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ABSTRACT

In this thesis, the terahertz radiation generation has been numerical studied by using
difference frequency generation which is a kind of second-order nonlinear optical process. The
optimal computer programming have been coded with MATLAB to describe and analyze the
numerical results from an interaction between two different frequency laser pulses, which were
fundamental and second harmonic frequencies, in induced plasma from the air and terahertz
radiation were generated in this process. The physical values, such as probe beam wavelengths,
electron density in plasma, and power of pump laser pulse, have been varied to investigate the
effect to the frequency of generated terahertz radiation. Moreover, the terahertz generation

efficiency was depended on propagation length of light in the air and wavelength of probe beam.

Keywords: Terahertz radiation, Terahertz generation, Nonlinear optics, Difference frequency.
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HIoTUNMINANALUBIAAUTZTUILNAMD o, TuNANMINIUNT +z Hunsaunsn 3.2)
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mayved Iwan Tswssuuuy Tidhusaduduauaunmsi 3.3)

P,(z,t)= Pe™™ +cec.
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TunsaHTumMsNavreIANUa1YBIn1Ha dauu Inat lsasuh lane

P, =4¢,d ,EE,

usnagavesau i IMins ey (pump beam) Ao
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E}(z,t):Eje % yee. ; E =A."
E =A™
E,=A,e"”
B = Aje
E; — A;e_lk z
o ¥
JUU
E (z,)=Ee™ +cc or  E(zf)=Ae® ) 1ec.
E,(z,t)= E,e™™ +cc. or  E,(z1)=Ae® ) pec

A o . 1 v
azAAUAIYA (conjugate wave) 1 1AA8
E (z,t)= E/e” +cec.

E.(z,t)= E;e"" +cc.
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(3.3)

(3.4

(3.5)

(3.5.1)

(3.5.2)

(3.5.3)

(3.5.4)

(3.6.1)

(3.6.2)

(3.6.3)

(3.6.4)
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INAUNITN (3.4), (3.5.1) Uag (3.5.4) annsodouneunagaves Ina lswduuuy lidhus

Wu'ladsaunisi (3.7.1)

P, =4g,d A ALetih) (3.7.1)

ile py =4e,d, A A aumsh (3.7.1) dagdlddsaumsh (3.7.2)

P = p3e’(k‘_k2)z (3.7.2)
Lf}mmuaumiﬁ (3.2) uny (3.3) Glumlmi‘vdi 3.1) daumsfaaunisn (3.8)
2 ‘ 1) dz 1 2 .
—6]—7[A3e'(/‘3z_“’3’) + c.c]—i-(ZLQ—,—[Ag’(W"”“) + c.c.]: - g—z[ﬂe_’”” + c.c.] (3.8)
dz” ¢t dt” g,c” dt

meunsIAIUFIBYDIAUMsN (3.8) asasagilaums i lddsaunsi (3.8.1)

d? (Ao 4 o] - d [d (A3e'(ksz-waf>)}

dz? —CE ?j;
, dA
_ 4 ‘k3Age’("3"“’3’)+e‘("32‘“’3’) -
d= dz

) dA
i(l-k3ASer(k3z—w3f))+i ea(/(y.—ﬂ)}t) 3 j
dz dz dz

- _ A3k3,2e1(k32—a)3t) + l:el(kJZ—w3t) i(1k3A3 ):]
dz

2
)di‘3+

dz

+ ez(k3z-a)3r

ilkyz—ant d .
[e(k’ J)E(l]%A}):I

2
Jd 63 + 2ik, dj - AkS }l(kﬂ’“’i’) +ec. (3.8.1)

dz 74
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mondreadiudsvesdunsi (3.8) annsosagdaums v lddeaunsi 3.8.1)

o) d®

¢t dr?

o] - Sy ueen]

c dt
_ g(l)(w3) i ~A.iw ei(k;:—wg) +ei("32"“’3’) dA_ 3
CZ dt 3 3 dt
) i dA
_ & (?3 )(:ASGJ;QIUC}Z_‘US,) _ iw361(k3z—w3t) 3
C" dt
+ ei(k3::—w3t) dhA3 + la) e’(ksf-'_a)st) dA3
dr? ’ dt
{1) ZA
_ ¢ (f’s) A0 + iTz e'bo) 4 o (3.8.2)
¢’ dt

mausuYBIaNMsh (3.8) amnsatagi vt ldataunsi 3.8.3)

L
8002 dr?

[P,

e ' 4 c.c.]

1 4°
g,ct dt’

[pe]

1 d2 {ky—ky )z _—1
- . [p3e (ky=ks) e “’3’]
g,c” dt”

;;167'37;'[ 361[(k,—k2)z—m3r]]

1 [dd Mﬂmw
—_—— e = -
£,c {dt ar )

1 il_ o 1[(1(,—](2 Yz—ayt) }
8002 {d[[pii( 10)3)6 ]

— 1 pa)zel[(kl—k:)z‘wx’]
33
£,C°

N 4£0deffAlA*2a)32 k)

g,c’

z-wyt]
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4d A A w?
_ __ e 1 2773 e'[(k\*k:)z-wsf]+c_c_ (3.8.3)
C

UAUANNIN (3.8.1), (3.8.2) waz (3.8.3) luaunsh (3.8) laaumsasaunisfi (3.9)

) 2
d’ As L4 2k, —2 dA, -A, k et 4 oo fﬂ A0l +—d¥A_3 elbe) 4 o
dz c 0 dt?

dz? :

4dgA A 0]

e'ltbikdmodl | oo (3.9)

&c

: g
We d, = 51(‘) Fnduaumsd (.9) Wow' l&dsaumsi (3.10)

) 2
dAs Lo ik, 2 aA, YW ol +c.c.-‘9—(fi) At + 98 o) oo
dz* dz c” B

__2PANGL ke,

&

=Y
1ie

2

dZA 2 k dA —A k2 (1)(603 )A3a)32 + 8(\)(w3)d2A3 el(k;Z—dJﬁ) _f_c'c‘
dZ dZ 02 C dtz

DA A w?
__ 2 A;Azws Glbk)eorl | (3.10)
C

aumsh (3.10) aunsoazmeu exp(-ioyt) uaz cc. la

2 () 2 ()2
a’dA3 +2ik, az’;?3 & (603)A3603 2Z @, AAe s —kyks )2 (3.11)
z z ¢ ¢’

~

. ) 2 v
e k; :5__(0)73)& sofuaumsii G.11) %ﬂsﬂ”lm'lﬂﬁnmsw (3.12)

4

o

d

dz Iz c’

A3 +2i dA3 2 ;= ZZ( 603 AA* 1y —ky~ks )z
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2 _5,,0
LA e I 2;(

o] A A k) (3.12)
> dz c?

TFmsdlszamni (slowly varying amplitude approximation)

d*A
dzf l ik, 623 (3.13)
Saiuanmsi .12) Sy
(2)
2ik, dAs -2y w3 AIA:ezAkz
dz c? -

dA, i 7V}

— _ Al A':eIAkZ
dz kyc* -

e Ak =k, —k, —k,
Tunslvesduasiinudiien (@) o, =0, -, Winarlsd fo P, = 2¢,yVEE,

dA, _iy%e!

y P A Ae™ (3.14)
z Nea

= ° 4 A o *
Tunsfivesduasnanudnass (@) o, = o, — o, dinmlsd fe P, = 26,77 E,E;

()2
A, _ix 2 A A (3.15)
dz kzc
TunsEivesdudainiduin (@): o, = o, + w, Wiwa'lsd fie B, = 25,7 VE,E,
. (2) 2
A X0 A o (3.16)
dz k.
nnaumsaitalrue (couple mode equation)
(2)g 2
a, _ix A Ale (B.17.1)

dz k,c’
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dA,  iyPw?
dz ke’

A ALe™” (3.17.2)

dlovinseuy iiussuduiiassaumsi (3.17.2) Ivaumsh (3.18)

3.18
dz? k3c (3.18)

dz

A, _ix%; 2[ dA* *dA}

[

Tunsaitidun wmmau"lmﬂummannsmmmgwa (perfect phase matching) W38 Ak =0

Satunnaumsh G.18) aansadenldaeaunisi (3.19)

A, _ixPe; ‘[A dA’, *dA:I 619)
1 .

3 B A N
dz" kyc” dz dz

: ’ (2) 2
1319 A, 2 AJAe™F
dz k¢

(3.20)

NNAVNIIN (3.16), (3.20) uag (3.19) Idaumsh (3.21)

d’A, z;g(z)a)3 A[ iy

2 2 A;‘A3
dz” k.’ k,c*

d’A, (;5(2)) o;wd .

d N ) K AN
k2k3

aaiuaumsh (3.21) sagdlivalddaunisn 3.22)

=x’A, (3.22)

ﬁilﬂﬁwﬁmaﬂﬁ’ﬂﬂ‘llﬂﬂﬁllﬂﬁ‘ﬁ (3.22) Aegumsh (3.23)

Az)=C sinh(xz)+ D cosh(xz) (3.23)
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uAAUMIHIA A(2) 910

dA, iy%We?

2 A AL 3.24.1
dZ kzc- 1443 ( )
dA; Z-Z(z)a)32 * Atk

=- A A, e 3.24.2
dz l{3c2 e ( )
d’A,  iy%Pe? ., dA, . dA
= 2l A A (AK)+ A —=2 + A, L | 3.24.3
dz’ kzcz 1 3( ) 1 dz 3 P € ( )

o Ak =0 uaz A, = mnad Mnaumsh (3.24.3) sagilinils

*

dA,
daz

a’A,  iyPe?
7 = A
dz k,c®

(3.24.4)

unuMauMIN (3.24.2) Tuaumsi (3.24.4) laidluaumsi (3.24.5)

d*A, iy’ Pa? .
o= ;i(czz Al-iZ D AA,

3

d’A, (Z(z)fwja)f A
2 A

2
A?.

= KA, (3.24.5)

wamasni llvasaumsi (3.24.5) Aaaunsi (3.25)

A,(z)=C sinh(xz)+ D cosh(xz) (3.25)

o/ = 4 ~ ) . d'
NMIAUUY ey lvu51a588a8 (the boundary conditions) 18

A,(0)=0 , A,(0) Nanlaq
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AIUANMIN (3.23) 158 D=0 18

A,(z)= Csinh(x2)

A,(z)= A,(0)cosh(xz) (3.26)
1/2 A
A3(z)=i(”1“’3j A p (0)sinh(s) 62
;0 ‘Al

1 3 1 a o 1 {
aumsii (3.27) Auaumsaweunagavesauiy Il uiannmad nven g o, = o, - o,

3.1.2 mamiat ladidnasnvesnataan

e

3
=)

= < a o I 2 A o oA o L4
ﬂTiﬁﬂ‘HTQWHTﬂﬂTuwuﬁliﬂQULﬂUﬂ13ﬁﬂB1ﬂ3$‘lJ’Juﬂ'li!ﬂﬂi\iﬁl‘ﬂi%!ﬁiﬁ“ﬁﬂlu
Y A a 4:' o o Y a 9| ¢ v & o W 2
ﬂ’)ﬂa'N‘mﬂﬂﬂ'l?!ﬂufnuTVIﬂ“mﬂ@‘Wﬁ"lﬁiﬂiﬂﬂﬁunll’h/\h'\hﬂl@ﬂm!“]fﬂi muummamﬂumi

° ' ad a v a Iy y
ﬂ]u’)mﬁ']ﬂ']‘lﬂﬂlﬁﬂﬂiﬂﬂl@QWﬁ1ﬁﬂ1§nuﬂ31ﬂﬁnwuflfﬂQﬁNﬂ'\Tﬁ (3.28)

—=1-—2 (3.28)

d' A [] a a 1 1
@e N fie anumuiuvesdidnaseudeniiiofzanas
e fio Uszquesd@naseu (1.602x 10°C)
A ad -31
m fie WaveIdIANATOU (9.109 X 10° kg)
=) ' A ad o -12
&, fin mnai ladiana3nlugea e (8.85 x 107 F/m)
o, o anudiFapmesau IWiawesilawh 1y (@sad)

Py =y L4
o, AD AW (1F59)

3.1.3 AnnammmanudusIumaldlih
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YTV IINITNUSHANBUNEINUNTTUIUNTHAA19UBIAINONATUIUBUAY

{ ] a 1 Y P
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2
Z(Z) - j‘\(}?;? Z(l)(wl ~ 0, )Z(l)(a)l )Z(l)(" a)z) (3.29)

A 2 9 ) Y o
l,ll’ﬂﬂWﬂ’JﬁJ‘lﬁlqﬂ'ﬂ‘Vﬂ\ﬂW‘V‘th'ENWﬁ"lﬁiJ”ltL‘U‘UL‘INEﬁUﬂ"IﬁuﬂIﬂﬂ

1 @’
PO -— 1_m_§ _1 (3.30)
0 1

¥ . =

1iio a fie SAfivedezasy asuanuFUa UMW s usunas sl uEady

AMTUNITVIUMINAA VIR TR T ITAn THUA Taon 15 IFaun1sh (3.29)
=Y d o v o
32 TdsunsumeufiumasdmSumsmiuin

WeeenuuudiaesdimiunsAnyfidmszidsadoninuuusiassnuununmasgy

= Y o Y g o o A o a o = 4
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o [} 9/ v -
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Electric field(a.u.)
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$Program for terahertz generation by difference~frequency

%$nonlinear optics

%date 2012/05/09

%P.PACHARAWARAMGKOOL

CEE R IR EEE LR R R R R LR R R LR L E R R A R EE R P L R PR PR A R P L L LA P L EE L R LA
clear all;

sconstant values

c=299.792458; % Speed of light (nm/fs)

e10=8.85e-21; % Permittivity of free space (F/nm)
ml0=4e-16*pi; % Permeability of free space{H/nm)
ele=4.803e~10; % Elementary charge (nC)
mass_e=9.,10%e-22; % Electron rest mass (nkg)

a=2.818e-15; % Electron radius: re=e”2/mc"2
$Variable value

1ld_st=%900; % Lambda initial of lasers(nm)
1d_ed=1d_st/2; % Lambda second-harmonic frequency (nm)
Num=1le22; % Atom number density

$Frequency

omega l=2*pi*c/ld_st:

omega 2=2*pi*c/ld_ed;

omega_ 3=omega_l-omega 2;

omega_p=sqgrt {(Num*ele”2/ell*mass_e); % Plasma frequency

$permittivity

ell=1+(omega_p~2/omega 1"2);
el2=1+ (omega_p~2/omega 2"2);
el3=1+(omega_p~2/omega_ 3"2);

%susceptibility (nm/V)

sus_fl=ell+l;

sus_f2=el2+1;

sus_f3=el3+1;

sus_2=((el0”2) *mass_e*a/Num"2*ele"3)* (sus_fl*sus f2*sus_1£3);

% Distances
z=0:0.01:10;

% Reflective index

nl=1~(Num*ele~2/el0*mass_e*omega_1"2);
n2=1-(Num*ele”2/el0*mass_e*omega 2"2);
n3=1- (Num*ele*2/el0*mass_e*omega_3"2);

% Wave vector K
kl=nl*omega 1/c;
k2=n2*omega_2/c;
k3=n3*omega_3/c;

LGS ELSEELESHELEBELB%E%S
%$Generation at tera frequen )
$5%%%3%2%35535%555%5%8%5%3%5%% 3395305552553 55%332%5%535322%38%5%%%%
2Electric field : Et=A*exp(i*omega*t),time-domain

t=-1000:2:1000; %time (fs)

E_p=150; %The energy of pulse

P p=1:0.1:101; %The power of pulse

o)
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tp=100; %Time pulse(£fs)
Al=exp(-1.385*(t./tp) ."2); %amplitude Gaussian pulse

$Time~domain
Et_1=Al.*exp(li*omega 1l.*t);
Et_ “2=Al. *exp{li*omega_ 2.*t);
Et=Al. *exp (li*t.* (omega 3));

%Frequency-domain
Ef 1=fft(Et_1);
Ef 2=fft (Et_2);
Ef=fft (Et);

ps
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K=(sus_2*omega_ 3*omega 2/k2*k3*c"2)*lel25;
B=sqgrt (nl*omega 3/n3*omega_ 1)* (Al/abs(Al));

o

A2=1*B*cosh(K.*z);
A3=1i*B*sinh(K.*z);

E t=A3.*exp(li*t.* (omega_3));
E_f=fft(E_t);

EE A R T R L R R R A L R A R R T L R L R R L R T -t
$Efficiency dependent of atom number density
LR R R L L R L Rt Rt R A R Et R E R PR R L A I AR R R R E L R T AR T A L £

Num_a=le22:0.le22:101e22;
omega_p_a—sqrt(Num_a.*eleAZ/elO*mass_e);

$permitivity

ell_a=l+(omega p a.”2/omega_1"2);
el2 a=l+(omega_p_a.”2/omega_2"2);
el3 _a=l+(omega p a."2/omega_3"2);

3sus=le-3; % (nm/V)
sus_fl_a=ell a+l;
sus_f2 a=el2_a+l;
sus_f£f3_a=el3 a+l;

n_1l=1-(Num a.*ele”2/el0*mass_e*omega_1"2);
n_2=1-(Num a.*ele”2/el0*mass_e*omega_2"2);
n_3=1-(Num_a.*ele”2/el0*mass_e*omega_3"2);
k_1=n_1l.*omega_1l/c;
k_2=n_2.*omega_2/c;
k_3=n_3.*omega_3/c;

z0=0:0.01:10;

sus2=((el0”2) *mass_e*a./Num_a."2*ele"3)* (sus_ fl*sus_f2*sus_f£3);
K_a=(sus2.*omega_ 3*omega 2/k 2%k 3*c”2)*1lell6;
A_3 1i*B*sinh (K _a.*z0);
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% pulse laser time-domain

figure (1)

t=-1000:2:1000; $time (fs)

plot (t,Et);

title('Electric fields');

xlabel ('Time (fs) ') ;

ylabel ('Electric field(kV/m)'):;

x1im([~200 2001);

ylim([-2 2]);

grid on;

o

o°

% pulse laser frequency-domain
figure (2)

£=0:0.01:10; %Frequency (THz)
plot (f,abs(E_f),'-k');

title('Electric fields');

xlabel ('Frequency (THz) ') ;

ylabel ('Electric field(kV/m)');

grid on;

hold on

% Output Amplitude of terahertz frequency : distances
figure (3)

plot(z,abs (A3),'k',z,abs (A2),'r");

title('Electric fields');

xlabel('z');

ylabel ('Amplitude(kV/m) ")

legend ("\midA 3\mid', '\midA 2\mid');

grid on;

hold on

% Output Amplitude dependent on atom number density

figure (4)

plot (Num_a,abs (A _3),'~-k"'):

hold on

title('The Amplitude dependent on the electron number of density');
xlabel ('Electron number of density(1/m"2)"');

ylabel (*THz Amplitude (kV/m)');

x1im ([0 10e231);

grid on;

% Output Amplittude dependent on the Input power
figure (5)

plot (P_p,abs(A3));

hold on

title('THz amplitude dependent on the Input power');
ylabel ('THz amplitude (kV/m)"')

xlabel (' Input power (\muJ)');

x1im({0 1001);

grid on;
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Terahertz pulse generation in air using difference frequency generation

P Pacharawarangkool, $.Wicharn P. Buranasin®

Departmenr of Physics. Facuin of science, King Monghwt’ 5 Insnture of Techmology Ladkrakang, Barghkok, Thaiand
10326

We have mvestigated the nse of mathematical methods and computer programs to describe the
generation of terahertz light by nsing the reaction of two mcident pulses laser beam with different
frequencies m ambient gasses. It has been found that the terahertz light emitted from the 1onized
gas. whach have been generated bv two polse laser beams with two defferent Fequencies. First. the
wmcrdent beams are composed of a fundamental beam and 1ts second harmonics beam. winch
generated from a sonlmear cnstal. From our mvestgation. the power of the terahertz light
depended on the number of ionwzed aroms generated from excited beams In addition. the
terahertz hght has been observed as well. although the other meoxdent beam 1s not the second

harmonic of the other

Kevwords: terashertz radianon. terahentz generation. nouhnear ophes, second harmonics,

difference frequency generation

1. INTRODUCTION

The x-rav radiation has been attention due to us
application 1 many research fields such as physics.
chemustry. brologv and medical Bux the x-rav radiauton is
harmful to the wsers. becanse 1 has properties that can
damage hssuss and cells, Therefore sciennsts have been
exploring to find the new method which 15 safer than the
methods that need 10 use the xrav. Receutly. the teraherntz
radiation has been come to be interested to the public due
to sts lower energy compared with energy from x-rav
Moreover. the terahertz light can be applhied to use in many
dufferent area such as terahertz maging and sensing. and 1o
the future the teraheriz communscation. Terahertz ight ss
electromagnetsc  radtation  with  fequencies  betwesn
mucrowave and far-infrared waves where teraheniz
radiatcon frequencies at 0 1 - 10 - 10% Hz. From the past
research. the radhatron THz fequency can be generated by
two methods phote-conductivity and electro-optic effect.
N

The generaucn of terahertz Lght by umng sonlmear
optic phenomena has been mterested by researcher both
theorstical study and expenimental studv. By usme hugh
power femtosecond laser pulses. Akozbek er. ol observed
third harmonic geperation and self-channeling w air [6]
Using computer model. collinear rerabertz hght was
generated from a one dimensional photonic crystal by vsang
diffesence frequency generaton [4] The terahenz hight has
been penerated by ustng two laser beams with different
frequencies incident into the gas [3]. In thew experiment set
up. the wavelength 800 am of femiosecond pulse laser
weideny mto the B-barnun borate (BBO) crwstal. whuch
generate second-harmonuc field, that have wavelength 400
nm. Then. the new wave and the mocident laser beams
propagate mto the chamber. which contams with a gas.

. -
‘tf. crrespondmg author Tel ~66838154829
E-mail Ebhpramha afmul ac th.

When the laser beams mteract with the molecnles of gas
resulting the emisston of terahertz frequency radiatwon [2]
The theorencal study of the prinaple of nonlinear optic
polarization process. 1e the mechanism  difference-
frequency of fundamental {2 and second-harmoniwes (@)
field. can be used to explain the process of the terahertz
generation Here. the terahertz has been generated from the
jomzation of gas. plasmas with some densaty [31

In this repost, we have been mvestigated the naodels for
terahertz ganeration by numenical analyss. We also show
some results of terabertz generanon. We have explored a
number of differsnt fequencies of two laser beams that
have propagated through the gas medummn for teraberiz
generation. In our method. we assumed that two high
mtensity  laser beams wath  ddferent  freguencies.
fundamental {&) and second hammome (@) felds
mteracted with a gas medmm From our computation. the
twe mput laser beams of different frequencies have been
generated the difference-frequency output wyth mew
frequency 1 terahertz range (@ = & - &0

1. THEORIES

2.1 DIFFERENCE FREQUENCY GENERATION
PROCESS

In this section, we explamed the nonbnear opucal
process. which was used for terahertz-wave generation
applicanon. This process was made m second-order

noahneary { [{2}) mednun and called the second-osder

nonthnear optical process such as  second-harmonic
generstion  {SHG). sum-barmonsc generation {3FG).
difference-frequency  generation {DFG), optical
rectification {OR) and optical parametric oscillaton (OPO).
In our research. we have apphied the DFG process to
terahertz-wave generation apphication. The process of DFG
was illustrated as figwe 1| The generated wave with

& 2011 Tha: Physics Society
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frequency ¢ =) — @, was generated by two mnput

waves.
(a7} ¥ N T
— Yoy X 0y
@ ( dd=7/' —’
— N < e
(a)
(O]
)] - -
e
(b)
Figure 1. (a) Difference frequency generation process in

second-order nonlineanty medmm (b) Energy-level dia-
gram describing difference-frequency generation.

First. we have considered the wave equation with nonlinear
source term for each frequency component of the field as

Eq (1)

g 2 ]
vig _f {f)nlﬁ E, L i

The general solution of Eq. (1) with no nonhinear source
term for a plane wave at frequency 2, propagaung m ~z
direction as follow

E,(2.1)=Ae™ ™ 4. @

1y,

Where wave vector of @, wave 15 /\'3 = with

c
ni=5" (@) and 4, 1s the amphitude of electric field of
), wave. And the nonlinear polarization term that depend
on the second-order nonlinearity of ¢); can be written as

follow

B(z,)=26,yP A AN oo @)
Substitute Eqs. (2) and (3) into Eq. (1) and using slowly
varying amphitude approximation we obtamed the coupled
equations for DFG process and have the form

E;. i7"}

d: kel i Ak "
Tl @

Where Ak =k —k,—k; and 15 called wave-vector

nusmatch. We first solved these equations for the case of
perfect phase matchmg that 1s AF =0 Here. we have

assumed the boundary condition which no .4; at the lefi
side of medum and A4, 15 arbitrary. Assumung this case 15

undepleted pump which ¢} wave 15 a strong wave and

constant. When applied these boundary conditions mto Eq.
(4) we have obtained the solution of amplhirude of electric
field at any z position as following

A, (Z)=4,(0)cosh(nz) (5a)
12

ey | i

Lmey | |4)]

Where the coupling coeﬁicxcnl of media (A') has the

/ ¥ @ ()3 I {|

klet

solutions we found the amplimde of output wave was
depend on the varving of complex conjugate amplitude of

2, The relation between amplitudes 4, and .4, with z-
axis position was shown in simulation results section.

A4 (z)= A, (0)smh(xz)  (5b)

followed relation A~ = From these

2.2 Nonlinear Optics of Plasma

In this section. we explamed the nonhinear optical
properties of plasma because in this paper we study about
wave generation by using DFG process in gases medium
First we known when laser was applied to the interested
gases, atoms of gases were induced to jonization state that
was called “plasma”. Plasma play an important role in
nonlinear optics We found a plasma can respond m an
wminnsically nonlinear manner to an applied optical field
Let we consider the linear optical properties of a plasma
We found the dielectnc constant of a collection of such
electrons 1s given by

3 2

Ne- o _
e=1- -=]-—= (6)
EALTo @

Where N 15 electron density of plasma, ¢ and m are charge
and mass of electron. & 1s dielectric constant in vacoum. @
1s the angular frequency of applied optical field and @, 15
the plasma frequency. From Eq (6). we found the
refractive index (n) of plasma was determuned bv the
electron density (V). For N sufficiently small that a,” < 0”

(an underdense plasma). the dielectric constant 1s positive,

n is real, and light-wave can propagate. Conversely, for N
sufficiently large that m,“ = @ (an overdense plasma). the
dielectric constant 1s negative, n 15 mmagimnary, and hght-
wave cannot propagate.

Next., we consider the nonlinear response of
plasma such the nonhnear susceptibility of this medium
Because this study was about DFG process that 1s second-
order process. so that we need to know the second-order

nonlinear susceptibility ( )_’m ). From [3] the second-order
nonlinear susceptibility was given by
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L) _ Ema Zm(ml _ (93)1(“(("’1 );((la('_mz) )

N
Where the linear suscepnbality of plasma medmum 1s given
1 @ |
1 -
by V=g -1=—|1- ‘;‘-—l and a 15 atomuc
&l o

radius. So that. The second-order nonlinear susceptibility of
plasma medium that we used for DFG process can be
deternuned by usmg Eq. (7).

3. SIMULATION RESULTS AND DISCUSSION
In this section we present the simulation results for the
generated terahertz-wave by using DFG process. First we
show the spatial evolution of the amplitudes of signal beam
and terahertz-wave as shown 1n figure 2. From this figure.
we found the both amplitudes were exponennally and
asymptotically increased respect to the mncreasing distance
m the medmm. Since the square of coupling coefficient
depend on the square modulus of the amplitude of pump
beam. so the growing of both amplitudes were limuted by
1ts and the maximum of A, and A; must lower than A,

]

— A
—

Amplitude

7] Ty [ v 12 4 e e

Figure 2. Spatial evolution of signal beam amphitude of o,
(red line) and the generated terahertz-wave amphimde of 0
(black line) for difference-frequency generation process for
case 4k=0 inconstant-pump approximation

e

=

Electric field

PAS -,
) ) Fm‘qum;y(THz) ) )
Figure 3. The generated terahertz-wave electric fields
when the wavelength of signal beams (@) are 200, 300,
400, and 500 nm. respectively.

Then we terest the terahertz-wave generation when
the frequency of signal beam (,) was changed First we
consider the solution of wave equation for frequency @ m
form of frequency-domain can be wrnitten as

E(a)=FT.[E,(N] (8)

Where F T 1s Fourter transform operator and E(r) 1s the
solution of elecnc field m tme-domain Since the
frequency ; 1s depend on ;. when @ was changed to
200. 300, 400 and 500 nm. so the frequencies of generated
electric fields have been shown as n figure 3.

e —— Oneml =9 42 PHz|
— Omega2 =4 62 PHz .
Omega? =3 62 PHz|
Omega? =2 62 PHz|

Amplitude
\

Density of gas o’
Figure 4. The vanation of the generated terahertz-wave
amplitude respect to the density of ambient gas when the
wavelength of signal beams () are 200. 300. 400, and 500
nm. respectively.

Finally. we mvesugate the effect of the density of
ambient gas to the amplhitude of generated wave. Since the
terahertz-wave was generated by using DFG process which
process is depend on the second-order nonlinear
susceptibility () of the medium From the previous
section. we found the 7 of ambient gas was changed by
the density of ambient gas (V). So that, the amphtude of
generated wave can be vanied with N as illustrated mn figure
4

4. CONCLUSION

In this research. the terahertz light has been generated
by using the mteraction of two pulse laser beams that have
different frequency within the awr. Our computation has
been shown that one of the incident beams don’t need to be
the second harmonic of the other for terahertz generation.
We need to thank Dr. Joseph W. Haus of electro-optic
program at University of Dayton. Ohio for his suggestion
and advices on this excited topic.
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