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ABSTRACT

The reflection of a laser pulse by a relativistic-moving mirror is one of fundamental problems encountered in the high-
power laser and plasma interactions. It is well known that a laser pulse reflected by a relativistic-flying mirror
experiences the intensification of its intensity, frequency up-shift, and shortening of pulse duration. Thus, it is of
fundamental interest to have a mathematical solution expressing the intensity distribution of a laser pulse reflected by a
relativistic-flying parabolic mirror. In this paper, we present analytical and mathematical formulae describing the
electromagnetic field of a laser pulse reflected and focused by the relativistic-flying parabolic mirror.
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1. INTRODUCTION

The relativistic-flying mirror (RFM) is one of the well-known plasma optics observed when an intense laser pulse
propagates through an under-dense plasma medium. A laser pulse reflected by the RFM experiences the enhancement in
field strength and the up-shift of angular frequency due to the Lorentz y-factor of the RFM [1]. Owing to the frequency
up-shift property of the RFM, the RFM is considered as a highly promising candidate for generating atto-second light
sources in the x-ray range. The RFM is a high-density electron layer and a part of the plasma cavity formed behind a
propagating laser pulse. The physical properties of a laser pulse reflected by the RFM can be found in recent publications
[2-7]. The RFM formed in the plasma cavity can be understood as a relativistic-flying parabolic mirror (RFPM) due to its
paraboloidal shape. Typically, the focus of the RFPM is short, and the relativistic motion of the RFPM makes the focal
length even shorter in the boosted frame of reference. As a result of relativistic motion and short focal length, the laser
field distribution reflected and focused by the RFPM becomes very complicated, and mathematical formulae describing
the electromagnetic field distribution of a laser pulse focused by a RFPM is of fundamental interest.

In this paper, we show that the electromagnetic field distribution focused by the RFPM can be analytically calculated for
a cylindrical vector (radially-polarized and azimuthally-polarized) beam [8,9] through the Lorentz transformation-
Diffraction integral-Lorentz transformation (LDL) approach. In this approach, an incident radially-polarized (or
azimuthally-polarized) laser pulse in the laboratory frame of reference is first Lorentz-transformed into the boosted
frame of reference, in which the RFPM is at rest. Since the f-number << 1 in the boosted frame of reference, the focused
field distribution is calculated by the diffraction integral under the 4n-spherical focusing condition [10]. The 4n-spherical
focusing scheme was proposed to maximize the intensity of a laser pulse with a given laser power and it is applied to
investigate quantum electrodynamic phenomena under ultra-strong laser intensity [10,11]. The focused field distribution
obtained in the boosted frame of reference is then Lorentz-transformed to the laboratory frame of reference. The field
enhancement, frequency up-shift, and the pulse duration change of a laser pulse focused by the RFPM are examined
from the mathematical formulae obtained.
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2. FORMATION OF ELECTROMAGNETIC FIELD UNDER 4II-SPHERICAL
FOCUSING SCHEME

In this section, we briefly show how to calculate the focused electromagnetic field through the diffraction integral in the
boosted frame of reference. According to ref. [3], the focal length of the RFPM becomes shortened in the boosted frame
of reference (expressed as the moving frame in [3]). The shortening of the focal length changes the focusing condition
for the RFPM to the 4n-spherical focusing condition. The 4n-spherical focusing scheme can be regarded as an extreme
case of the tight focusing scheme. And, it is known that a focused intensity of ~10%7 W/cm? is possible by 4n-spherically
focusing a 100 PW laser pulse with a wavelength of 0.2 um [11]. By applying the diffraction integral, the electric field at
an observation position located near to the focus in the boosted frame of reference can be calculated by,
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The prime is used to represent coordinates and variables in the boosted frame of reference. Thus, the spherical
coordinates, (p),6,,4,) and the electric field, E; (6,45 ), mean the observation point and the electric field at a source

point ( p;,ﬁs',%) on a virtual focusing sphere in the boosted frame of reference. dA’ is the infinitesimal area of the

source point. The electric fields for the radially-polarized (transverse magnetic, TM) and the azimuthally-polarized
(transverse electric, TE) waves are expressed as
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E,, (K" =ik’ A(k") sin@ exp(=io't')@', and Ej, (k')=ik'A(k")——sin0'exp(~ia't') . )

Here, A(k’) is the field strength at a wavenumber of k' (=®'/c ). By introducing a proper beam shaper to the

electromagnetic wave, the electric field on the virtual focusing sphere can be written by
E;(65.¢') = Egsin6. 3)

Now, by inserting eq. (3) into eq. (1), the resultant expression for the electric field at the observation point is expressed
as

E =0 ikzps Eg exp(ik'p§ )Iexp(—ik’r(; cos¢ )sin’ ;dG;d gy 4)
r

Here, ¢ is the angle between two vectors to the source and the observation points from the origin, and cos{ can be

explicitly expressed as cos 65 cos 8}, cos (¢ — gy, ) +sin b sin 6, .

The integration of eq. (4) yields the electric field distribution near the focus in the boosted frame of reference. Then, the
focused electric field for the TM mode electromagnetic wave is given by,

E}y g = O'iE) exp(ik'p}) S, (5.6} )- %)
where the spatial distribution function, S, (0),,6,), is defined as
S, (p5:05)= [jo (k'p(’))+%jz (K'py)P, (00895)—2%1'4 (k'p,) P, (cos 95)*-}- (6)
The focused electric field distribution for the TE mode electromagnetic wave in the focal region is calculated as,
E, ,, =—§'E, exp(ik' p}) S, (9,65 ) (7)

where another spatial distribution function, S, (,,,6,), is defined as
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Due to the symmetric property of the polarization, the magnetic field of the TM mode electromagnetic field has the same
field configuration as the electric field of the TE mode electromagnetic field, and vice versa. By using the symmetric
property, the magnetic fields for TM and TE mode electromagnetic waves are given by

A}, =~¢'H} exp(ik'p}) S, (). 0)), and H},,, =O'iH! exp(ik'p)S, (p5.0h). )

The electric and magnetic field distributions for the TM mode electromagnetic wave are shown in Fig. 1(a). The first
zeros of the field strength appear at ~ 0.6 A in both x/y-axis and z-axis. Figure 1(b) shows the line-out data of the electric
field along the z'-direction. Different-colored lines in the figure refer to the field profile calculated by summing up
different orders of the spherical Bessel function. Summing up the higher order terms of the spherical Bessel function
shows a better confinement of the field in space.
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Figure 1. (a) Electric and magnetic field distributions of a radially-polarized electromagnetic field focused under the 4n-
spherical focusing scheme in the boosted frame of reference. Red color refers to the positive field and blue to the negative
field. (b) Line-out profiles of the electric field distributions along the z-direction. Different colors refer to the line profile
obtained by summing up different higher order terms.

3. ELECTROMAGNETIC FIELD OF LASER PULSE FOCUSED BY A RELATIVISTIC-
FLYING PARABOLIC MIRROR

In the previous section, we calculated the focused field distribution in the boosted frame of reference for the
monochromatic wave. A laser pulse is formed by the superposition of monochromatic components in the laser spectrum.

An incident laser pulse with a Gaussian distribution, G(a))=e_(w_w°) fa0) , (of which a center frequency and a
bandwidth are given by @, and Aw, respectively) in the @ -space is assumed, and it is calculated in a laboratory frame

of reference through the Fourier transformation as,
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Here, E,(x,y) can be understood as the Laguerre-Gaussian function [ E ~ LG, ~(p/ po)exp(— o/ 2p§)] since the
beam profile for the cylindrical vector beam (radially-polarized or azimuthally-polarized beam) follows the Laguerre-

Gaussian function. The peak field strength, £ , in time is \/;Aa)EO (x, y) and the pulse duration, Af, V2 / Aw.

r’

Since the incident laser pulse propagates along the -z-axis (l; =—kZ= —a)/ ¢z) and the RFPM moves at a speed of v

along the +z-axis, the Lorentz transformations between the laboratory frame (unprimed coordinates) of reference to the
boosted frame (primed coordinates) of reference are given by

ct=y(ct'+pz'), x=x', y=y',and z=y(z'+ fct’), (for coordinates) (11-1)

E,, =y[E;, —cpxB;] and E,, = E; . (for fields) (11-2)

Here, f and y are defined as v/c and 1/ \J1-= %, respectively. The subscripts, L and ||, mean the perpendicular and

parallel polarization components of the field to the mirror moving direction. Then, the electric field in the boosted frame
of reference is expressed as

E'(t)=E (x| G(@)e "Ny (12)

0

By introducing a new angular frequency, @', in the boosted frame of reference as @, I(l +p ) / (1 - ﬂ) and performing the

integration in the @' -space, we obtain the electric field expression for the incident laser pulse in the boosted frame of
reference as

E'(1')= E, exp| ~(¢'+2'/c)’ [(ar) |exp[ia} (1'+ 2'/c)] (13)

with relationships of E[', =E, (1+ﬂ)/(1—ﬁ) and At' = At (1—,3)/(1+,3) . In the relativistic limit ( f —1), it can be
casily found that @) = 2y@,, Aw' =2)Aw, E, ~2yE,, At'=At/2y . This is the first Lorentz transformation taken

when calculating the field distribution of a laser pulse focused by the RFPM. The first Lorentz transformation provides a
new angular frequency and field strength in the boosted frame of reference for the following calculation.

After the first Lorentz transformation, the electric field strength is modified as E; = Ep (1+ ,3) / (1— ,6’) , and the center

frequency and the bandwidth are expressed by @, (1+ ﬂ)/(l— ﬂ) and Aa)J(1+ ﬂ)/(l— ﬂ) in the boosted frame of

reference. We calculate the diffraction integral with these new parameters. As shown in Sec. 2, the electromagnetic field
distributions of the 4n-spherically focused monochromatic TM mode electromagnetic wave are expressed as,

E, (x'”;a)’) = é'iE(;’f (@), (P00 Yexp(-io't') = E| , +E| ,, (14-1)

H, (x"‘;a)’) = —gi’H(;,f ()8, (0,00 )exp(—ie't') = H] . (14-2)

o V(A
In this case, the Gaussian distribution function, G(@'), in the boosted frame of reference is modified as G (C

The spatiotemporal distribution of the electromagnetic fields of a laser pulse focused by a RFPM in the laboratory frame
of reference can be obtained through the second Lorentz transformation from the boosted frame of reference to the
laboratory frame of reference and a Fourier transformation in the frequency domain. After the Lorentz transformation for
the field, we have the resultant field expressions in Cartesian coordinates as
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where [, (x'” ;t') and /g, (x"’;t’) are definite integrals defined as

I, (x*31) 2lp LD (0,050 exp (it )da, (16-1)
I, (x; le L L (0,00 Yexp(iot' Mo (16-2)

The subscripts x, y, and z refer to the x-, y-, z-polarization components. In eqgs. (15) and (16), the fields are Lorentz-
transformed from the boosted frame of reference to the laboratory frame of reference, but the coordinates have not yet

been transformed. The spatial distribution functions, S, ( p’,H';a)') and S, ( 0., a)’) , contain spherical Bessel functions,
and the spherical Bessel function contains the in-coming [exp(i@'p’/c)] and the out-going [exp(—iw'p'/c)] field

components. The Lorentz invariant property of the phase for the in-coming (w't' + @'p’/c ) wave is expressed by
o't +o'p'fc=o'ty(1- BcosO')+k'xsin@ cos g’ +k'ysin&'sin g’ +k'zy (cos 0' - )
= ot + kxsin @ cos ¢ + ky sin @sin ¢ + kz cos 0 17

=t +wp/c.

Here, the unprimed quantities are coordinates (x, y, and z), angles (6 and @), and wavenumber (k) in the laboratory frame
of reference. The azimuthal angle, ¢, is not affected by the Lorentz transformation, so ¢’ = ¢. From eq. (17), we obtain

the Lorentz transformation properties for the angular frequency and the wavevector of the in-coming wave as,
w='y(1-Bcosd), k'sin@ =ksin6, and k'y(cos& — B) =k cos6. (18)

And the relationship between polar angles in the laboratory and boosted frame of references are given as

sing' =— 510 1nd coser =200+ S (19)
7 (1+ BcosO) 1+ Bcos@
The Lorentz invariant property of the phase for the out-going (@'t — @'p’/c ) wave is expressed by
o't —a'p'fc=o'ty(1+ Bcosd')—k'xsin @' cos¢’' —k'ysin0'sing' —k'zy (cos 8’ + j3)
= ot — kxsin @ cos ¢ — ky sin @sin ¢ — kz cos @ (20)

=t —wp|c.

Similarly, we obtain the Lorentz transformation properties for the angular frequency and the wavevector of the out-going
wave as,
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w=a'y(1+Bcosf'), k'sing =ksind, and k'y(cosd'+ ) =kcos6. (21)
And, the relationship between polar angles in the laboratory and boosted frame of references are given as

sin9'=% and cos@' = cosf—f

7(1-BcosB)’ " 1-Bcosf’ @2)

Now, after dividing I, (x'” ;t')cos@' and I (x'” ;t') into two parts (in-coming and out-going field parts) and

performing the integration, we finally derive the mathematical expressions for the spatiotemporal distribution of the
electromagnetic field in the laboratory frame of reference as,

" /1+ A 3Ae va . @, . '
0

, (23-1)
W [&R(P,t)}cos [T (t.p) | Yguo (T,R)}cos .
C
1 'A 3A€ 7 . (; ' ’
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Here, 7 is the intensity of the incident laser pulse and A4, the effective area of the incident laser. The envelope

functions, Y, (7,R) and Y, (T,R), are defined as

v, (1.R)= L] cos0f o) (A) (T+£j 00 f ol (2) (T—Ej : (24-1)
2 |1+ fcosl 4 c 1-pcosb

YSM,(T,R):l{%eXP _(Aa)) (T+£j +%exp{_w(]"_£) ]} (24-2)

2| 7(1+ Bcosb) 4 c 7(1-Bcosb)
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The new variables, T (t, p) and R( p,t) , used in egs. (23) and (24) are functions of ¢ and p, and given by

_t—(p/c)Bcosb
7(1 — 3 cos’ 9)
Equation (23) provides information on how the field of the electromagnetic pulse focused by the RFPM is distributed in

the space and time domain. The nominal pulse duration is determined by the argument of exponential function in the
envelope function. From eq. (24), the nominal pulse duration reflected and focused by the RFPM is calculated as

1- 0 : /1+ ' /1+
(\/E/Aa))l’B—C;S in the laboratory frame of reference. Since @), =a®, 1 ﬁ and Aw' =Aw ﬁ, the field
+ f— a—

p—ctfcost
_ 25
;/(l—ﬂ2 coszﬁ) (@)

T(t,p) and R(p,t)=

+f

32
strength for the perpendicular polarization component is proportional to ¥ (—j 7" as shown in eq. (23) and in the

1-p

relativistic limit it becomes proportional to 8y*Z"° . The parallel polarization component becomes relatively weaker than

R
the perpendicular ones in the relativistic limit. The phase is given by @7 £ @; — for the in-coming (+) or out-going (-)
c

1+
field, and by using eq. (25) we have the phase as Hﬂ—ﬂé’% (t iﬁj in the laboratory frame of reference. Thus, the
+ fcos c

angular frequency is enhanced by a factor of (1+3)/(1% Scos6).

4. CONCLUSION

The relativistic-flying mirror is a promising candidate for generating attosecond intense electromagnetic pulses. The
analytic formulae describing the three-dimensional electromagnetic field distribution of a laser pulse focused by a
relativistic-flying parabolic mirror are derived through the Lorentz transformation-Diffraction integral-Lorentz
transformation (LDL) approach. From the calculation with the radially-polarized electromagnetic pulse, the field strength
is enhanced by a factor of ~* in the relativistic limit. In this study, we assume an ideal parabolic mirror with perfect
reflection. In a realistic situation, the reflection depends on the incident angle to the parabolic surface and the
polarization (p or s polarization). When considering the radially- or azimuthally-polarized laser pulse, the reflectance
becomes dependent only on the incident angle to the parabolic surface. Therefore, the modification with a realistic
reflectance depending on the incident angle will be another interesting topic to be considered.
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