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Abstract

Magnetic wiggler assisted phase matched second harmonic of a Gaussian laser pulse
in a plasma is studied. The wiggler provides additional momentum required for phase
matching, however this is only for a particular instant. The required wiggler wave number
increases with pulse duration and plasma density. The efficiency of the process drops sharply
away from the phase matching instant.
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Introduction

Laser —plasma interaction is an area of significant research activity from past several
decades [1-3]. The advancements in laser technology has made it possible to generate
ultrashort laser pulses (fs) with intensity above 10*W/cm®. At such high nonlinear due to
relativistic effects. A host of nonlinear effects are observed viz. generation of large amplitude
plasma waves, tunnel ionized plasma, plasma channel formation, modulational instability,
laser self focusing, harmonic generation, electron cooling etc. Amongst these, harmonic
generation is one of the prominent nonlinear effect with applications in plasma diagnostics,
shorter wavelength generation

and in theoretical understanding of nonlinear effects in plasma [5-12]. In a second harmonic
generation process two photons of fundamental wave combine to generate a photon of twice
the frequency of fundamental wave. The phase matching conditions for a second harmonic
generation process demand,

®,=2m,, and hEZ =2hE1,

where ®,,,,k,,, are frequency and wave vectors of fundamental (second harmonic) wave, and
his Planck’s constant.
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Since plasma is a dispersive medium, k, >2k,and the above mentioned conditions for

phase matching are not satisfied, thereby making the process a non-resonant one. If the
process is made a resonant — one the efficiency of the process can be enhanced significantly.
Various schemes are proposed to make the process a resonant one. Ivanov et al. [13] have
proposed a phase matching process by cascading of two phase — matched third order
processes for fifth harmonic generation. Dimmock et al. [14] have analyzed phase matched
second harmonic generation and optical parametric oscillations in bireferingent
semiconductor waveguides by exploiting the waveguide geometry. Balcou et al.[15] have
reviewed high order harmonic generation process and proposed a new scheme for phase
matching by using the effect of the spatially varying atomic phase displayed by the high
harmonics. Parashar and Pandey [16,17] have proposed to employ a density ripple or a

magnetic wiggler of wave number k,, to compensate for momentum mismatch i.e.,

hEO =hl§2 - 27%121 . Their studies showed significant enhancement in second harmonic

generation efficiency. In this communication we extend their work to study second harmonic
generation of a Gaussian laser pulse in the presence of a magnetic wiggler including
relativistic effects. The physics of the process is as follows: The electron oscillatory velocity

at (o, k) couples with wiggler magnetic field to exert a force at (®, E+EW). The electron
density oscillations due to ponderomotive force couples with electron velocity at (, k) to

produce a nonlinear current density at (2m,2E+EW)which produces the second harmonic
radiation.

Nonlinear current density

Consider the propagation of a Gaussian laser pulse through a plasma of electron density ng.
The electric and magnetic fields of laser pulse are,

E=A(%+i§) e+,

B=SKxE,
®

AT=A2e T (1)

9

where kz(w/c)n, Mis the refractive index of the plasma, and v, =cy=c is the group

velocity. The oscillatory velocity of electrons due to laser on solving the equation of motion
m (dv/dt)=—eE—(e/c)VxB is

- e E “i(t-k2)
v, =——F , )
mioy,
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where - e and m are electronic charge and mass respectively, vy, z(l+a2 / 2)1/ > a=eA/moc
1/2
and a<1. In terms of y, and the plasma frequency ®, =(47tn0 e’ / m)/ , the refractive index,

in the limit 0)12) / 0> << 1, can be written as

n(m)=1—mi/2m2 ©’Y,. (3)
There also exists a wiggler magnetic field given by

B, =B, (}-i) ™" 4)

For second harmonic generation, the second harmonic wave vectork, >2k,. For the process
to be a resonant one, the phase matching condition demand

0, =20,
hk,=2nk, +hk (5

To satisfy the phase matching conditions in Eq. (5), the required wiggler wave number k, is

®
szi—w : (6)
4 oy

In Figures (1) & (2), we have shown variation of normalized wiggler wave number ck, /®,

witht’ /1 (t' =t—z/c) at different values of a, for ®, /®=0.1and 0.2 respectively. The

wiggler wave number required for phase matching increases with time and plasma density. It
decreases with pulse amplitude.

The electron velocity v, beats with laser magnetic field B to produce a ponderomotive

force 15; at (o,,k+k_),

2
€ - = . e AB, ..
_Vu)kx B :_Z—Oe iflot-(k+k,)z] . (7)
2¢ 2mocy,

The electron velocity v’ due to IEP’ is

2
Ny CA—]3Oe-i[mt-(k+kw)z]

vi =7

)

2. 2
m-io cy,

Using Eq.(8) in equation of continuity dn/dt+V.(nv)=0, the electron density perturbation
n’at (o, k+k, ) is obtained as
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7 - =/ 2
n/ — (k +kw)-v n, — e AB() (k+kw)n0 e—i[o)r—(k+kw)z]
® m i cy,

9)

This electron density perturbation beats with v, to give second harmonic nonlinear current

density
- 1

NL _ /L=
Joo ks k, —_En €V k

e*A’B
o o

- & +i§/);° O (k+k, )e 2ok (10)

There also exists a self consistent second harmonic field E,, =(X+i§)A, e "Po-Ckek)zd

The linear current density j;‘m due to ]::m is,

-

- n,e’E

Vo= (11)
2im®

Second harmonic field

The wave equation governing the third harmonic field is

’E

1 9°E 10J: —4rx - e —i[201-(2k +k,)]
2o — = 20— T 20 0ip M= (Biy)Q, e PRI 12
9z ¢ or 2 ot 2 20 = ( »o, ( )
2
O aA® eB eA
. p 0
where , Q,=-1——F—(k+k ), 0 = ,and a=
o Y, C mc ma@c

On further simplification of Eq. (12) considering the group velocity of third harmonic as ¢ and

k, =(20)/C)(1 -] /80)2Y0 ), we obtain

0A, 104, _ Q,

= . 13
dz ¢ dt 2ik, (13
Introducing a new set of variables z'=z,t'=t— Z/ ¢, Eq. (13) reduces to
oA .
2 Q2 e—lAZ , (14)

oz 2ik,
where, A=k, —2k -k, . For the Gaussian pulse a’=a;exp(-t”/t*), a,=eA,/moc,

Yo = [1 +(a2 / 2)expl(-t2/72) ]1/2 is a function of time . For a given K, , one cannot have phase
matching (A=0) for harmonic generation at all times. If one matches the wiggler wave
number at the peak of the laser pulse (t'= 0), i.e.
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3o O,
k,=————,

4dcwy

00

(15)

where Y, = (1 + a(z)/Z)U2 .
At all other times we have.
A=k, (Yﬂ— 1],

Yo
(16)

and Eq. (14) gives.

Q2 [e_iA (Yoo/Yo—D)z' _ 1]
T 2k, k, (Yoo /Yo —1)

At adistance z=L

(17)

4

A

O, a (k+k.) .
2 = e Tl explik, (V! V-1 L—1]|. (18)
209 @ 2k k,Y!Yo=1) [ 0= s0 ]

In Fig.(3) we have shown the variation of |A2 /A| with t’ /7 for ®,/®=0.1and 0.25. The

other parameters are:a, =1, L(Dp /c=10°, ®, / ®=0.001. The efficiency increases with

plasma density.

Results and Discussion

The application of a wiggler magnetic field provides the additional momentum
required to generate resonant second harmonic generation. It also provides the necessary
transverse electron velocity for the process. The phase matching condition for a short duration
laser pulse can be satisfied only for an instant and for the remaining period the process is off
resonant. The peak efficiency is observed only for the instant when the phase condition is
satisfied and drops of sharply away from the resonance. The duration of resonance can be
increased if a tapered wiggler or a plasma with tapered electron density is used. For the
parameters mentioned above, they can be realized by employing a CO, laser (10.6pm,
1016W/cm2) in a plasma of electron density ~10"cm™ , wiggler with Ay=0.5mm, By=100kG
and plasma length L=10cm.

Conclusion

A magnetic wiggler can be applied to generate resonant second harmonic radiation
from a short pulse Gaussian laser pulse in plasmas. The analysis shows a temporal evolution
of the intensity of harmonic radiation and because the phase matching conditions are satisfied
only for a very short duration the peak intensity depends upon the wiggler wave number
chosen for that instant only. The study is useful for free electron lasers and one can have peak
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intensity for a larger duration if one applies a staged magnetic field or a tapered magnetic
wiggler. A guide magnetic field can also be applied to exploit the cyclotron resonance
condition in the millimeter wave range.
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Fig.1 Variation of normalized wiggler wave number with for a0=0.1, 0.25 and 0.50
respectively at .
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Fig.2 Variation of normalized wiggler wave number ck  /®, with t’' /1 for ap=0.1, 0.25 and

0.50 respectively at ®, /®w=0.25.
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Fig.3 Variation of normalized second harmonic field ‘Az /A ‘with t' /1 for ®,/®=0.1 and

0.5 respectively, the other parameters are ag=0.1, ®_/®=0.01 and L(x)p /c=10°.
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