect to w; = 5w, for which neither NLR
nor LR works. The LR at w3 = 3w (and the NLR at w; = w) is
less efficient than the LR at w, = 3w with ahighert/T = 0.5.
From the above discussion, the peak in the absorbed energy and
outer ionization for a certain /T between 0.25 and 1 (in our
case 7/ T =~ 0.8) is understandable: the plasma changes from
marginally overdense via critically dense to underdense with
respect to a frequency component of the driver. Interestingly,
the peak position and peak value of E,/N U, nearly matches
with the RSM in Fig. 2 for the same intensity 5 x 10! W cm™2,

3. Absorption and outer ionization with Gaussian pulse

We performed analogous PIC simulations for the Gaussian
pulse (1). E,/NU, and noy/N vs ©/T are plotted in Fig. 6,
showing a qualitatively similar behavior as in Figs. 4 and 5,

2.5

E,(/N U, n /N
[3)] N

—

o
(3]

Pulse width, ©/T

FIG. 6. (Color online) PIC results for absorbed energy E,/NU,
[dark gray (red)] and outer ionization n,,/N [light gray (green)]
vs 7/ T for a pulse (1) at peak intensity 5.0 x 10'> W cm™2. Other
parameters as in Fig. 2.
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respectively, except that the subcycle maximum and the turning
point separating the subcycle from the multicycle behavior are
shifted to a lower value of t/T. For the Gaussian pulse shape,
the laser electric field E(¢) cannot be separated into discrete
frequencies, so that a part-by-part analysis as above is not
possible.

C. Efficiency of laser absorption

From the results shown so far (both RSM and PIC) it is clear
that laser absorption is very efficient for pulse durations 7 /7T <
2. We may define the efficiency n = (E,/Eq)/ max(E,/Eq)
of laser absorption, where E4 A% f;f E(t)*dt is the energy
contained in the laser pulse.

Figure 7 shows 1 vs t/T for peak intensities 5.0 x 1013,
10'%,5.0 x 10'%, 10" W cm~2 with RSM [Fig. 7(a)] and PIC
[Fig. 7(b)] and a sin” pulse (2). For a given peak intensity n
increases as t/T decreases. n becomes unity at a 7/7 < 1
(near 0.8), and drops toward zero for t/T « 1. For a very
low t/T — 0, the plasma is underdense with respect to the
frequencies of the driver and E4 — 0, thus giving n — 0.
The oscillatory behavior of 1 vs t/T [in Fig. 7(a)] is due
to the different phases the electron sphere in the RSM has

1Fpe ' - -5.0x1057]
_ L @ 1.0x10'®
w® 0.8F [f) ——5.0x10"°
g ! ——1.0x1 017
LLl |
X 0.6f o\
© I
£
3’ 0.4f
©
LLl
— 0.2
0 sgradsageagosge s bs sgra g g b
0 2 4 6 8
U I ' - ¢-5.0x10'°
N W (b) 1.0x10'®
w° 0.8} ——5.0x10"%
o ——1.0x10"7
LLl
< 0.6Fp .
© Y
E "
E-c 0.4' : N
© I
L |
~ 0.21 ! s
0 i 1 1 1 1
0 2 4 6 8

Pulse width/T

FIG. 7. (Color online) Energy absorption efficiency n =
(E./Eq)/ max(E,/E4) vs pulse duration /7T at various peak in-
tensities 5.0 x 10" [dashed-black (red)], 10'® [dashed-gray (green)],
5.0 x 10'% [thick dark gray (blue)], 107 W cm~2 [thin gray (pink)]
with (a) RSM (top figure), and (b) PIC (bottom figure) using E(t)
according to (2). Other parameters as in Fig. 2.
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in (x,v)-space after the pulse. However, the average n in the
RSM [Fig. 7(a)] for intensities >5 x 10'® W cm~2 matches
with the corresponding PIC results in Fig. 7(b). For relatively
low intensities <5 x 10'® Wcem™2 (but above the intensity
required for ionization) the absorption efficiency in the RSM
is very small for t/T > 2, and abruptly jumps up as t/T is
decreased below 2. This sudden jump is due to the artifact
of the RSM that the whole electron cloud behaves as one
huge pseudoparticle. The outer ionization of the whole cloud
represents the complete removal of all electrons from the
cluster at the same time. In PIC simulations, the electrons
are gradually emitted at different times. As a result, such a
sudden jump in E,, and oscillations in 7 [as seen in Fig. 7(b)
for the RSM] are averaged out in PIC. Although the RSM is
a very simplified model of a cluster it overall compares well
with the PIC results.

IV. DEUTERIUM CLUSTER AT A FIXED ENERGY LASER
PULSE OF VARIABLE PULSE DURATION

The laser pulses considered above were of fixed intensity
so that the pulse energy Ey increases with increasing t. In
experiments, however, one may wish to keep the laser energy
fixed and change t (see Ref. [24]). For completeness, we have
carried out PIC simulations with E(¢) according (2) for the
same deuterium cluster as in the previous section but keeping
the laser energy (per cm?) Iy x noT fixed. The pulse duration
changes, T = nT, so that Iea = Io X ng/n. For convenience
we fix ng = 1, Iy = 10'®W cm™2. For this set of parameters
Lpeak = 10%%, 10, 107 Wem™2 for n = /T =10, 1, 0.1,
respectively.

Absorbed energy E,/ max(E,) and outer ionization nqy/ N
as a function of the pulse duration t/T are plotted in Fig. 8. A
slow variation of E,/ max(E,) and ny,/N is seen when t/ T is
decreased from 10 to 2. Decreasing 7/ T further, the slopes of
E,/ max(E,) and nqy /N increase drastically and reach a peak
near /T = 0.8, similar to the results in Figs. 4 and 5. Since
the pulse energy is kept fixed and thus the intensity is high

1 E_/max(E_)
\ a a
1 — nouth
Z 0.8F|/ | b
3t
Py 0-6 - I N
© 1
Lu 1
Ed 04F | ]
E L
© 1
L 1
0.2 .
0 L 1 1 1 1 1
0 2 4 6 8 10

Pulse length/T

FIG. 8. (Color online) PIC results for normalized energy absorp-
tion E,/ max(E,) [light gray (green)], outer ionization nq,/N [dark
gray (blue)] vs 7/ T for the same Deuterium cluster as in Fig. 2 with
pulse (2). The pulse energy was fixed (see text). Other parameters as
in Fig. 2.
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for ultrashort pulses (e.g., 107 Wem™2 for /T ~ 0.1), the
absorbed energy and outer ionization do not drop as T — 0.

The second peak at 7 >~ T7/4 and the minimum in
between close to T = T/2 in absorbed energy and outer
ionization is probably due the amplification/reduction of
the field amplitude due to different frequencies in (2) when
7 < T. To simplify the discussion we consider the first
peak being at n >~ 1 (instead of n = 0.8). We rewrite (2)
for n=1,1/2,1/4 as E(t) = Ey[sin(wt)/2 — sinQRwt)/2],
E(t) = v/2E[sin(wt) /4 — 3 sin(3wt)/4], and E@) =
2Ey[sin(wt)/2 — 3 sin(Bwt)/4 — 5sin(Swt) /4], respectively.
The overall prefactors are due to the /1/n dependence in
case of constant fluence. One can see that the amplitudes
of the high-frequency components increase with shortening
of the pulse. Some of these high-frequency components
may meet LR with significant driving strength. The strength
of the w component first drops from Ey/2 to EO/(Zﬁ)
and then increases to Ey for n = 1,1/2,1/4, respectively.
Also the amplitude of the 3w component (note that this is
close to the Mie-resonance frequency wyy for the deuterium
cluster) increases from 3E0/(2\/§) to 3Ey/2 when n = 1/2
and 1/4, respectively. This indicates that the resonance at
n = 1/4 will lead to a higher absorbed energy than the
resonance at n = 1/2. The factor by which this enhancement
occurs may be estimated by the ratio of the square of the
amplitudes of the field at n = 1/4 and n = 1/2, respectively,
which is 2. However, due to other terms in the equation for
the field this enhancement is actually reduced, and we may
assume it being a factor closer to 1.5. Now we may multiply
the value of the normalized absorbed energy 0.6 at n = 1/2
(in Fig. 8) with the approximate enhancement factor 1.5,
which justifies its value close to 0.9 at n = 1/4. We see that
by such a reasoning we may qualitatively explain why the
absorbed energy shows a double-peak structure with peaks at
n = 1/4 and 1, and a minimum around n = 1/2. However, our
observation of the double-peaked structure and its analysis are
based on a sin’-shaped vector potential (having three discrete
frequencies in the spectrum [see Eq. (2)] and a constant pulse
energy even down to the extreme subcycle regime, which is
experimentally difficult to achieve.

V. ARGON CLUSTER AT DIFFERENT PULSE
DURATIONS: ABSORPTION, CHARGING,
AND OUTER IONIZATION

We now present PIC results for argon clusters (Ry =~
3.11nm, N = 2176), using again (2) for E(t). For deuterium
clusters inner ionization saturates as soon as the laser field
liberates the bound electrons. The absence of an additional
supply of electrons results in saturation of energy absorption
[56] and outer ionization for long pulses. The corresponding
peak values in the absorbed energy and outer ionization at
7 ~ 0.8T may also be attributed to this effect of saturation
of inner ionization. However, for (multi-electron atom) Ar
clusters inner ionization may continue through the ionization
ignition [27-32].

To identify whether the charged cluster passes LR it is
important to know wy(¢). For this one may attempt to use the

relation wy(t) = /N Z,/R3(t), where R(¢) is the radius of
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FIG. 9. (Color online) PIC results for Argon clusters (Ry =
3.11 nm, N = 2176) showing (a) average charge per cluster ion Z,,,
(b) absorbed energy E,/NU,, (c) outer ionization nq,/N Z,, and
(d) the normalized Mie-plasma frequency wwm/w@ vs pulse duration
t/T for peak intensities 5.0 x 10" Wcem™2 [thick gray (red)],
10" W cem2 [light gray (green)], and 5 x 10'® W cm™2 [thin black
(blue)]. The plots (e)—(h) are the expanded view of (a)—(d) respec-
tively. Laser wavelength Ao = 800 nm and laser profile (2) as in
Fig. 4.

the expanding cluster at time 7. Due to the faster disintegration
of ions near the cluster boundary and the inhomogeneous
charge distribution such a wy(#) underestimates the actual
wwm. Instead, the ionic charge distribution within Ry is found

to be almost homogeneous, and we use wpm(t) = / Qb(t)/RS
[18,39] with Qy(¢) as the total charge within Ry at a time ¢.
Figures 9(a) and 9(e) show the average charge Z,,
per cluster ion, [Figs. 9(b) and 9(f)] the absorbed energy
E,/NU,, [Figs. 9(c) and 9(g)] the outer ionization oy /N Zyy,
and [Figs. 9(d) and 9(h)] the normalized Mie-plasma fre-
quency wy/w vs the pulse duration /T for peak intensities
5.0 x 10Wem™2, 10'°Wem™2, and 5.0 x 10" Wem™2,
Figures 9(e)-9(h) are the expanded views of Figs. 9(a)-9(d),
respectively. With higher peak intensity, Z,y,nout, Ea increase
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for all pulse durations, which is expected. Above /T = 2,
the values of Z,, E,/NU,, and noy/N Z, increase with
increasing t/T, while wy/w decreases due to Coulomb
expansion. This variation of the absorbed energy in long pulses
agrees qualitatively with earlier works [24,56]. Z,, saturates
at Z,, =8 and 7/7T > 10 for the highest pulse intensity
5 x 10" W cm~2 plotted due to the removal all electrons down
to (including) the 3s shell of all atoms (saturation of inner
ionization). However, E,/NU, continues to increase due to
the continuous increase of noy /N Z,y up tounity at t/ 7T = 16.
Note that wy/w does not drop to unity so that conventional
LR is not met [35-37].

The saturation of E,/NU, and noy /N Z,, at longer 7/T,
as seen for deuterium clusters [in Figs. 4(a) and 5(a) with
Z,, = 1] is absent here due to additional supply of electrons
NZ,, through ongoing inner ionization. At a given pulse
duration and intensity, nqy/ N Z,y [in Fig. 9(c)] is smaller than
for deuterium. By multiplication with the corresponding Z,,
the number of electrons ny actually expelled from the Ar
cluster is found to be higher, which explains higher absolute
energy gain in Fig. 9(b) compared to the deuterium case at the
same pulse duration and intensity. At /T = 12, for instance,
for the intensity 10' Wem™2 we find ngy /N Zay ~ 0.4 and
Zay X7, giving ngy &~ 2.8N, which is significantly higher
than for the deuterium case where nq, ~ N. The absorbed
energy E,/NU, is also larger because of higher ngy, higher
electrostatic field due to Z,, > 1, and higher kinetic energy of
Ar ions.

The dependence of E,/NU, and no/NZ, on t/T for
/T < 2 is similar to the case of the deuterium cluster in
Figs. 4 and 5 but the peak disappears because of the continuous
increase of Z,, with additional inner ionization as the pulse
is made shorter. With increasing peak intensity Z,, starts
at a higher value at /T = 2, saturates soon at Z,, = 8§,
corresponding to the removal of all electrons from the M shell
of all Ar atoms. Unless the laser intensity is increased beyond
a few times 10'® Wcem™2 or the cluster size is increased, a
charge state Z,, > 9 by ionizing the next shell is difficult to
obtain. The relative increase of Z,, at a lower intensity is
higher than that at a higher intensity (Z,, increases from 4.6 to
7.4 for 5 x 10" W cm~2 while at a 10 times higher intensity
5 x 10'"Wcem™2, Z,, increases only from 7.5 to 8). This
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suggests that the biggest fraction of the absorbed laser energy
atrelatively low intensity is spent to create highly charged ions
that counteract outer ionization. As inner ionization saturates
earlier at higher intensity, the remaining pulse energy goes into
a quicker increase of E,/NU, and noy /N Z,y.

Instead of nearly constant wm(t) for /7T <2 in the
deuterium case, wy(r) for the argon cluster changes due
to Z,(t). During the charging of the argon cluster from
Zy = 1,2,3,...,8 in steps, wm(f) changes as wm(t) &
1.83w,2.58w,3.16w, . .. ,5.16w, respectively. At a given pulse
duration t < 2T, some of those wy(¢) either dynamically meet
the corresponding w;, leading to LR, or remain just above
w;, leading to possible NLRs, as already described for the
deuterium cluster.

VI. CONCLUSION

The regime of laser-cluster interaction at laser-pulse dura-
tions T below the optical period T (at 800 nm) was investigated
employing a rigid sphere model (RSM) and self-consistent
three-dimensional PIC simulations. In this subcycle regime
care has to be exercised as far as the laser-pulse modeling is
concerned. We showed that for a fixed peak intensity of the
laser-pulse energy absorption and outer ionization as functions
of 7 increase as v < 2T decreases, despite the decreasing
pulse energy. In the case of deuterium clusters they reach
a peak value near 7 &~ 0.87 due to the saturation of inner
ionization. Keeping the pulse energy constant, absorption (and
outer ionization) also increase with decreasing 7. This, at first
sight counterintuitive, behavior was analyzed using harmonic
(HO) and anharmonic (RSM) oscillator models. The peak
in the absorbed energy at 7/7 ~ 0.8 for deuterium clusters
disappeared in the PIC results for argon clusters because
of ongoing inner ionization. The enhanced absorption, outer
ionization and higher charge states of Argon clusters for
t/T <2 was interpreted in terms of linear and nonlinear
resonances.
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