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Generating Quasi-Single-Cycle Relativistic Laser Pulses by Laser-Foil Interaction
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A scheme for producing nearly single-cycle relativistic laser pulses is proposed. When a laser pulse
interacts with an overdense thin foil, because of self-consistent nonlinear modulation, the latter will be
more transparent to the more intense part of the laser, so that a transmitted pulse can be much shorter than
the incident pulse. Using two-dimensional particle-in-cell simulation and analytical modeling, it is found
that a transmitted pulse of duration 4 fs and peak intensity 3 X 10° W/cm? can be generated from a
circularly polarized laser pulse. The intensity of the resulting pulse is only limited by that of the incident
pulse, since this scheme involves only laser-plasma interaction.
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Recent significant improvements of laser-light contrast
by means of the double plasma mirror [1] and other tech-
niques [2] allows an intense laser pulse to interact with a
solid-density foil before the latter is damaged by the pre-
pulse of the laser. Very hard diamondlike foils of ultra-
small, say 4.5 nm, thickness comparing with the skin depth
of the light are now available. An important application of
such thin foils is for ion acceleration by laser interaction
with dense plasmas, such as that of foil normal sheath
acceleration [3—6], shock acceleration [7-9], direct laser-
pressure acceleration [10-12], and other methods [13—15].
The most efficient method, namely, by direct laser-pressure
acceleration, requires high-contrast laser pulse as well as
foil targets of nanometer thickness. Another application is
to use an ultrathin foil as a relativistic mirror for generating
high-intensity ultrabright x- and y-ray radiation by relativ-
istic Doppler shifting the light [16]. Laser energy can also
be trapped and accumulated to very high levels between
two closely placed ultrathin foils when two oppositely
directed ultraintense laser pulses impinge on them [17].

Nearly single-cycle lasers are suitable for generating
single attosecond pulses [18] as well as for electron accel-
eration in the small bubble regime [19,20]. Several meth-
ods for obtaining single-cycle laser pulses have been
proposed, most of which are optical [21]. However, owing
to the relatively low damage threshold of the optical com-
ponents and other problems, the intensity of the optically
produced single- and few-cycle laser pulses is very limited.
In this Letter, it is shown by analytical modeling and PIC
simulation that one can produce few-fs nearly single-cycle
ultraintense light pulses from laser interaction with ultra-
thin foils. When laser light interacts with an adequately
thin overdense plasma, both are self-consistently (nonli-
nearly) modulated. For suitably chosen laser and foil pa-
rameters, the foil is transparent only to the highest-
intensity part of the laser pulse. As a result, the transmitted
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light pulse has a much shorter duration than the incident-
pulse, as shown in Fig. 1. The pulse duration depends
primarily on the laser-light intensity gradient and foil con-
ditions. Since the process involves only laser-plasma inter-
action, like the plasma grating [22], there should be no
intensity limitation due to material damage.

We shall firstly perform a one-dimensional (1D)
particle-in-cell (PIC) simulation with LPIC ++ [23]. The
normalized amplitude a = eE,/m,w,c, where e and m,
are the electronic charge and mass, respectively, E is the
laser electric field, w, is the laser frequency, and c is the
speed of light, of the circularly polarized (CP) incident
laser pulse, propagating in the x direction, is given by a =
a,,sin®(7t/27)[sin(w,t)€, + cos(wy1)é.], where a,, = 20
is the peak amplitude and 7 =4 is the pulse duration
normalized by the laser period 7. The laser light is of
wavelength Ag = 1 um. The simulation box is 504, in
the x direction, and the foil is initially located between
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FIG. 1 (color online). Scheme for generating a near-single-
cycle laser pulse. The incident pulse interacts with a thin foil
target, producing an ultrashort transmitted pulse and a reflected
pulse.
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x = 20Xy and 20.7Ay. The normalized (by the critical
density n. = m,wj/4me*) foil density is Ny = 8. The
cold foil plasma is taken to be fully ionized and the ion-
to-electron mass ratio is m;/m, = 1836. The simulation
mesh size is Ay/200.

Figure 2(a) shows the trajectories of 71 electrons and 71
protons that are initially uniformly distributed in the foil.
The laser field immediately behind the foil is also shown.
The incident pulse arrives at the foil at t = 207, and its
rising part pushes the foil electrons inward. An electron
layer is formed and compressed by the laser ponderomo-
tive force. Laser-light transmission through the foil occurs
at about r = 23T,. As the electron layer is further com-
pressed, the transmitted laser field increases rapidly and
reaches a maximum at about t = 257|,, when the compres-
sion is also maximal. When the trailing part of the incident
pulse enters the foil plasma, the foil protons start to move
forward with the electron layer because of the space charge
field. The transmitted field also drops sharply from its peak
value, resulting in an ultrashort, nearly single cycled trans-
mitted light pulse with duration 1.17}, and peak amplitude
a = 12.5. That is, at the cost of (still acceptable) amplitude
reduction (from 20 to 12.5), the duration of the incident
pulse is narrowed to about one fourth of the incident pulse.
One can also see that as the peak of the incident pulse
enters the plasma, ion motion becomes significant. This
can be attributed to the fact that at this stage, the charge-
separation field has become sufficiently strong. The elec-
trons and ions are then driven forward by the laser as a
double layer. The spectrums of incident and transmitted
laser pulses are shown in Fig. 2(b). One can see that the
light spectrum is broadened by about 3 times because of
the pulse shorting. The central frequency is barely
changed, showing that there is almost no frequency shift
and the number of light-wave cycles is indeed reduced by
the pulse shortening.

We now consider in more detail the physics of the pulse
compression process. Figure 3(a) shows a model of the
laser-foil interaction process [24]. In the model, the elec-
tron dynamics in the laser-foil interaction is treated as
quasistatic in the sense that as the laser field varies with
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FIG. 2 (color online). PIC simulation results for a,, = 20, 7 =
4, and d = 0.7 (normalized by laser wavelength). (a) Electron
and proton trajectories, and the laser field a4 at the foil backside
from simulation and analytical model, as well as the incident
laser field a;. (b) Spectrums of the incident (IN) and the
ultrashort transmitted (TR) light pulses.

time, for each value of a, the corresponding station-
ary solution is obtained. This approximation is valid for
overdense (Ny = 8) plasmas, since the plasma response
time w;e' ~Ty/ Né/ ? is much smaller than pulse duration
7(= 4T,). In this model, the ions remain stationary.

The normalized vector potential of laser field at & =
wox/c can be written as a = ay(&)expliwgt + i6(£)],
where 6(£) is the wave phase. Two constants of motion
of an electron moving in the laser field are [25]

M = (y* — 1)9;0, (1
W =1[(3z9)* + M?]/2(y* = 1) + y*/2 = Ny, (2)

where y = (1 + a2)'/2 is the relativistic factor for the CP
laser pulse. Requirement of stationary solutions gives [23]

degy = ¢ = —E,, (3)
where iy = e¢p/m,c? is the normalized scalar potential
and E, = —9,¢ is the electrostatic charge-separation

field. Invoking continuity of the transverse electric and
magnetic fields at the interfaces &, and £, we have

a3=a%=M, 6§a4=0,
4
and W = |M|+1/2— Ny(1 + |M|)'/2, @
(0gap)? + M? /a3, + a} = 4a? — 2M, (5)

[(0gyp)* + M1/2(y: — 1)+ v3/2 = Noy, = W. (6)
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FIG. 3 (color online). (a) The laser-foil interaction model. The
incident, reflected, transmitting, and transmitted laser fields are
denoted by a;, a,, as, and ay, respectively. The initial left and
right surfaces of the foil are at £, and £,.. The interface of the
laser front and the electron layer is at &,. (b) Electron trajectories
(solid line) from 1D PIC simulations for immobile ions and the
calculated interface position &,, = &, — £, (dashed line) versus
time for a,, =20, 7 =4, Ny, = 8, and d = 4. The maximum
displacement of the interface is marked by X,,. (c) Calculated
value of A/I versus time for d = 0.6 (dash-dot line), 0.7 (solid
line), and 0.8 (dashed line). The pulse shape of the incident laser
(dotted line) is also shown. (d) The peak amplitude ay,, (triangle)
and duration 7, (square) of the generated pulse versus target
thickness with a,, = 20, 7 = 4, and Ny, = 8 from simulations.
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Applying Egs. (3) to (6) to the configuration in Fig. 3(a),
we can obtain a4 and &,, = &, — &,, as well as the other
physical quantities [24].

In order to compare the results from the analytical model
and the PIC simulation, we have simulated the case d = 4
keeping the ions immobile, but the other parameters the
same as that in Fig. 2. The simulated electron trajectories
are shown in Fig. 3(b). Through imbalance of the pondero-
motive and the electrostatic charge-separation forces, the
electrons are steadily pushed inward as well as reflected,
corresponding to the rising and falling regions of the
incident pulse. The relative position (£,,) of the electron
layer versus time calculated from our analytical model is
given by the solid line in Fig. 3(b). The two results agree
very well.

An important parameter in the scheme is the maximum
displacement X,, of the surface of the electron layer. It is
associated with the peak laser amplitude, calculated to be
X,, = 0.77A, as seen in Fig. 3(b). This value also agrees
with that from the simulation. When the foil is too thick,
say d = 4, no transmission occurs. If the foil thickness is
reduced to about X,,, which is still larger than the skin
depth, significant laser-light transmission takes place be-
cause of compression of the electron layer. The laser field
decays as e /A in an overdense plasma, where A, =
c/®,, = (v,/No)'/2(1/d)'/?Ao/27 is the skin depth.
When the electron layer in a foil of thickness d is com-
pressed to thickness [, the parameter o = A/l ~
1/1n(E,/E,) can be used to represent the foil transparency.
Accordingly, we have

. /\0 ’ybl /2 1
(W) o )

so that if the skin depth is larger than the layer thickness,
i.e., @ > 1, laser transmission would be significant. No
transmission can occur if @ << 1. To see how the trans-
parency is related to the laser amplitude, we have calcu-
lated a versus time for three different initial foil
thicknesses around X,,. It can be clearly seen in Fig. 3(c)
that for all the three thicknesses, « firstly increases with
rising laser amplitude, reaches a maximum at the peak
incident-pulse amplitude, and then decreases with the fall-
ing part of the laser pulse. That is, the foil transparency is
modulated by laser amplitude: the less intense part of the
pulse is reflected and the more intense part can easily pass
through. As a result, the transmitted light pulse is much
shorter than the incident pulse, and an ultrashort laser pulse
is produced. Figure 3(c) also shows the effect of the foil
thickness. In the case d = 0.8, since the peak value of « is
rather small (~1), the transmitted pulse is of low intensity.
A thinner foil such as d = 0.6 yields larger peak trans-
parency, but the duration of the resulting pulse is also
longer. The case d = 0.7 presented in Fig. 2 offers both
short duration and large amplitude. Figure 3(d) shows the
relationship between parameters of the transmitted pulse

and target thickness. One can choose appropriate target
thickness for specific application requirements. We should
notice that with increasing target thickness, the peak am-
plitude of the transmitted pulse decreases all along while
its duration decreases rapidly to about one cycle at d = 0.7
and becomes saturated. It means that d = 0.7 corre-
sponds to a pulse with largest peak amplitude in nearly
single-cycle region, which is consistent with the analysis in
Fig. 3(c).

The temporal profiles of the generated laser pulse from
the simulation and the analytical model for d = (.7 are
also compared in Fig. 2(a). We see that the agreement is
quite good. A difference is that the ultrashort pulse from
the simulation is not symmetrical, with the tail part steeper
than the rising front. This can be attributed to ion motion.
As mentioned, when most of the incident pulse has entered
the target, the ions and electrons are driven forward as a
double layer. If the latter has a velocity v, the light, or
ponderomotive, pressure P; on it can be written as [11]

_Eic—v

P, =— ,
L omc+vw

(10)

where the Doppler effect has been included. From Eq. (10),
we see that the induced velocity » reduces the light pres-
sure by a factor (c — »)/(c + v) and thus weakens the
compression of the layer. The layer thickness [ would
then be larger than that in the immobile-ion case of the
analytical model. From Eq. (9), we have A/l ~[7/2 so
that the foil transparency decreases with increasing /,
leading to a shortened pulse tail, even if the incident pulse
has a longer tail. In present simulation, the layer velocity is
about v/c ~ 0.2 as the peak laser field interacts with the
foil, which decreases the light pressure by nearly 50%
according to Eq. (10).

Some electrons at the foil backside are driven away by
the lightwave electric field of the transmitted pulse directly,
which has not been included in our analytical model;
therefore, the transparency of the target (hence, the peak
amplitude of transmitted pulse) in simulation is somewhat
higher, as can be seen in Fig. 2(a).

The gradient of the incident-pulse profile (~a,,/7) is a
key factor affecting the properties of the transmitted pulse.
It determines the variation of the transparency of the
plasma layer during the laser-plasma interaction. The elec-
tron trajectories in Fig. 2(a) suggest that if the incident
pulse rises more gently, the value of a governing the foil
transparency would then vary more slowly (as in the case
of a shorter incident pulse), resulting in a longer trans-
mitted pulse. For example, with a,, = 10,7 = 4,and Ny =
8, where the amplitude gradient is halved and X,, =
0.38A(, one generates a transmitted pulse of ay,, =~ 6 and
74 = 1.5 with d = 0.35. The duration is apparently larger
than in Fig. 2(a).

It should be mentioned that it is difficult to tell analyti-
cally how large the amplitude gradient shall be to gain a

215005-3



PRL 103, 215005 (2009)

PHYSICAL REVIEW LETTERS

week ending
20 NOVEMBER 2009

a 25 (b

(@ 59 ©)30 =
20

10 TR

S0 @ ®©

> 10

-10 10
5

-20
0 0

6 12 18 24 30 -20 -10 0 10 20
XIa, N

FIG. 4 (color online). Results from 2D PIC simulations. The
laser parameters are a,, = 20, 7 = 4, and the transverse FWHM
is 12Ay. The foil density is Ny = 8, and the thickness is d =
0.75. (a) Electron distribution (dots) and axial laser profiles at
Y = 0 (solid line). (b) Transverse profiles of the incident (IN)
and transmitted (TR) laser pulses.

quasi-single-cycle pulse, because the duration is also re-
lated to target thickness. However, for each a,, and 7, one
can always follow the above process to gain the relation-
ship between transmitted and incident pulses with different
target thickness, as seen in Fig. 3(d), and consequently
choose the appropriate parameters.

Two-dimensional PIC simulations of the proposed
scheme are carried out to see the effect of higher dimen-
sions. The simulation box is 504y X 507 in the X and Y
directions. The N, = 8 cold-plasma foil occupies the re-
gion 20X to 20.75A in the X direction and —20A to 20,
in the Y direction. The mesh size is (1,/60) X (1,/60). A
CP laser pulse, with a, =20, 7 =4, and transverse
FWHM 124, illuminates the foil from the left. The foil
thickness is slightly increased (comparing to the 1D case)
to d = 0.75 in order to compensate the foil deformation by
hole boring. Figure 4(a) shows the electron distribution and
axial laser profiles at ¥ = 0. The transverse profile of the
incident and transmitted pulses at the position of the peak
intensity in the X direction are shown in Fig. 4(b). We see
that in 2D, an ultrashort laser pulse can still be generated.
The pulse duration is ~4 fs and the peak intensity is ~3 X
10 W/cm?, comparable to the 1D results (3.7 fs, 4.3 X
10%° W/cm?). The transverse FWHM of the transmitted
pulse, which is determined mainly by the focal spot size of
incident pulse, is ~4A,. That is, the transmitted pulse is
localized in a 1.2A5 X 42, region. Thus, the present
scheme offers a possibility for producing a high-intensity
/\8 laser pulse [26]. In Fig. 4(a), there are still some break-
ing away electrons comoving with the transmitted pulse.
Their energy is around tens of MeV, thus can be separated
from the generated pulse through a one-tesla magnetic
field.

In summary, using PIC simulations and analytical mod-
eling, we have shown that a nearly single-cycle relativistic
laser pulse can be obtained when a CP laser pulse interacts
with a dense foil. The scheme is based on the fact that the
transparency of the foil plasma is modulated by the laser
such that only a small segment associated with the most
intense part of the latter is transmitted, the rest are reflected

and absorbed. The results from the simulation and the
quasistatic model agree well, and the dependence on the
transparency parameter controlling the intensity and width
of the transmitted pulse is investigated. The main conclu-
sions are also verified by 2D PIC simulations. Apparently,
there is also little limitation on the transmitted-pulse dura-
tion, which depends mainly on the gradient of the incident-
pulse profile, since one can use multiple foils to obtain
consecutively shorter pulse durations. It is of interest to
point out that our proposed scheme relies on the use of
submicron foils and hence high-contrast lasers, which have
recently become available [1,2] and used successively in
laser-nanometer foil interaction experiments [27].
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