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Attosecond and zeptosecond x-ray pulses via nonlinear Thomson backscattering
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Nonlinear Thomson backscattering of an intense circularly polarized laser by a counterpropagating energetic
electron is investigated. The results show that in the scattering of a non-tightly-focused laser pulse with an
intensity around 10'® W/cm? and a pulse duration of 100 fs full width at half maximum by a counterpropa-
gating electron with an initial energy of 10 MeV, a crescent-shaped pulse with a pulse duration of 469 as and
the photon energy ranging from 230 eV to 2.5 keV is generated in the backward direction. It is shown that the
radiated pulse shape and monochromaticity can be modified by changing the laser beam waist, while in the
case of a tightly focused laser field, a single peak pulse with a shorter duration and better monochromaticity
can be obtained. With increase of the electron initial energy, the peak power of the radiated pulse increases and
the pulse duration decreases. An isolated powerful zeptosecond (107! s) pulse with a peak power of about

10'% W/rad? and photon energy up to several MeV can be obtained with a 250 MeV electron.
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I. INTRODUCTION

The development of ultrashort intense laser technology
has opened a new branch of research, attosecond physics. In
this regime, ultrashort electromagnetic pulses, especially an
isolated attosecond (as) pulse, have always been of keen in-
terest, largely as a potential means of investigating and con-
trolling ultrafast processes on the molecular and electron lev-
els [1-3]. Up to now, various schemes have been explored
for the generation of attosecond pulses. Farkas et al. [4] pro-
posed a scheme based on laser induced high order harmon-
ics, which is currently under intense investigation [5-8].
Other schemes for attosecond pulse generation include Fou-
rier synthesis [9], stimulated Raman scattering [10], molecu-
lar modulation [11,12], and Thomson scattering [13]. In a
breakthrough work [14], a train of 250 as pulses has been
observed experimentally. However, all these methods have in
theory a tendency to produce a train of closely spaced pulses
rather than a single pulse. Potential methods to obtain a
single attosecond pulse are mainly based on high order har-
monics. Corkum er al. [16] suggested the usage of laser
fields with a time-modulated degree of ellipticity to generate
a single pulse from the attosecond pulse train. A more direct
method for single attosecond pulse generation is based on the
high order harmonics generated in ultrashort laser-atom in-
teractions [17,18]. Another scheme is using the supercritical
plasma [19]. With particle-in-cell simulations, Naumova er
al. [19] found that a single 200 as pulse could be produced
efficiently in a N3 laser pulse reflection, via deflection and
compression from the relativistic plasma mirror created by
the pulse itself. So far the only experimental indication for
the single attosecond pulse was demonstrated by Hentschel
et al. [15]; they observed a 650 as pulse at 90 eV photon
energy driven by a 7 fs laser pulse. Moreover, the further
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time scale of fundamental interest is that of strong nuclear
interactions which is in the 107! s [zeptosecond (zs)] do-
main. This temporal structure was first proposed by Kaplan
et al. [20]. They pointed out that by focusing a perawatt or
multiterawatt laser beam on a subwavelength-size solid par-
ticle or thin wire, electromagnetic bursts with time scale of
1072'-1072% s can theoretically be obtained.

The spectral character of nonlinear Thomson scattering
was studied by many authors for its possible application as
an x-ray source [21-28]. Hartemann [25] proposed a way to
generate a narrow x-ray pulse by shaping the temporal enve-
lope of the driving laser pulse. However, the corresponding
temporal character has not attracted much attention. Recently
Lee et al. [13] investigated the temporal characteristics of the
radiation generated from relativistic nonlinear Thomson scat-
tering by a stationary electron in a planar electromagnetic
wave. A train of attosecond pulses with photon energy from
100 to 600 eV was obtained. By taking into account the ef-
fect of multielectrons, they proposed a method to enhance
the radiation power [29]. In this paper, we investigate the
Thomson backscattering of an intense circularly polarized
laser by a counterpropagating energetic electron. The results
show that a single attosecond pulse can be obtained in the
scattering of a laser pulse with an intensity of 10! W/cm?
and a pulse duration of 100 fs by an electron with an initial
energy of 10 MeV. A single powerful zeptosecond pulse is
obtained when the initial electron energy increases to
250 MeV. Moreover, the spectra of these emitted ultrashort
pulses as well as the behavior of the spectral phases of the
radiations are discussed. It is shown that the radiated pulse
shape and monochromaticity can be modified by changing
the laser beam waist. Finally the dependence of the radiated
power on various parameters is discussed as well.

II. FORMULATION

For a circularly polarized Gaussian laser pulse, the trans-
verse components of the vector potential can be expressed as
[30,31]
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FIG. 1. Schematic geometry for Thomson scattering. The circu-
larly polarized laser put at (0,0,0) propagates along the +Z direction.
The electron moves in the —Z direction with an initial energy of v,.
The electron is put at (0,0,z) initially where zo=10L.

ai=aLﬁ, (1)

ap = ag exp(— 17°/L* = p*Ib*)(by/b), (2)

where a=[cos(@)&+sin(P)§], p?=x>+y?, exp(=7?/L?) is the
Gaussian pulse shape function, the pulse duration is about
2L, b is the radius of the spot size at position z, a is the laser
peak amplitude normalized by mc?le, b=by(1+7%/ zf)”2 by
is the beam waist, and zf—bo/ 2 is the corresponding Ray-
leigh length b= d)p dg—Po+ dr, where ¢p=z—t=m7,
pe=tan"'z/z;, ¢r=(x*+y*)/[2R(z)], and R(z)=z(1 +zf/22)
In the above definitions, space and time coordinates are nor-
malized by kal and w(;l, respectively, and o, and k; are the
laser frequency and wave number, respectively. m and —e are
the electron’s mass and charge, respectively. The longitudinal
component of the vector potential is expressed as [30,31]

2x 2y )
= ———sin(¢p+ 60) + — cos(d+ 6) |, 3
a, 0L< bob (¢+0) bob (¢+0) (3)
where §=m—tan™" z/z.

The motion of an electron in an intense laser field is de-
scribed by the following relativistic equations [32]:

p-a=-V,(u-a), (4)

’j/=ll' (9,3, (5)

where a is the vector potential expressed by Egs. (1)—(3), u
is the velocity of the electron normalized by ¢, p=yu is the
momentum normalized by mc, y=(1-u?)"""? is the relativis-
tic factor, and V, in Eq. (4) acts on a only.

The angular distribution of the radiated power detected far
away from the electron toward the direction n (see Fig. 1) at
the time ¢ can be calculated as [33]

_(nx{ln-u()] xua")}
Aw_( [1-u() nP )z 7

where dP(1)/d() is normalized by e>wj/47rc, the subscript
ret means that the quantities on the right hand should
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be evaluated at the retarded time ', ¢’ is related to ¢ by
t=t'"+xy—n-r, x, is the distance from the detector to the
origin, r is the electron’s displacement, and the radiation is
detected in the direction m=sin X+cos 62 (the azimuthal
angle is set to be 0). Solving Egs. (4) and (5) with a numeri-
cal method, the electron’s motion in the laser field can be
obtained. Then the radiation emitted from the interactions of
a focused laser pulse with an electron can be calculated from
Eqgs. (6) and (7). Further, the angular spectral intensity (spec-
tral intensity per solid angle) can be calculated by the Fourier
transform of A(z) [33],

d*l
= 8
dw dQ) ®
1 (" y
A(w):y:f A(He " dt. 9)
\N2mJ

The schematic geometry of Thomson scattering is shown
in Fig. 1. In this figure, the laser is assumed to propagate in
the +2 direction while the electron moves in the —Z direction
with an initial energy 7, The electron is set at (0,0,z,)
initially where zo=10L. It has been shown that the radiation
is collimated about the backscattered direction [22-24], and
therefore we set #=r in this paper. Further, we set the azi-
muthal angle ¢=0 by the symmetry of the circularly polar-
ized laser beam.

III. RESULTS AND DISCUSSIONS

First, we consider the temporal characteristics of the Th-
omson backscattering by an energetic electron. The time his-
tory of the radiated power per solid angle in the backward
direction is shown in Fig. 2(a). Here the laser amplitude aj is
3, the beam waist by is 30N where the wavelength \ is
800 nm, L is 20\ (the corresponding pulse duration is about
100 fs), the initial electron energy 7y, is 20, i.e., 10 MeV.
Figure 2(a) shows that the emitted power has a twin-peak
structure in time evolution. The emitted power rises rapidly
at the beginning. Then it falls back quickly and keeps a much
lower value, about 1% of its maximum, for 300 as. After that
it rises again to its maximum and then falls back again. Thus,
a 469 as crescent-shaped pulse with a peak power of about
150 W/rad? is generated. This crescent-shaped pulse can be
interpreted from Fig. 2(b) which shows the corresponding z
component velocity of the electron. At the beginning of the
interaction, the electron acceleration increases quickly with
increase of the driving laser intensity. Thus the radiated
power increases quickly at the beginning. Meanwhile, the
longitudinal ponderomotive force pushes the electron for-
ward in the ascending front of the laser pulse. Therefore, the
absolute value of the z component of electron velocity de-
creases at the beginning as shown in Fig. 2(b). As the driving
laser intensity increases, the electron is decelerated effi-
ciently; then the radiated power begins to fall back. While
the ascending part of the laser pulse overtakes the electron,
the longitudinal ponderomotive force pushes the electron
backward in the descending part of the laser pulse. The ab-
solute value of velocity increases in the descending part of

066501-2



ATTOSECOND AND ZEPTOSECOND X-RAY PULSES VIA...

150
&G @
g
2
g 100t
e)
% 469 as
o
2
g8 50t
°
[5)
B
O
i
o 0 . .
—-400 -200 0 200 400
t(as}
-0.986
(b)
—-0.988 ¢ 1
-0.99¢
3N
—-0.992
-0.994
-0.996
—-0.998
-400 -200 0 200 400
t{as)

FIG. 2. (a) The time history of the radiated power per solid
angle in a non-tightly-focused laser beam. (b) The corresponding z
component of velocity of the electron. The parameters are ay=3,
by=30N, L=20\, y,=20. The time at which the laser pulse reaches
its maximum is set as =0 in this paper.

the laser pulse as shown in Fig. 2(b). Consequently, the ra-
diated power increases with increase of electron velocity.
Finally, as the laser intensity decreases, the radiated power
decreases as well. Therefore a crescent-shaped pulse is ob-
tained during the whole process.

The time history of the radiated power per solid angle in a
tightly focused laser with a beam waist of 3\ is shown in
Fig. 3(a). The other parameters are the same as those in Fig.
2. We see from Fig. 3(a) that the radiated power increases in
the ascending part and decreases in the descending part of
the driving laser pulse. During the whole process, a 70 as
isolated pulse with a peak power of about 150 W/rad” is
generated. The corresponding z component velocity of elec-
tron is shown in Fig. 3(b). As shown in this figure, the abso-
lute value of velocity decreases in the ascending part and
increases in the descending part of driving laser pulse. But
the velocity changes only 0.04% of its initial velocity. For
the tightly focused laser beam, the laser intensity is higher at
the focus where the ponderomotive force is stronger, and it
becomes much lower at other regions where the ponderomo-
tive force is weaker. As a result, the effective interaction
length is shorter, the electron is decelerated inefficiently. So
the variety of electron velocity is inappreciable. The radiated
power is primarily determined by the acceleration of an elec-
tron or the driving laser intensity in the tightly focused laser
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FIG. 3. (a) The time history of the radiated power per solid
angle in a tightly focused laser beam. (b) The corresponding z com-
ponent of velocity of the electron. The beam waist by=3\ and the
other parameters are the same as those in Fig. 2.

case. As the laser intensity increases, the radiated power in-
creases in the ascending part of driving laser pulse, while in
the descending part of the driving laser pulse, the radiated
power decreases with the decrease of the driving laser inten-
sity. Finally, a single-peak pulse is generated in the whole
process.

Figure 4 illustrates the dependence of the radiated
pulse duration on the driving laser pulse duration. The
solid line corresponds to the case of a non-tightly-focused
laser with a beam waist of 30\. The other parameters are the
same as those in Fig. 2. As shown in Fig. 4, the duration of
the radiated pulse increases linearly with increasing the
driving laser pulse duration. This can be interpreted as
follows. Because the absolute value of the z component of
the electron velocity is greater than that for the x and y
components, the interaction time of the electron with the
laser field is limited to 2L/(1—-u.) approximately [24]. This
indicates that as the driving laser pulse duration increases,
the interaction time increases linearly, and the duration of
the radiated pulse increases linearly as well. The dashed line
shown in Fig. 4 corresponds to the case of a tightly focused
laser with a beam waist of 3\. As shown in this figure,
the duration of the radiated pulse in a tightly focused laser
beam increases slightly with increasing driving laser pulse
duration. Compared to the result for a non-tightly-focused
laser, the radiated pulse duration is much shorter in the
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FIG. 4. The dependence of the radiated pulse duration on the
driving laser pulse duration. The solid line corresponds to the case
of a non-tightly-focused laser with by=30\. The dashed line corre-
sponds to the case of a tightly focused laser with by=3A\. The other
parameters are the same as those in Fig. 2.

tightly focused laser case. This is because the effective inter-
action length and interaction time is shorter in a tightly
focused laser.

The dependence of the radiated pulse duration on the
electron initial energy in the cases of a non-tightly-focused
(bo=30\) and a tightly focused laser beam (by=3\) is shown
in Fig. 5, respectively. The other parameters are the same
as those in Fig. 2. It is shown in Fig. 5 that the duration
of the radiated pulse decreases with increasing initial
electron energy. It is consistent with the previous analysis
about the duration of the emitted pulse. Furthermore, an in-
teresting feature shown in this figure is that a zeptosecond
pulse is generated in the scattering of an electron with an

—_— b0=307x
- - b=34

)

Radiated pulse duration At(as

0 50 100 150 200 250 300 350 400 450 500

Initial energy v,

FIG. 5. The dependence of the radiated pulse duration on the
initial electron energy in a non-tightly-focused (solid line) and
tightly-focused (dashed line) laser beam. The parameters are the
same as those in Fig. 2.
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FIG. 6. The time history of the radiated power per solid angle in
the case of (a) a non-tightly-focused and (b) a tightly focused laser
beam, respectively. The initial electron energy y,=500 and other
parameters are the same as those in Fig. 2.

initial energy of ,=500, i.e., 250 MeV. This can be clearly
seen from Fig. 6 which shows the time history of the radia-
tion in the case of a non-tightly-focused and a tightly focused
laser beam, respectively. The initial electron energy v,
=500 and the other parameters are the same as those in Fig.
2. As shown in Fig. 6(a), a crescent-shaped pulse with a
duration of 760 zs is generated in the non-tightly-focused
laser beam. While in the tightly focused laser case, a single-
peak pulse with a duration of 112 zs is generated as shown in
Fig. 6(b). Moreover, the radiated power increases up to
10'° W/rad® which is eight orders of magnitude higher than
that in the scattering of an electron with an initial energy of
10 MeV.

Now, we discuss the spectral characteristics of the emitted
ultrashort pulses. The angular spectral intensity of the at-
tosecond pulse radiated in a non-tightly-focused laser beam
is plotted in Fig. 7(a). As shown in this figure, the angular
spectral intensity is low when w<<150w,. Then it increases
quickly and is high until w/wy=1.63X 103, at which it de-
creases to one-tenth of its maximum. In this spectrum, the
harmonics modulation disappears in the scattering of a laser
pulse which is consistent with the previous result [25]. As we
know, the electron oscillates in the x and y directions and
drifts along the z direction in a circularly polarized laser
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FIG. 7. (a) The angular spectral intensity and

(b) phases of the corresponding frequency com-
ponents of the radiated pulse shown in Fig. 2(a).
(c) The angular spectral intensity and (d) phases

of the corresponding frequency components of
the pulse shown in Fig. 3(a).
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field. Approximately, the average electron velocity is as-
sumed as u,. In other words, the average electron rest frame
in which the electron is on the average at rest [21] moves
with u, with respect to the laboratory frame. The radiation
frequency shifts due to the Doppler effect [21,26], and can be
estimated as

wlwy= (1 —u)/(1 —u,cos 6). (10)

As shown in Fig. 2(b), u,,,;,=—0.99875 and u,,,=
—0.987 59. In our case, we consider the backscattering, i.e.,
O0=m. The estimated frequencies are calculated as

(0] W) yax=1.6%X10° and (w/w,),y;, =160 which are very

close to our numerical values. The angular spectral intensity
of the pulse radiated in a tightly focused laser beam is plotted
in Fig. 7(c). As shown in this figure, the spectral intensity is
higher in the range from 1.2 X 103w, to 1.6 X 10°wy, and is
much lower at other regions. Compared to the spectrum for
the crescent-shaped pulse, the monochromaticity of the
single-peak pulse radiated in a tightly focused laser beam is
much better. As shown in Fig. 3(b), the maximum of electron
velocity is —0.998 36, then the minimum frequency is esti-
mated to be 1.22X 103w, according to Eq. (10). The maxi-
mum frequency is estimated to be 1.6 X 10°w,. These esti-
mates are consistent with our numerical results, which
indicates that the monochromaticity and pulse shape of the
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wlw, x10° wl, x10° ponents of the radiated pulse shown in Fig. 6(a).

(c) The angular spectral intensity and (d) phases

of the corresponding frequency components of
the pulse shown in Fig. 6(b).
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FIG. 9. The dependence of the peak power of the radiated pulse
on the initial electron energy and the driving laser amplitude in the
cases of a non-tightly-focused (solid line) and a tightly focused
(dashed line) laser field, respectively. The other parameters are the
same as those in Fig. 2.

emitted pulse can be modified by decreasing the driving laser
beam waist. A near monochromatic attosecond pulse can be
obtained in a very tightly focused laser field. This character-
istic provides us another avenue to obtain a near monochro-
matic x-ray attosecond pulse. It is beneficial for some appli-
cations, such as y-v collisions, which require the generation
of a single narrow x-ray or y-ray pulse [25].

The phases of the frequency components in the spectrum
shown in Fig. 7(a) are plotted in Fig. 7(b). As shown in
Fig. 7(b), the phase behavior of the frequency components
less than 150w, is random. Following that, the phase behav-
ior of the frequency components ranging from 150w, to
1750w, is more regular, even though they are not phase
locked [7]. Then the phase behavior of the frequency
components higher than 1750w, gradually becomes out of
order again. Figure 7(d) shows the phases of the frequency
components in the spectrum shown in Fig. 7(c). It is clearly
shown in Fig. 7(d) that the phase behavior of the frequency
components ranging from 1000w, to 1700w, is more regular
than that of the other frequencies. From Fig. 7, one can see
that the phase behavior of the frequency components with
higher intensity is regular. This result implies that these fre-
quency components travel with the same speed, which can
result in an ultrashort pulse.

The angular spectral intensity of the zeptosecond
pulses radiated in a non-tightly-focused and a tightly focused
laser beam is plotted in Figs. 8(a) and 8(c), respectively.
The corresponding phases of the radiated frequency compo-
nents are shown in Figs. 8(b) and 8(d), respectively. In a
non-tightly-focused laser beam, the angular spectral intensity
of the frequencies from 9.6 X 10%w, to 1X 10°wy is higher
and the phase behavior of these frequency components
is more regular as shown in Figs. 8(a) and 8(c). However,
in a tightly focused laser beam, the radiation is mainly in
the range from 7.4X10°w, and 9.9X10°w, and the
monochromaticity is much better as shown in Fig. 8(b).
Moreover, it is clearly shown in Fig. 8(d) that the
phase behavior of the frequency components ranging from
7X10%w, to 1X 10%w, is more regular than the other fre-
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quencies. These results can be understood just as in the pre-
vious discussion.

Figure 9 shows the dependence of the radiated power on
the electron initial energy and the driving laser amplitude.
The solid and dashed lines correspond to the non-tightly-
focused and tightly focused laser cases, respectively. As
shown in this figure, the radiated power clearly increases
with increasing initial electron energy. When the initial en-
ergy increases to =600, i.e., 300 MeV, the radiated power
of the zeptosecond pulse increases up to 10'! W/rad?. It is
five orders of magnitude higher than that in the scattering by
a group of electrons with a density of 10'® cm™ [29]. Con-
sidering that the radiation is well collimated in a cone with a
half angle of ~1/v in the backward direction [22-24], the
radiation is emitted in a narrower cone with increase of elec-
tron energy. Thus the actual total power may increase less
rapidly. Furthermore, when ay<<2 the radiated power in a
tightly focused laser is a little lower than that in a non-
tightly-focused laser beam, while a,>2 the radiated power
is about equal in these two cases. As shown in this figure, the
radiated power increases slowly with increasing the driving
laser intensity. In a higher-intensity field, the electron accel-
eration is larger and then the radiated power is enhanced. On
the other hand, the electron is decelerated more significantly
in the ascending part of the laser pulse, the radiated power is
reduced by this effect. On the whole, the radiated power in a
higher-intensity field is not enhanced very much. Further nu-
merical results show that the radiated power changes slightly
with the variety of the driving laser pulse duration. From
Figs. 6 and 9, one can see that the peak power and pulse
duration of the emitted pulse at y,=20 are about 150 W /rad”
and 70 as in the tightly focused laser case, the total energy of
the emitted pulse is estimated to be about 107> nJ. The driv-
ing laser energy in the tightly focused laser case is about
0.2J, and the efficiency of the radiation is about 10713, The
efficiency can be improved by increasing the electron initial
energy, e.g., it increases to about 1078 at 1,=1000. Another
possible way to improve the efficiency is using the electron
beam. However, this method has its drawbacks, such as the
energy spread of the electron beam which may broaden the
pulse duration of the radiation. The calculation indicates that
the duration of the emitted pulse is still in the attosecond
region as long as the energy spread is restricted within
4 MeV at ;=20 (10 MeV). Further more detailed investi-
gations are still required. These results will be beneficial for
both the understanding of the nonlinear Thomson scattering,
and the future investigation and design of attosecond and
zeptosecond x-ray sources.

IV. CONCLUSIONS

Nonlinear Thomson backscattering of an intense circu-
larly polarized laser by a counterpropagating energetic
electron is investigated. It is indicated that Thomson back-
scattering has the potential to produce attosecond and
zeptosecond pulses. A crescent-shaped 469 as pulse can be
generated in the scattering of a non-tightly-focused laser
pulse with an intensity around 10! W/cm? by an electron
with the initial energy of 10 MeV. The radiation spectrum
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is mainly in the range from 230 eV to 2.5 keV. With in-
crease of the initial electron energy, the peak power of
the radiated pulse increases and the pulse duration decreases.
An isolated zeptosecond pulse can be obtained by an
energetic electron with an initial energy above 200 MeV.
The radiated pulse shape and monochromaticity can be
modified by changing the laser beam waist. A single-peak
attosecond pulse with a shorter pulse duration and better
monochromaticity can be obtained in a tightly focused laser
field.
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