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Abstract

The transmitted and reflected second harmonics (SH) generation by an oblique p-polarized laser pulse irradiated on
vacuum-magnetized plasma interface is investigated. The laser pulse propagates through a homogenous, underdense,
and transversely magnetized plasma. The transverse magnetic field plays the role of a self-generated magnetic field
produced in laser plasma interaction. It is shown that if the transmitted and reflected SH components investigated as a
simultaneous process, the maximum SH power deviates from previous reports specially near the critical angle. The
deviation increases with laser field intensity and plasma density. The results reveal that the conversion efficiency
increases slightly by increasing incident angle and drastically enhances near the critical angle. We show that the
transmitted SH power decreases by increasing the magnetic field strength, in contrast to the normal incidence, which
the SH power is increased. The comparison revealed that the SH efficiency is greater for transmitted component, while
the reflected component is more proper for technical and experimental applications. This paper not only conforms the
previous reports for angle far from the critical but also modifies them for the SH generation near the critical angle.
Moreover, this paper gives a new insight for SH generation by a magnetized plasma.
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1. INTRODUCTION

The problem of intense short-pulse laser—plasma interaction
has been an active area of research. Among them, non-linear
phenomenon of harmonic generation has been interested by
many researchers from 1961 up to now (Franken et al., 1961;
Grebogi et al., 1983; Esarey et al., 1993; Ondarza-Rovira &
Boyd, 2000; Foldes et al., 2003; Racz et al., 2006; Cairns,
2009). In process of high-order harmonic generation, second
harmonics (SH) has a unique place because of many applica-
tions such as extreme ultraviolet non-linear optics (Yeung
etal.,2017), laser—plasma interaction properties, X-ray sources
(Giulietti et al., 2009), etc. On the other hand, the generation of
magnetic fields during high-intensity laser—plasma interaction
is a subject that has been under investigation for many years
(Lehner, 1994; Berezhiani et al., 1997; Gorbunov et al.,
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1997; Zheng et al., 2000; Kato et al., 2004). This subject has
motivated an ingoing strong effort to analysis of laser interac-
tion with magnetized plasmas.

A magnetic field with proper configuration may be em-
ployed for efficient SH generation by providing the addition-
al momentum, which is essential for phase matching (Kant &
Sharma, 2004; Askari & Noroozi, 2009, 2011; Vaziri
(Khamedi) et al., 2015). When a magnetic field is applied
into a plasma, the electron dynamic is modified, and this
leads to the non-linear current modification. Therefore, it is
reasonable that the magnetic field affects the harmonics gen-
eration. The magnetic field could have additive (Kant &
Thakur, 2016) or destructive (Sharma & Sharma, 2012;
Kuri & Das, 2016) role on SH conversion efficiency in inter-
action of laser-magnetized plasma. When the density pertur-
bation produced by magnetic field is coupled with electron
quiver motions, it is plausible to generate the SH (Jha
et al., 2007). It has been shown that the SH power is in-
creased by increasing the magnetic field strength in normal
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radiation of a linearly polarized laser pulse with a magnetized
plasma; however, the magnetic field was essential for SH
generation. On the other hand, when a p-polarized laser
pulse is obliquely incident on a vacuum—plasma interface,
SH can be generated in the absence of magnetic field and
or any required conditions for phase matching (Jha &
Agrawal, 2014). Generation of phase-mismatch second and
third harmonics has been studied in the interaction of an in-
tense laser pulse with strongly magnetized dense plasma, and
it is shown that the harmonic efficiencies can be increased by
magnetic field (Ghorbanalilu, 2012). In addition, generation
of phase-mismatch SH radiation in the reflected component
of vacuum-plasma interface by using a s-polarized laser
pulse have been reported (Parashar & Sharma, 1998; Singh
et al., 2005).

The experimental and theoretical investigation approved
strong SH generation in Argon gas by focused spatiotempo-
ral femtosecond laser pulses (Li et al., 2014). On the other
hand, second and third-harmonic generations from magnetic
metamaterials have been observed under normal and oblique
incidences of femtosecond Gaussian laser pulse (Klein et al.,
2007). Furthermore, SH radiation from underdense plasma
has already been observed in past decades (Mori et al,
2002; Giulietti et al., 2009). Moreover, the recent observa-
tion approves the SH generation in the laser interaction
with plasma—vacuum boundary (Yeung et al. 2017).

The brief history of SH generation shows that this phenom-
ena has been studied by many authors. They have investigated
the SH generation inside the plasma or in the vacuum. In view
of this fact that in a real physical system the SH can be generated
inside the plasma as well as vacuum due to the laser pulse inter-
action with plasma surface, we would like to investigate the
generation of SH in both sides of the plasma—vacuum boundary
simultaneously. The results presented in this paper not only
confirm the previous reports, but also can be modified and gen-
eralized to a magnetized plasma. On the other hand, results
show that the SH power is less than that the previous reports
for a non-magnetized plasma if the transmitted and reflected
SH radiations are considered simultaneously. We show that de-
viation with previous reports enhances by increasing the laser
intensity and plasma density. The model is valid for underdense
plasma (w)/wj << 1) in the weakly relativistic regime (fo <
10'7 W/cm? and or a% < 1) for angle of incidence varying
from 0° up to critical angle. It is lucid that beyond the critical
angle, propagation constant becomes imaginary number and
the laser propagation becomes evanescent.

The organization of this paper is as follows: In the next
section, we derive the equation for non-linear current density
as a source of SH generation. The study is undertaken in the
mildly relativistic regime, using a perturbative approach. In
Section 3, we obtain the amplitudes of transmitted and re-
flected SH radiations. The SH conversion efficiency, for
both transmitted and reflected components, is presented in
Section 4, and the influences of incidence angle, magnetic
field strength, and plasma density on SH power are investi-
gated. The conclusion is summarized in Section 5.
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2. FORMULATION AND GOVERNING EQUATIONS

Consider a vacuum—plasma interface at z=0; z <0 being
vacuum and z > 0 a uniform underdense plasma of density n
that is set in a B(= Byy) transverse magnetic field. A
p-polarized laser beam (propagating in the x—z plane) incidents
on the interface at an angle of incidence 0 as shown in Figure 1.

1
Ey = (kcos 0 — Zsin 0) EEO expli(koxx + ko;z — wot)] + c.c, (1)

where E; is the amplitude of the incident electric field, ko, =
(wo/¢)sin B and ko, = (wg/c)cos O are the wavenumber compo-
nents along the x and z directions, respectively. The electric and
magnetic fields of the transmitted laser can be written as

1
E; = (&(e; —sin®0)"/? — Zsin G)ZEI explilkix + k1.2 — wot)] +c.c,
2

B, = ck; XEl/wo, (3)

where ki, = ko, k1; = (w%/czel — kfx)l/z, and €; = k%cz/w%
is the dielectric constant at frequency wg. £y = 2,/€1Ey/(€1+
Ve, —sin? 0/ cos0) is the amplitude of the fundamental
electric field transmitted into the plasma. The SH electric
field can be written as

1
E> = (3(e; — sin?0)/2 — 2sin 6)§E2 explilkacx + kp.z — 2wo0)] + c.c,
“

where ky, = (Qwosin 0)/c, ka, = (4w} /€ — k3)"/?. Fur-
thermore €, = k3¢*/4w} and E, are the dielectric constants
at frequency 2w, and the SH wave amplitude, respectively.
The wave equation governing the propagation of electromag-
netic waves through the plasma is given by

z 108 _4na)
VE-V(VE) -5 =" 5)
E»
E,

vacuum plasma

Fig. 1. Schematic representation of second-harmonic generation process.
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where J is the plasma electron current density. The governed
equations on electron motion are given by the set of relativistic
cold electron fluid equation

diyv)  eE e

dr _?—%VX(B'FB(]), (6)
and the continuity equation
0
S+ V) =0, )

where vy is the relativistic factor, v and n are the velocity and den-
sity of plasma electrons, B and By are the magnetic fields cor-
responding to the radiation laser pulse and a self-generated
magnetic field. We would like to start with perturbative
theory and expand all quantities in orders of the radiation
field amplitude. By making use of Eq. (6), the velocity compo-
nents in the x and z directions are, respectively, given by

Ovix eE,
o = — . + wevig, (8)
and
ovi; _ ek,
ot — W — WV, (9)

where w.(= eBy/mc) represents the cyclotron frequency and
Ex,z = El(x,z) + E2(x,z) in which El(x,z) and E2(x,z) are the
amplitudes of electric field in fundamental and SH. By
making use of Eqs (2)-(4), we can solve Eqgs (8) and (9) to
derive the first order of velocity components as

)
1WnaA1xC
0% 1x
Vix = ( +

wowcalzc> oitkuxtkiz—awor)

2_ 2 2_ 2
W — w5 W — W
. (10)
Zi0panC | W0V ity thacz—2anr) tec
0 — 4w} w?— 40} ’
WoWed € IWEa.C
_ 0Wcl1x 01z i(kyyXx+ki.z—wot)
Vie=\"5%5_ 3 5 _ 7)€
we — Wy we — Wy
. an
WoWedn € 2iwydr;c arthoz=2000 4 ¢ o
0 — 40l w?— 40}

Where ;. ;) = €Ej )/ mwoc (j = 1,2) are the components of
normalized amplitude of the transmitted fundamental and SH
electric field.

By following the same steps, the expression for velocity
components in second order is given by

ovy e on ovy,
6l‘x = m_VlzBly - lea_xx - lza_; + wevag, (12)
and
Ovy;, e ov ov
a—? = __CVI):Bly Viz alz Vix 612 — WcV2x. (]3)
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The second-order velocity components are obtained by using
of Egs (10) and (11) and simultaneous solutions of Eqs (12)
and (13) as bellow

2.2 2
1
Voy = ela;woc |:— Qwj — @t — dwdw?)ki,
(0 — w3) (w2 — 4w3) Lwo 14
—iwc(4w§ - wé)klz]ezj(k‘*)‘*k‘fz""‘)’) +c.c.,
2,22
€1a5w5C
- — ;; % - Pw44w§—-w®ku.
(wZ — wp) (wZ — 4wp) (15)

1 i .
+—Qug — ! - 4w3w§)klz]ez’(k“”k““"""’) +c.c.
wo

Using Eq. (7), the first-order density perturbation is given as
follows

noalwcklzc2

L= ei(kl.\XJrkl;Z*wof)
wo(w? — w3)
2.2

noazzockzc . eftkaethaz=2000) | ¢ o (16)
4wo(w; — 4wp)

We find from Eq. (16) that the density perturbation
disappears in the absence of external magnetic field.

The plasma current density J = —env components can be
derived as
npewoc . ik a
= ——— (iwoarx + weay, ) Frnthz—wn
Wy — Wy
nopewopc . . .
_ (21w0a2x + wcazz)e’(k“*kzzz 2wot)
w? — 4w?
c 0
(17)
noecela%u% . > 2
- 57 5 [—3lwc(u)0 + W)k c
(wZ — wp) (w2 — 4wp)
+ 2w0(wg - 4w§)k1xc]eZi(k'*)‘+""z’“’“’) +c.c.,
and
npewoc . i —
Jo = = (e, — iwga;)e R
we — Wy
npewoc . ik x-+k z—
- — > (wcalx _ 21woa22)e’(k2”*+k-‘z 2wpt)
w2 — 4w
(18)

noece a3 wy

[2wo(wf — 4w)kic
(w2 — w%)z(wg — 4u)(2))

+ Jiwe(w] + Wk clerFrthizmwn 4 ¢ ¢

Substituting the linear parts of current density into the wave
equation, we get to the linear dispersion relations for funda-
mental and SH.

R = w2 — 0 (19)
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and

20402 _ 2
wp(4w0 wp)

k3c* = 4wf — (20)

22 — o2
4wj — wy — g

Equations (19) and (20) introduce the dispersion relation for
extraordinary waves in fundamental and SH propagating per-
pendicular to the magnetic field.

3. SH GENERATION

In order to evaluate the amplitude of the SH field, the source
currents, Eqs (17) and (18), can be used in the wave Eq. (5)
and equate the SH terms on both sides,

82‘;?(1) +y aagxz(Z) (@) + 152 = @™, @1)
and
azaa?z@ +X a“él(Z) + X2:() — X302:(0) = x5¢™, (22)
where
Xi = 2ika,,
wgwg

0= 2w} — e} — 0 — W)’

P ) 2
zwcwp(4w0 — wp)

5 7 200 (@] — w6} — @2 — @)’

20202
B 2e1a1ww,
X4

= 2
cH(w? — w3) (w2 — 4wd)

X [Ziwg(wé — 4wg)k|xc + 3u)c(u>(2) + u)g)klzc],

2202
_ 2e a1 wpw;,
Xs

= P
(w2 — W) (w2 — 4wd)

X [Bwe(@f + whkixe — 2iwg(wg — 4wk c].

In this case, the wavenumber of the SH is more than twice as large
as that for the fundamental wave at which Ak = 2k, — kp, is
called the wavevector mismatch for SH radiation. We assume
that Oay(,,)(z)/0z considerably changes larger than the laser
wavelength, means that 62612(“)(1) /67 < ko 0a5:(2)/ 0z,
which is known as the slowly varying envelope approximation
(SVEA) and is almost valid in non-linear processes. Further-
more, assuming a,, ., depletes very slightly with z so that the
quantity a%(m) can be considered to be independent of z.
Therefore, solution or Eqs (21) and (22) lead us to the normal-
ized amplitudes for the phase-mismatch SH inside the plasma
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and vacuum as

|:a2x(0) cos <& z) — ap,(0) sin (& z) + a<q1 cos <& z)
Xi Xi Xi

ax(2) = gy sin (& Z) _ qle<xz+ixlAk/<xl>z)>] 0D, 250,
X1
A2r, z< 0’
(23)
and
|:a22(0) cos(x—3 z> + ar,(0) sin (ﬁ z) n a<q1 sin (ﬁ z)
X1 Xi X1
ay,(z) = —g COS(&Z) + ng(Xz+iX|Ak/(X!)Z)>j|e(’(Xz/X1)Z)7 z>0,
Xi
A, <0,
(24)
where

41 = X3Xs — XoXa — X1 Xa2K,

92 = X3Xa T XoXs + X1 Xs Ak,

1
a=——
X18kQ2ix, — X, AK)

Here A,, and A’ are reflected SH amplitudes in x and z direc-
tions and a,,(0) and a,,(0) refer to the amplitudes of SH wave
components at z = 0. Using V.a; = 0 in the vacuum, we find
A, = (kox/ko;)Az:. The magnetic field amplitude of the SH ra-
diation derived as

2

mc” . ) B )

2ie [ik2-a2,(2) + 2ik1,a2:(2) 4+ €~/ X (—(2)a(0)

_ | +d(2)a2:(0) — a[gi(9(z) + iAkeP A/ ()

BZy(Z) -

+t]2¢(1)])], z>0,

- MAzr, 7<0,

ecos0
(25)

where

9(2) = &cos(& z) + &sin(x—%),
Xi Xi X1 Xi

() = &sin(&z> — &cos (&z)
Xi Xi Xi Xi

In order to obtain the amplitudes a,,(0), a,.(0), and Ay,
we apply the proper boundary conditions for electric and
magnetic fields E,, and B,, and displacement vector eE,, at
z=10. We get

A = —a2,(0), (26)
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9
0 Ao+ |22 — ik, a0,(0) + | 22 = 201, |a22(0)
ccos(9) X1 1

+ iy, Ak
o ()
X1 X1

Integrating the Poisson equation V.eE = —en,, we will get
the following relation

@7

kox iwcwgkgc
k—OZAzr — €a(0) = — 32k vl (4] — wg)az(O)- (28)
The right-hand side of Eq. (28) is very small for underdense
plasma (w)/wj<<1), and we can neglect from this term.
Therefore, we obtain from the set of Eqs (26-28) the SH
waves amplitudes at plasma surface as

a2x(0) = _A2r
_ alg2(X3/X;) — @1 (X, + X, Ak/X )]
Xa/X; — ikoz — 2iwo/c cos(8) — tan(B)/ex(X5/X, — 2ikix)’
(29)

and

atan(e)/EZ[QI(Xz + ixlAk/Xl) - q2(X3/X1)]
X2/ X, — tko; — 2iwg/c cos(0) — tan(0)/ex(x5/x; — 2ik,) "
(30)

ax(0) =

The well-known SH conversion efficiency (1) is given by

2
_ Wy la]

= , (€2))
My lay |*

where y, = ,/€; and p, = ,/€; are the refractive indexes
corresponding to the fundamental and SH radiations,
respectively.

3.1 Normal incidence

It is straightforward to show that for normal incidence of
laser pulse, the coefficients ¥,, x3, and X5 do not appear in dif-
ferential Eqs (21) and (22). Furthermore, just the x compo-
nent of SH wave and y component of wavevector exist.
Therefore, coupled Eqs (21) and (22) reduce to an differential
equation for laser field amplitude in x direction as bellow

Oay(z) ;o
WS _ g, o

where the coefficient y4 is changed to

2.2 20 2 2
6k1wcw0wpal(w0 + w?)

c(w? — w(z))z(wg — 4(0%).

Xo =

The detailed derivation of Eq. (32) is shown in Appendix.
We obtain the transmitted SH radiation amplitude by solution
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of Eq. (32) at normal incidence as bellow
— X ke (D2
ax(z) = a2(0) szke sm( > ) (33)

Following Eqgs (23), (25)—(27), for normal incidence, a,(0)
can be derived as bellow

_ X4
©0) = S e+ ha0)” (34)

Above equations show that the amplitude of SH radiation is
different from previous report by Jha et al. (2007). This dif-
ference is due to the reflection of SH radiation from vac-
uum-plasma interface, and changes by plasma density,
strength of magnetic field, and laser intensity. Furthermore,
the reflected SH radiation amplitude at normal incidence is
given by

f_ X4
2 T 2wy + ko) (33)
Therefore, we obtain conversion efficiencies of the SH in
both sides of plasma boundary as

2 : 2 /
cx; sin“(Ak.z/2)  cxyax0) . ,(Akz
>0) = i
> 0=5 el AR wika2 "\ 72
2
V 0
4 YouO) (36)
4
9k w2wtwtat(w? + w2)2
l’](Z<0): 10" p 1\ 0 c (37)

Kad(w? — 40.)(2))2(20.)0 + kpc) (w2 — w(z))4 ’

It is obvious from Eq. (36), the first term is in complete
agreement with Jha et al. (2007), and the second and third
terms are obtained by taking into account the reflected SH
components contribution.

3.2 Non-magnetized plasma

It is clear that in the absence of the magnetic field the coeffi-
cients of x, and y3 are zero and the other coefficients change to

X1 = 2ik2z’
N ielklxa%wé
X4 o woC ’
, ielklzafwg
Xs = we

In this case, the dispersion relations of fundamental and SH
waves are expressed by Eqs (19) and (20) with w. = 0. After
applying these changes in Eqs (23-30), the transmitted and
reflected SH radiation amplitude are written as
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, Ak. , Ak. 12
a(z) = [Ae’(Ak‘Z) sin? (TZ) + iBe™ /% sin (TZ) — Ci| ,

(3%

and

)
, zwpalelezklx

= 39
2= 4Rk 9

where

4 4.3
_ Wpa €&

TR

w

W a4e2k2 " (€2ko; + ki)
Zwékz,AkD ’
(Ezkgz + k )
TRy —
k2 2

%— 62(1 +
w5

We get the conversion efficiencies of the SH inside the
plasma as well as vacuum as bellow:

42
wpal K

kozk27c

<)

2w2

D=

nE>0) = [% (A(A + 2B)sin’ (#) +(B(B +20)
0

(40)
oAk 2 172
—2AC cos(Ak.z)) sin® (T) + C )] ,
nz <0)
w4a(2)e4e% cos* 0sin O(sin® 8 — €;(1 + cos B/ €, — sin’ ))
- 4w*(e; — sin® 0)(e; cos O + v/ €; — sin® O)*
41

It is obvious from Eq. (38), for B = C = 0, the SH efficiency
is in complete agreement with Jha and Agrawal (2014).

a
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Fig. 3. Variation of Any,,y as a function of incident angle 8. The parameters
are chosen as ag = 0.1, w,/wy = 0.1, and w./wy = 0.

It should be noted that, Eq. (40) is obtained by taking into
account the reflected SH components contribution. Conse-
quently, the introduced SH conversion efficiency by Eq.
(40) is different with previous report in which the reflected
SH contribution was missed (Jha & Agrawal, 2014). The
order of deviation will be discussed in the next section.

4. NUMERICAL RESULTS

In this section, we would like to determine the conversion of
a fraction of a laser beam to its phase-mismatch SH. To do
this, we consider the pump laser a Nd:Yag with intensity

<10 W/ecm? (ap<0.3) and frequency wy= 1.88x
10" rad/s and or wavelength \ = 1 um.

Figure 2 depicted variation of conversion efficiency (n%)
with respect to the normalized propagation distance z/A.
Figure 2 shows that the conversion efficiency is periodic in
z for a given value of Ak, so we have the points with maxi-
mum and minimum electric field amplitudes for the SH radi-
ation. The maximum power efficiency (n,.x) takes place in
the coherence length z. = n/Ak. In Figure 2a, 2b, the red
dashed and black dotted lines are plotted based on the previ-
ous report (Jha & Agrawal, 2014) and Eq. (40), in the ab-
sence of magnetic field, respectively. It seems from the
figure that for incidence angle near the critical, the deviation

0.6
05}
04}
03}
0.2}
0.1}
0_00'

|b)

n(%)

Fig. 2. Variation of transmitted second-harmonic conversion efficiency (n%) as a function of normalized propagation distance z/\ for
different values of incidence angle (a) 6 = 20 and (b) © = 80 (0 =~ 6,.). The previous report (Jha & Agrawal, 2014) (dotted line) is compared
with our result in the absence of the magnetic field (dashed line), respectively. The other parameters are ap = 0.1, w,/wo = 0.1
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Fig. 4. Variation of transmitted second-harmonic conversion efficiency
(n%) as a function of normalized propagation distance z/A. The dashed and
solid lines are plotted for non-magnetized and magnetized w./wy= 0.2
(By = 22MG) plasmas, respectively. The other parameters are wp/wo = 0.1
and 6 = 20.

increases; however, for angle far from the critical (Fig. 2a),
our result is in complete agreement with previous report.

In Figure 3, we plotted the relative difference of the maximum
efﬁCienCy (Anmdx = In/max - T]max'/ﬁmdx)’ Where I'],max and T]max
refer to the maximum efficiencies reported based on Jha and
Agrawal (2014) and Eq. (40) also M, = (W nax + Noma)/ 25
as a function of incidence angle. We found from the figure
that the deviation reaches to the maximum around 10%,

a
0.5 )

557

near to the critical angle. The results show that deviation
depends strongly to the laser field intensity and plasma
density, too. For example, for a, = 0.3 and plasma density
near w,/wo = 0.5, deviation can be increased up to the 36%,
which is considerably large.

Figure 4 reveals the influence of self-generated transverse
magnetic field on the SH power. The figure indicates SH var-
iation in terms of the normalized propagation distance z/A.
The dashed and solid lines are plotted for a non-magnetized
and a magnetized plasma, respectively. It is understood that
the maximum conversion efficiency is decreased by magnet-
ic field. Taking into account this fact that such strong mag-
netic fields can be generated in laser plasma interaction,
therefore, we expect that in a real physical system, the SH
power becomes less than the power reported for a non-
magnetized plasma (Jha & Agrawal, 2014).

We compare SH conversion efficiency for normally and
obliquely incident of a laser pulse on vacuum—plasma inter-
face in Figure 5, in terms of the self-generated magnetic field
strength w./wy. Figure 5a is in complete agreement with pre-
vious report (Jha et al., 2007). It seems that the magnetic
field intensifies the SH power for normal incidence of a
laser pulse, while SH power is weakened by magnetic field
for obliquely incident. Moreover, Figure 5 clearly shows
that the order of SH power is ten times greater for obliquely

0.4}
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Fig. 5. Variation of maximum conversion efficiency (,,,, %) as a function of magnetic field strength w./w for ag = 0.3, w,/wg = 0.1, (a)

for normal incidence, and (b) for oblique incidence 8 = 20.
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Fig. 6. Variations of (a) transmitted maximum conversion efficiency (n,,,,%) and (b) reflected conversion efficiency (n%), as a function
of incidence angle for ap = 0.1, w,/wo = 0.1 and different values of magnetic field strength. The dashed and solid lines are plotted for
By =0 and 22 MG, respectively.
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of wp/wg for ag = 0.1 and By = 22 MG for different values of incident angle. The dashed and solid lines are plotted for 6 = 83 and 77,

respectively.

incident. Figure 5a demonstrates that the magnetic field is es-
sentially required for SH generation in normal incidence of a
laser pulse on plasma surface (Jha et al., 2007).

Figure 6 shows variations of transmitted maximum conver-
sion efficiency (n,,,, %) and reflected conversion efficiency
(n%) in terms of incident angle varying from 0 = 0" up to crit-
ical angle for different values of w./wy. The solid and dashed
lines are plotted for a magnetized and non-magnetized plas-
mas. Figure 6a shows that the SH power is smaller in a mag-
netized plasma. As the figures show that the efficiency of
SH radiation increases very smoothly with incidence angle,
however, it drastically increases near the critical angle.
Figure 6b indicates that the influence of magnetic field, on
the reflected SH power, is very poor and just near the critical
angle a minor decrement (=~1%) is observable.

In Figure 7, we plotted variations of transmitted maximum
conversion efficiency (n,., %) and reflected conversion effi-
ciency (n%) as a function of plasma density w,/w, for differ-
ent values of incident angle. This figure predicts that for a
given angle of incidence 6 and magnetic field strength, the
SH power sharply increases for both transmitted and reflected
components when the plasma density satisfies the required
condition 0 =~ 0.. For example, for given parameters in
Figure 7, the condition 0 ~ @, is satisfied for angles 6 = 83"
and 0 = 77" in plasma densities w,/wo = 0.1 and w,/wg =
0.2, respectively. We find from the Figures 6 and 7, the
transmitted SH power is more than twice with respect to the
reflected component; however, reflected component is more
appropriate for technical and experimental applications.

5. SUMMERY AND CONCLUSION

In conclusion, we investigated the possibility of SH genera-
tion in the interaction of an obliquely p-polarized laser
pulse on a vacuum-magnetized plasma interface. In view of
this fact that strong megagauss magnetic fields can be gener-
ated in a laser plasma interaction, we modeled the self-
generated magnetic field as a transverse magnetic field. We
focused our attention to transmitted as well as reflected SH
components. We shown that if the transmitted and reflected

https://doi.org/10.1017/50263034617000544 Published online by Cambridge University Press

SH are considered as a simultaneous process, the results de-
viated from previous reports, especially near the critical angle
(Jhaet al., 2007; Jha & Agrawal, 2014). The deviation can be
increased by laser intensity and plasma density. Our analysis
revealed a sharp increase for both transmitted and reflected
SH components near the critical angle. We have demonstrat-
ed that transverse magnetic field had destructive role and the
SH power decreased slightly with magnetic field strength en-
hancement. The analytical investigations show that the trans-
mitted and reflected SH amplitudes are proportional to laser
intensity (I oc a%), which as expected. If we kept the angel of
incident and magnetic field strength constant and changed
the plasma density, we found that the SH power for both
transmitted and reflected components sharply intensified
when the angle of incidence satisfied the required condition
0 = 0. In view of this fact that the critical angle reduced by
increasing plasma density, for a large incident angle the max-
imum power is generated at smaller plasma density. A com-
parison between transmitted and reflected SH revealed that
the conversion efficiency is more than twice for transmitted
component; however, the reflected component is more
proper for technical and experimental applications.
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APPENDIX A. DERIVATION OF SECOND
HARMONIC RADIATION
AMPLITUDE AT NORMAL
INCIDENCE

A p-polarized laser beam incidents on the interface normally
as follow

1
Eq = &5 Ey explitkoz — won)] +c.c. (A.1)

The electric and magnetic fields of the transmitted laser can
be written as

1
E, =35 B explithiz — won)] +c.c., (A.2)

B, =k, ><E1/w0, (A3)
where £y = 2Ey/1 + /€] is the amplitude of the fundamen-
tal electric field transmitted into the plasma. The SH electric
field can be written as

1
E, = )ACEEQ exp[i(kzz — 2(1)00] +c.c., (A4)

Using Eq. (6), the first order of velocity components in the x
and z directions are, respectively, given by

. 2 . 2
iwge : 2iwsc :
0 k1 z—wot 0 kaz—2wot
Vix =" 2a1e‘( 12-wol) 4 4l zaze’( 2272000 4 cel (AL5)
02 — wj 0 — 4awyg
wow:C e WoweC i(krz—
Vi, = C a el(k[Z wot) c aze’(kz" 2wot) +ecoc. (A6)
- W) w2 — 4w}

By following the same steps, the expression for the second-
order transverse velocity are given by

; 2022 (4w 2
lw-klawc(w. w) itk z
c 10 c 0 EZI(k"’ wot) c.C.

2
(W2 — W) (w2 — 4wd)

Vap = (A7)

By using Eq. (7), the first-order plasma electron density is
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given as follows

noazwckzc

_ 0N OKIC ey | M0B20KoC
2 2
2(wc - 4030)

=) k=200 4 ¢ o0 (A.8)
C

nj

The transverse current density can be derived by using
electron density and velocity as follows

. 2 . 2
J = MOeWGC i wony  2IM0CCWT i o
=g T 402

w? — W} w? — 4w

(A9)
. 2,2 20 2 2
3inpew ke wyaj(wy + w?) ke | ¢ ¢

2
(0?2 — wd) (w2 — 40d)

By substituting the current density into the wave Eq. (5), we
obtain the following expressions

2.2
wowp

2 _ 2’
Wo We

kic? = wf — (A.10)
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and

4w?w?
R (A.11)

2 _ o2
4wy — w2

22 _ g2
ke = 4wy —

In order to determine the amplitude of SH field, Eq. (A.9)
can be used in Eq. (5). We arrive

2
OCa@ 0@ _ . sk (A.12)

a2 X a7

where Ak = 2k, — k,. Using SVEA approximation in above
equation, we found

Oay(z) )
Xi = — 4eAk.z.

(A.13)
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