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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.
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wazIwan lsidu P UsznevlidredrudlsenouidluFadunas lifludadu
P=P" 4 pM (2.27)

A 3 1 a4 Y a
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fedrms@oulieglugluuuvesmsnszsamalwih Duazihligdnlszneuindlums
Wunaz ludhuFadu

D=D" 4+ p¥ (2.28)
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DY =g E+PV (2.29)
TumenveaSinuaumsaduaumsii 2.25) aunsadon ldsaaunisi (2.30)
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] Yyd 1o =< qu 4 A= w
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uay E 1#\1181]1«!11«!I,‘IﬂEINﬂ]ﬂﬁﬁ?uiﬁQiﬂﬂﬂ'lﬁﬂllﬂﬂlﬁﬂﬂﬁﬂlﬂulcﬁﬂi (E(l)) ﬂlli.lﬁ.luﬂllﬂ']'llla
DY =g,V .E (2.31.1)

dwmsudaquuyle Ty Tnstlnanuduwussznan DY uaz E dlullawaunmsi 2.31.2)

DY = ¢,cVE (2.31.2)
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E(r,t)=YE,(r.?) (2.33.1)
D" (r,)= > DY (r,7) (233.2)
P, 1)="Y PX(r.) (2.33.3)

Wenssiunummzaudvesuy IWihaiauiluuan uazuaazdiutlsznevunrud lu

IneuvBIBNNAYAITUTY
E,(r,1)=E,(r)e™ +cc. (2.34.1)
D, (r,t)=DY(r)e ™ +c.c. (2.34.2)

B ()= PR +ce @34
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= 9/ [
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) 2 2p ML
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o 4 4 = . ¥
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a gy o A a - =3 & ~
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x:&cosn . =0, z=ﬁsin2n (2.43)
@ 8w
iiio nzw(t—z/c)
p=¢eE,/yo

N 2 ;2 2
Yy o=mc"+e'E; 2w
dwmsuiaiivesrananTnanlsd awnsoefuwldlas £, = E, cos(or —az/c)
uag E. = E, sin(af — wz/c) manasunvesdidanassunusduuvvesnus ndayylu
x 0 £ a

¥ "
SANURINNAY ecE, / o’ MIndouniausnesuie laoaunsi (2.44)

x=£cosmt,y=&sina)t,z=0 (2.44)
@ @
' 3 d'
e B mileunuswazdeadiuuu unagdmariiannsoagildaglii 2.5)
ieriuAMuazaIndlsiduiuguina o WuaFuannuevesaulwih
d A a . . d 9 1 o A a X
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2.2

at=r = . (2.45)
mc- mec @
) n‘dy [ 9 o =;
ﬂ')'u.lf’fﬂJ‘W‘H'ﬁ‘l—lﬁ1ﬂ15ﬂﬂﬂ§ﬂuﬂﬂﬂlﬂﬂ’lﬂﬂﬂﬁﬂﬂ"l'i‘ﬂ (2.46)
2 In, A2
at="=2 (2.46)
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e o™ fie The N-photon absorption cross section
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1o o) =— (2.51)
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sagiaesandasinnunily o, woimseinsaesduniidr ldnelueinimia

s 9
Aad o oA

nizuunsmhiiem e @, = ©,= o, - o, trasdsglil 3.2 Wiiidyigheme

Audanaran ludluFadumsiinsantuninaunmsaau

®, r'y
i it % o,
o, 4 =5 _— & N 2
l 1 m,
(n) (v)

3 32 uamamunmnszuIuMsHadYeInIEn e ueIMA (n) uEAuTIIRBIAYES

b
URNT 01 (V) HAAWNUNINBTUIUTZAUTUN 191U

NNAUMITAAUAIAUMIN (3.1)

(1) 2 2 NL
vE -£ (a),,)aEn___ 1 o°P,

n 7 4 2 2 2 (3'1)
c©  Ot° gt o

< ' { { = " o o A
HPAUMIHANALYBINAUTTINUNAIMND @, Tufiemamauns +z Sludsaunsi 3.2)

E,(z,1)= A, ™) 4 e, (3.2)



4 n,@
1109 k:‘ e ot : n32 = 5(1)((03)
c
A,=A1AIA2

monvead Iwan lsyduuuy lududadudluawaunsi G.3)
P,(z,t)= Be™™ +cec.
aa d a ' a4 0 ¥ v o A
lunsaidlumsnavesnnuanuesnwm aoiu Inan lssui1éde
P = 480dejfElE2

uouwagavesau lWihinszdu (pump beam) fin

E /(z.t)=Ee™ +cc. ; E =Ae"
EI - Aleﬂclz
Eq = Azedt z
E =A™
E; =A™
19U
E (z,t)=Ee™ +cc or  E(z,0)=A® 1 ce.
E,(z,t)= E,e™ +cc. o E,(z,1)=Ae )y e,

Ll.’cltﬂﬁllﬁ’ﬁt}ﬂ (conjugate wave) nlafe
E;(z,t)=Ee™ +cc.

E(z,1)= 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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MNAUMIN (3.4), (3.5.1) 1ag 3.5.4) dunsalouneunagaved Twan lswsuuuy ludlid

dulddaaumsi G.7.1)

P, =45,d ;A Ase'th) 3.7.1)

iile ps =4e,d A A] aumsi 3.7.1) vag) lddsaunsi (3.7.2)

P, = pye'tih): (3.7.2)
ieunuaunisi (3.2) nag (3.3) aumsi G.1) Idaumsgaaunsi (3.8)
d’ o eNw,) d? . TREr i ST
— At o) pop| -2 30T A o) 4 o0 = —|Pe™™ +cc.| (3.8)
de [ 3 ] c? dt- [ kl ] gocz er [ 3 ]

meuusnA i ovesaunsi (3.8) annsadagiaums lmilddsaunsn (3.8.1)

dd_:; [A3el'(k,z—mir] + C.C] = % {% (Asei(hz—m]f) )}
r4

; . dA
i -k3A3eJ{k,z—m3.r) + el(k;:—rz),!] 3 )
dz dz

= i(ikSAJei(kJZ*mjr))_i_i(ei(hzf-’J:s') ﬁ)
dz dz dz

= Akae‘(kzz-ﬂ’s’) 4! [e"(hz‘wsf) %(lk3A3 ):|

\d?A,
dz*

il(kyz=w;t
e(: il

+ et & G,
dz

2
=[dd}:3 +2ik, dj ~ AL }e"‘*z“"ﬂ) +cc. (3.8.1)
Z



meufidesdudnovesdunsi (3.8) aunsosagdaumsln ldsaunisi (3.8.1)

&Vw,) d°

g0
[A e i(kyz—at) +CC] (20)3){i{i [A3ei(klz—m3:) }}
dr’ dt | dt

2
c

Il

c

2

c dt

(1)
& (?3)|:A3CD323 i(kyz—a51) io 1(1:32 ast) dj
= t

+ ei(k,z—mll) d2A3 . i(ksz—at) dA3 }

+i1w-.e
dt? . dt

(1) 2
(@ A @] + LT e'br=a) 4 o
dt?

N

)

c?

meuAuNvesaumsh (3.8) aanindagInilddaaumsi (3.8.3)

L
gc dr®

[P e ™™ te, c]

1 d’

£.c’ F[}%e_w]
0

1

i(ky—ks )z —iont

Zdt [Pa e ]

g;¢” dit?

1 |dd [("n—kz)Z—“‘a’]}
{dr L

1 d [(kl k3 )z~ mjr] }
&,¢° {dt [p (tm e ]

1 d? [p3ei[(k,—k2)z—m3!]]

4e,d ;A A 03 o/l

—ky )z-o5t]

dt

(1)
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)

(3.8.2)
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4d A Alw?
_ __Melukl“kz)z"”sf]_l_c.c. (383)
c

unUaNMIN (3.8.1), (3.8.2) wag (3.8.3) luaumsi (3.8) Idaunsdaumsii (3.9)

d? < M. (1)
l: A & 21’( %_A:‘k;:lel(hz—waf) +cc. - & (a).})[A] 3 + ddA :|ef(k32 —ant) +ce.
!

dz* ¢’

ad A A 0! >
=t T8 lhobleel (3.9)
-

4 1 v ¥ = = @ :
Hio dy = 2 futuaumsi (3.9) Wouldfaaumsi 3.10)

’ : (1) 2 _
[ddzé:‘ o 21](3 % — A3k32 :'ei(hz’—a):;l) + C-C"%J'){Aja); 4 %]el(ka—wlr) Yep

= —ZI(Z)A‘ A;(l}i ei[(kl —ky )z-o;

14 ece.
&

VEL)

2 g0 2 (1) 2
d A, > 4+ 2ik, dA, AR (w32)A3w3 .. (f"s)d 1}3 eitkz—oxt) 4 . .
dz? dz c ¢ dt”

O Ao
_2x A;Azws pillk)e-ou] | . (3.10)
c

auMIN (3.10) ansnazmen exp(—ioyr) naz ce. 18

2 (1) 2 (2).,2 '
d 1?3 + 2ik, dA, ¢ (a’sz)Aawa _ 2/'(2 @; AIA;er(k.—*z-ks)z (G.11)
c C

. O] 2 y ' y
@ L = o/ 1 =
e k; -—-6(—3)03 Asiuaumsi (3.11) Sz Inadldaumsi 3.12)

a4 o meTe o = Ajpj etk
- dz

dz"
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2 _ (2),..2
42 o, d:3 - 2'1' D A Aethrhhle (3.12)
4

T¥mstlszanma (slowly varying amplitude approximation)

d*A,
2

< ’Zik3 % (3.13)

gnfuaumsi (3.12) i

21k3 dAS _2X a)J AA Az
dz c’

A, iy%%? .,
d; k c23 A,Aze'“z
3

e Ak =k, —k, —k,
lunsalvesdwaaianudiian (@): o, = o, - o, 1Winalsd fe P, =26,y VEE;

(2)
&8y . M "’3 A% A AL (3.14)
dz k, c?

Tunstivesdmaaninnudiiaes (@): o, = o, -, @ Inalsd fe P, =26,y VEE;

dA, x() 2

2 A, A (3.15)
dz k,c’

° i § o
Tuns@ivesduwdsianuiuin (@): o, = o, + @, Wiwnlsd fie B =26,y EE,

dA, zz(”wf AAe

(3.16)
dz k.’
nnaunsalilalvua (couple mode equation)
(2),,2 _
LS A NN (3.17.1)

dz kc
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A Ae™" (3.17.2)

@

wehmseyWussusuiaesaumsi (3.17.2) 1@aumsi (.18)

d’A, ;(
dz’ k,c’

(3.18)

{A A (iak)+ A, =2 s +A; -‘ﬁ}ewﬂ

[

Tunsditidaiigintenluiluniwauysaiveama (perfect phase matching) 3o Ak =0

AMUINAUMIN (3.18) amnsaon ladaaunishi (3.19)

2 .. (2). 9 ¥
d’A, _iy%e; [A, 2y 'dA‘} (3.19)

) B 2 + A"l
dz* kyc” dz S dz

. C0) |
iile d;:’- =—’2;c 2 AA e (3.20)
4 .c

NNAUNIN (3.16), (3.20) Hag (3.19) Tdaumsn (3.21)

d’A, :;g( )a)3 :Z(z) .
- A|--—*=
dz k, c?

= AA
ke ! 3)

d’A, ( ))26030)2

= e (A,A7A,) (3.21)

kk.c*
as 3: = o " Yo =
Auaumsn 3.21) sa3u I lddsaunsi (3.22)
dA,

aJZ'Z

aumsnamasini ldvesaumsn (3.22) aaaunisn (3.23)

= KA, (3.22)

A,(z)= Csinh(xz)+ D cosh(xz) (3.23)
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uAEUMIHIA A(2) 30

A ()
dA, _ix ‘”2 A A%e™ (3.24.1)
dz k2
dA,  iy%e? .
A X e AA e (3.24.2)
dz kyc® 3
d* ; 5
e iz? AAL(AR)+ A, PBa ;. pt FA | (3.24.3)
dz* kzc dr dz
e Ak =0 uag A, = mnaft vinaumsi (3.24.3) vz lmila
2 .. (2) 2 ,
4 éz = 02)2 A, dny (3.24.4)
dz” k,c dz
unumaunsi (3.24.2) Tuaumsi (3.24.4) 1&@dhuaunisi (3.24.5)
2 (2) 2 @), 2
dh, 070 | X KA
dz” ke k,c”
2 @F 2 2 .
s _ }“’10’3 A A,
dz kyk,c
2
dd’tz =% Ay (3.24.5)
b
warnaeiia T vesaunsii (3.24.5) daaumsii (3.25)
A,(2)= Csinh(xz)+ D cosh(xz) (3.25)

mMydutigIudeu lvuiuseuas (the boundary conditions) 10

A,(0)=0 , A,(0) fimlaq
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AauUANMIN (3.23) 18 D=0 14

A (z)= Csinh(xz)

A,(z)= Az(O)cosh(xz) (3.26)
172 A
Ag(z)=i[ﬂj —L A’(0)sinh(xz) (3.27)
3@ !A1|

§ =1 ! a a 1 4
aumsn (3.27) nJuﬁumsmuauwagﬂmmﬁum"lﬂﬂunﬂmnwamwaammﬁ @, =, — o,

o ! aog =
3.1.2 ﬂ'l‘l—.!')ﬂﬂﬂﬂ'ﬂﬂmﬂﬂﬂ‘iﬂ‘ﬂﬂﬂﬂiﬂﬁ&n

o = o A c? 3 a o oA o o
ﬂ'liﬁﬂ‘lel"N'I'u'Jﬂﬁ’luwuﬁli'ﬂﬂu!ﬂuﬂﬁﬁﬂ}ﬂﬂﬁ%‘]J'J‘LIﬂ'l'i!ﬂﬂiﬁﬁ!?l‘iﬁl&‘iﬂ“ﬁiu

¥
o

{ a 4 °__o = o @ 1
mnmaﬁmﬂmsmﬁmumﬂﬁmﬂwmﬁummﬁmu"Mﬂwmmwaé" muum%ﬁtﬂumﬁ

Ay ladidnas nueanamnamuanuduRusaIaunT i (3.28)

Ne* o’
s=1-—2 (3.28)
Eymay o)

4 A T a T '
e N A9 ANUHUILHUYBIBIANATEUABNIIBS1IAS
e fiolszquesdianaseu (1.602 x 10 C)
= ad -31
m 19 ¥IAVBIBIANATOU (9.109 x 10 ke)
g, Ao Anedi ladidnainlugaania (8.85 x 10" F/m)

o, fio Arwdayuvesaum il uamesnldidh 1l (§sad)

, e AwANIITIN (830%)

3.1.3 MnamaanudusIuma Inih

¥
o'y R

NUINBVDINGITNUTUANYUNYINUNTLUIUNTHAANUBIANLINNTEUIUOUAY
4:‘ v b - F1 1 = s v A
favvesmsnovaueuuy ludluFuduveanaran lasmamnduasiunia Iisuaun

apauuy ludlu@adu (%) veswanaunnn(2]
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(3} 80 ma

N2 Z ( a’z)Z(l)(ml)Zm(‘ a’z) (3.29)

A = a 9 o
wamaNuFuaIuNe IihveswaauuuFuduiivua oy

] @’
V=e-1= ;[ p J | (3.30)
(1]

]
o o

d‘ - [T | o 5 U = " ] = 9/
e a Ao FAlveIezaol AduuAIANLFU U1 IihduduRassuuy lidluFady

MUTUNTZUIUMIHAANYBIA LD T Mua Taoms 1¥aumsi (3.29)
Y d o ar o
3.2 Tlsunsumeuiaumesdmiumsmiuin

iesenuuuhaesdmiumsnuiiimszdsadonuuuiiassnuusunmagy
1 3.1 1dianadeldsunsudmsumssnoamaziaamaiessuemsiiasadmsidsad
TaglumsesnuuuTisunsuldisTusunsueendly 2 daudaeiu Ae aauusmiluTisunsy
madnnaanuduiusveswoundgaauiu Ifluamesnldid i (4,) funeundga

sl ¥ s o 2 ) o = gr
i Inihiaeeinld (4,) wnwdaimshaunezduaeunisAnuuaaiagli 3.3 Juaou
° 4 g ° ' o b ' A A

mMymauves llsunsusuaunnmsimvuanmnangs q 1laun anweraaunlelums
a ° ' a 1 4 &
W15, M0 UAIFDT, ANUNUIUUYBIDIANATOU HAZITHSNIINITUNT VBIADY ¥4
wadwin laluanasunnuduiusieundgavesaununih (4, uaz 4,) fuszozmams

4 4
unsvesnau aaaas 13 luuni 4

daunaeuduTdsunsumssnoaaun lihduamisiiees (aar, A2wd, A

¥
UL UYDIBIANATOY, azMduamed) uwuAINSNNLIazTUABEMIAININLAAY
aag1li 3.4 Tudrufiaeuiie TlsunsunouRaunesldsuamisfinesa1s 4 udasaumua
i 1 X "o ¥ -~

martiaslugumsau IihnduegiunamminlgismaulasyGes ldaunsaun Wi
5 LY d‘ ar { o a s .-dl [
YusgiuAMUD Haansn lasnmsauau Ae anlnasuesau Iihnuaiud aulnasy

a o ] ad W =
uauwagmmﬁumwﬂm'umnmumuu‘ummanmau uazmﬂnmnuauwagmm

@ o o o o
agu IWihdumdniadvesaixes
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= Ay o -
1zmtm'aﬁm‘smmuuauwngﬂ

Bl

MHUARINEINAU VR IAIBOS (0, )

y

Myvuamasadveuaiwes ( P)

'

ﬁmuammnmuﬂwaaﬁnﬁnmau (N)

MAUATIITZHZMINITUNS (2)

=i 2% mi >(0)sinh(xz o z)= cosh(xz
AC)={22] A x 0)intle) A(2)= A 0)cosh()

anlnnSunnudniusueundgavesaunlih 4, uaz 4,

y

[ AWMIMNYU J

N33 waaruAIMsOuTlsunsumssuauduiuivesweunagamuy Irih

reinldiihl (4,) nazuouwdgamunIWihawesild (4,)



= acd o =
SIUIVITMIAMUIULDUNADA

Y

MMUARINEIAALYBIAIYDS (o, )

y

Mmuamdsveuaes (P,)

A 4

MHUAN UM LY DIENATEU (N )

y

MUUABITZOLNIMTUNT (z=1)

y

au Iih lumsiinisanvesnat £(r)

WandumsmlasyiFos

A 4

aw I lunsinsavesniud E(w)

Y

adnasuaun Iihruna
alnasuau IWihiuanug

anlnasuneundgaaun ihduanumuunivvesdidnaseu

anlnasuneunagaau Iihduhdniadvesames

[ UNTVIU J

. as o [J a o ' - o
U 3.4 waawwudimsiau Tlsunsumsanoaeunagaau IWihiuamsilines
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33 'i'fuﬂaunnﬁnmmﬂﬂ?ﬂmﬁnuﬂnmﬁﬁ1mm1|miﬂmmuﬁeanuuuﬁ‘mm’aé’sjﬁﬂ'mm

o

Y A d ] £ ° =
WaveliilumsfnuunensivasuniugndeavesTysunsumssnnaiivenuuy

"
= o

Tﬂuv‘hm‘sur%umﬁuuﬁ'nnnm‘sﬁmmuasmaﬂanmﬁa%’aﬁmsza‘ﬁsmﬁ1ne1u‘35’ﬂwmm
$19949 9109290 3.2 mseenuuy Tsunsumsinnaluduusndlumsmanuduiug
= o/ 1 4I A v d' o
uaunaveIau I I A uszeznansuns veniay NOAUYNABIVBIANAIT NI
AurutulFouiiounamsfuInve I ne Ny s “mayaé’nm 2] mamsnfSeumoy

uana Bluuni 4 ado 4.1

lumsnaaeaveanuidiimdreda (1] wuwunmgyi 3.1)  Whame iy
o o A A = L] = =1
Wadnnwennau 4 (1 o) daudu 800 wiTuwas unsrmundnwaudouTusm (BBO)

o o

L A o
W iAada9a59930 (probe beam) A1mB1IAAU A, (@,) Al 400 11 Tuwas wivw
voniaduaniu 150 TuTasga msnfFouiominnuaasiidrod 3 uy Ae
uuuii 1 AumanBouisvanlnafuaun ilaifuvesrari Idennsnaass
av 4 o a o » . o -
YBINUITEMINNBN1581984 [11] Aunamsmuanen Tlsunsumsiuiaiiadiesiu
H o ¥ o @ dlcl
wwwi 2 FunSeuievanlnasumanuduvesauy i suvesnuai e
MINMINARBIVBINUITEMNWNBNA1T81984 [11] Aumamssvaan TUsunsymsfiuam
£
nasau
H =1 Y " = & o o @ o
U 3 ﬁ‘lummﬁuumuumﬂﬂmns:‘n'muﬂuwagﬁaum'lﬂﬂmummwnﬁum
sty Y aw A o Y a o o P ﬁr
03N 149 INNMsnaaedvesnuIsenthuenaiseda 111 furamsiuInildain
. o
Tsupsumsdmunanad ey

v ¥ . i ' -
wamsifSoumouns 3 nuunavuai ldnanulauaas13luund 4 wade 4.1
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3.4 'i‘fuﬂaumsﬁnmnmﬁﬂaum'hl%’l1%’»1‘é'nmznﬁsm‘hﬁaa"umwnﬁaﬁrhdnq

mstfiamuIiihSidmszidsadidodumansania (w,) S 4 lunsdnmh
Tagimuaminnueaduduansivia (4,) inawd @, nazmnuamIANeInAY
Fudu (1) i o, Tuneumsmuaudil
1) fmuannuenaau 4 Saudhi 800 wrTumas

LJ d'. = o d‘
2.) MUUANNINEIINAY 2’2 HUATAIAIT 1NN 3.1

M3199 3.1 MANUEIAAUEWFIRTIVSAR 1T A S UM

AMANWEIAAUAUAIATIVTA (W1 Tuwas)
500 600 700

200 300 400

100

v ﬂ!’ ' { [ A -]
3) unuMAInAN q AMmuannde 1) fade 2) asluTdsunsuiesiuinuas

waea nsanuFuiussznieauIdiiidnszidsad (o) funar vaznsvl

anudniuisgn e ihssdmsadsed (o,) fuanud

w”
o

3.5 dumeumsanmmuiauenwdgamnulWihisdmszidsadiiemasiadvouawodil

919

3.

o'y

Mmasiadvesameiiamang lums

msinaueunagaaum IMihidmsz@sadiie

= @ 4 ¥ o ) Y] o w o d
wosandmiumsanyusesit I fae suuuwadoinanuduwusvesrganads=uim

DATITIUTEHINNAINUVBINATADILOZIIA VR INATIARIAITUNIST 3.31 [12]

% (3.31)

e P, fle Masiadgega (Peak pulse power) H18 Fad (W)
Ep fio WaINUVINAS (Pulse energy) HUW 1 ()

z, f1D 3202190 1WeaNad (Pulse duration) 138 FUIF (s)
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3.6 Yuasumsanyimadaseunagamnuliihimmszidsaamiionnunuuiuves

- L.
dlanAsaUNAIAINY

=

- o - A L] - -
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"
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= — (3.32)

¥ ¥
HuapuiFumsanymanudiuilszaninmvesanu Iihisdimszidsad Taoldn
o = 1 - 1 [~ @ w o o oo
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& o o a a A s A o
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NamMIMUIMaZ NI IZHNE

Tuumiing i namsiuaaznI I ETRamMs fuInesnsinEIn1siia
farmszidsadluemadionis19nszurunswanivesnaud Tasdseneuldroms
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¥ ° o aw Aq v @ o o a
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sProgram for terahertz generation by difference-frequency
snonlinear optics
%date 2012/05/09
&F. PAFHARAWARAMGKOOL
SEELEESLEL5LL5EH25LR55%%%%

clear all;

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

el0=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=9,109%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)

ld ed=1d_st/2; % Lambda second-harmonic frequency (nm)
Num=1e22; % Atom number density

$Frequency

omega 1=2*pi*c/ld st;

omega 2=2*pi*c/ld ed;

omega_3=omega_l-omega_2;

omega_p=sqgrt (Num*ele”2/el0*mass e); % Plasma frequency

$permittivity

ell=1+(omega p~2/omega_ 172);
el2=1+(omega_p”"2/omega_ 2"2);
el3=1+(omega p~2/omega 3°2);

Zsusceptibility (nm/V)

sus fl=ell+l;

sus f2=el2+1;

sus_f3=el3+];
sus_2=((el0"2)*mass_e*a/Num”2*ele”3)* (sus fl*sus f2*sus f3);

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);

5 Wave vector k
kl=nl*omega 1/c;
k2=n2*omega 2/c;
k3=n3*omega_3/c;

AR LR E RS LR RN R R L e R RS A e R R R R A A AR AR R R R R R R R R
$Generation at tera freguency (THz)

FEEEETEEHELHGY '%%%%%%%%%%%%%%%%%%% FELELEEE LR L L RS R R R R R
$Electric field : Et=A*exp(i*omega*t),time-domain

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

E p=150; %The energy of pulse

P p=1:0.1:20%; %The power of pulse
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tp=100; 3Time pulse (fs)
Al=exp(-1.385*(t./tp)."2); %amplitude Gaussian pulse

$Time-domain

Et_l=Al.*exp(li*omega 1.*t);
Et_2=A1.*exp(li*omega_Z.*t);
Et=Al.*exp(li*t.* (omega 3));

Frequency-domain
Bf1=fftitkt 1) ;
EL 2=FFft(Ft 2);
Ef=fft (Et)}

o 4,

i
O

Q0 a6 40"€z....

AL EATEEEE L LT LR
% Amplitude of THz generation
R R R R T IR X
(sus_2*omega_3*omega 2/k2*k3*c”2)*1el25;

=sqrt (nl*omega 3/n3*omega 1) * (Al/abs(Al));

e Sy . % . 5. O
TEEELBTEEY

oo
c\

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

E_t=A3.*exp(li*t.* (omega 3));
E E=fft(E t);

EHEEEEHLELEELY SRt AR R A R R AR R A R e R P e R
sEfficiency depende Com numoer density
%%%%3%%%%?3%ssarwﬁra AR R A R AR R AR R R R A e T R

omega_p_a sqrt(Num_a.*ele‘Z/elO*mass_e);

tpermitivity

ell a=1+(omega p a. ~2/omega_172);
el2 a~1+(omega P “2/omega 27203
el3_a=1+(omega p a."2/omega 3"2);

ssus=le-3; %(nm/V)
sus_fl a=ell a+l;
sus_f2 a=el2 a+l;
sus £3 a=el3 a+l;

n_l=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 1.*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 L £2*sus £3);
K _a=(sus2.*omega 3*omega 2/k 2%k 3%e A2)*1e116
A 3=1i*B*8inh (K a.*20);
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R AR R R L T R e,
% Plot results

A R R R Y1)
% pulse laser time-domain

figure (1)

=-1000:2:1000; Stime (fs)

plot(t,Et) ;

title('Electric fields');
xlabel ('Time (fs) ') ;

ylabel ('Electric field(kV/m)');
xlim ([-200 200]);

ylim([-2 2]);

grid ong

% pulse laser frequency-domain
figure(2)
f=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 freguency : 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(l/m”2)');

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

x1im ([0 10e23]);

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 (\muJd)');

xlim( [0 1007Y;

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

P Pacharawarangkool, S Wicham P. Buranasiri*

Department of Physics, Faculty of science, King Monghut’ s Institute of Technology Ladkrabang, Bangkok, Thailand
10520

We have investigated the use of mathematical methods and computer programs to describe the
generation of terahertz light by using the reaction of two incident pulses laser beam with different
frequencies in ambient gasses. It has been found that the terahertz light enutted from the ionized
gas, which have been generated by two pulse laser beams with two different frequencies. First. the
mcident beams are composed of a fundamental beam and its second harmonics beam, which is
generated from a nonlinear crystal From our mvestigation, the power of the terahertz light is
depended on the number of 1onized atoms generated from excited beams. In addition, the
terahertz light has been observed as well, although the other incident beam is not the second

harmonic of the other.

Keywords: terahertz radiation, terahertz generation, nonlinear optics, second harmonics,

difference frequency generation.

1. INTRODUCTION

The x-ray radiation has been attention due to its
application m many research fields such as physics,
chemistry, biology and medical. But the x-ray radiation is
harmful to the users, because it has properties that can
damage tissues and cells. Therefore scientists have been
exploring to find the new method which is safer than the
methods that need to use the x-ray. Recently, the terahertz
radiation has been come to be interested to the public due
to its lower energy compared with energy from x-ray.
Moreover, the terahertz light can be applied to use in many
different area such as terahertz imaging and sensing, and mn
the future the terahertz communication. Terahertz light 1s
electromagnetic radiation with frequencies between
microwave and far-infrared waves, where terahertz
radiation frequencies at 0.1 - 10 x 10" Hz. From the past
research, the radiation THz frequency can be generated by
two methods photo-conductivity and electro-optic effect.
{71

The generation of terahertz light by using nonlinear
optic phenomena has been interested by researcher both in
theoretical study and experimental study. By usmg high
power femtosecond laser pulses, Akozbek er. al. observed
third harmonic generation and self-channeling m air [6].
Using computer model, collinear terahertz light was
generated from a one dimensional photonic crystal by using
difference frequency generation [4]. The terahertz light has
been generated by using two laser beams with different
frequencies incident into the gas [3]. In their experiment set
up, the wavelength 800 nm of femtosecond pulse laser
incident mto the f-barum borate (BBO) crystal. which
generate second-harmonic field, that have wavelength 400
nm. Then, the new wave and the mcident laser beams
propagate mto the chamber, which contains with a gas.

e

*Corresponding author. Tel: +66838154829
E-mail kbprathaikmitlac.th:

Whmthelasu’bumsintcnctwith!hendemlcsofgas
resulting the emission of terahertz frequency radiation [2].
The theoretical stady of the principle of nonlinear optic
polanzation process, 1e. the mechanmism difference-
frequency of fundamental (&) and second-harmonics (2@)
field, can be used to explain the process of the terahertz
generation. Here. the terahertz has been generated from the
1omization of gas. plasmas with some density [3].

In this report, we have been investigated the models for
terahertz generation by numenical analysis. We also show
some results of terahertz generation. We have explored a
number of different frequencies of two laser beams that
have propagated through the gas medmm for terahertz
generation. In our method, we assumed that two high
wmtensity laser beams wath different frequencies,
fundamental (@) and second harmomic (@) fields.
mteracted with a gas medinm From our computation, the
two mput laser beams of different frequencies have been
generated the difference-frequency output with new
frequency in terahertz range (&% = @ - @).

2. THEORIES

2.1 DIFFERENCE FREQUENCY GENERATION

PROCESS

In this section, we explamed the nonhnear optcal
process, which was used for terahertz-wave generation
application. This process was made in second-order
nonlinearity (,(m) medium and called the second-order
nonhnear opfical process such as second-harmonic
generation (SHG). sum-harmonic generation (SFG),
difference-frequency  gemeranon  (DFG).  optical
rectification (OR) and optical parametric osallation (OPO).
In our research, we have applied the DFG process to
terahertz-wave generation apphcation. The process of DFG
was illustrated as figure 1. The generated wave with

© 2011 Thai Physics Society
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frequency @4 =@ — @, was generated by two mput
waves.

—_— o;
(o =k
—_—
@
(@]
[0]] . (S ——
(@]
(b)

Figure 1. (a) Difference frequency generation process in
second-order nonlinearity medium  (b) Energy-level dia-
gram describing difference-frequency generation.

Furst, we have considered the wave equation with nonlinear
source term for each frequency component of the field as
Eq. (1)

W, ) a2
viE _f (w,)&°E,

"

1 &'B™
or’
The general solution of Eq. (1) with no nonlinear source
term for a plane wave at frequency ¢, propagating m +z
direction as follow

E,(z.1) =A™ ™ scc. o)

)}

) = 2
ct gyt

. n,a i
Where wave vector of ; wave is K =% with

n = &Y ( @, ) and 4, 1s the amplitude of electric field of
@, wave. And the nonhnear polarization term that depend
on the second-order nonlinearity of ¢; can be written as
follow

B(z.t)=26, 7P 4 4j® @l L op (3

Substitute Eqs. (2) and (3) into Eq. (1) and using slowly
varying amplitude approximation we obtained the coupled
equations for DFG process and have the form

d.-iz i 1 n,
dz kzc 41:13 i
dd; _ a,
- 4, eE 4b
daz kc 4 -

Where Ak =k —k,—k; and is called wave-vector
musmatch We first solved these equations for the case of
perfect phase matching that is Ak =0 Here, we have
assumed the boundary condition which no 4; at the lefi
side of medium and 4, is arbitrary. Assuming this case is
undepleted pump which @ wave is a strong wave and

constant. When applied these boundary conditions mto Eq.
(4) we have obtained the solution of amplitude of electric

field at any z position as following
4,(z)= 4, (0)cosh(xz) (5a)
BB ) A e
A(2)=i [ - ] 4,(0)sinh(xz)  (5b)
ney | |4
Where the coupling coefficient of media (X') has the
i : ¥ lak
followed relation K = Tl.-lll . From these
1

solutions we found the amplitude of output wave was
depend on the varying of complex conjugate amplitude of
@, . The relation between amplitudes 4, and 4; with z-
axis position was shown in simulation results section.

2.2 Nonlinear Optics of Plasma

In this secthion, we explamed the nonhnear 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 mterested
gases, atoms of gases were induced to 1omization state that
was called “plasma”. Plasma play an important role in
nonlinear optics. We found a plasma can respond in an
mtrinsically nonlinear manner to an applied optical field.
Let we consider the linear optical properties of a plasma.
We found the dielectric constant of a collection of such
electrons 1s given by

bl
Ne* @

£=1- s=1--% (6)
soma)' (o8

Where N1s electron density of plasma. e and m are charge
and mass of electron. £, 15 dielectric constant m vacuum, &
1s the angular frequency of applied optical field and ), is
the plasma frequency. From Eq. (6). we found the
refractive index (n) of plasma was determined by the
electron density (V). For N sufficiently small that e,” < e’
(an underdense plasma), the dielectric constant is positive,
n is real, and hght-wave can propagate. Conversely. for N
sufficiently large that @,” > @ (an overdense plasma). the
dielectric constant 1s negauve n 1s mmagmary, and lhght-
wave cannot propagate.

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

nonlinear susceptibility ()_’m ). From [5] the second-order
nonhinear suscepubility was given by
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»  Eama , ,
@ = %Iu)((oﬁ -a,) 1P (@) V(o) @) Then we interest the terahertz-wave generation when
N-e the frequency of signal beam (®,) was changed First we
Where the linear susceptibility of plasma medium is given  consider the solution of wave equation for frequency ®; in
1 5% form of frequency-domain can be written as
(08
by Xm=8,-—l=— ——£|-1 and a is atomic
&\ o E(axn) = FT.[E,(1)] @®)

radius. So that. The second-order nonlinear susceptibility of
plasma medium that we used for DFG process can be
determuned by using 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 in figure 2. From this figure,
we found the both amplitudes were exponentially and
asymptotically increased respect to the increasing distance
i the medium. Since the square of coupling coefficient
depend on the square modulus of the amphtude of pump
beam. so the growing of both amplitudes were limited by
its and the maximum of A, and A; must lower than A,

2

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

— =042 Pi]

— 1=462 Pz,
Omegal=3 62 PHz| |
Omeg = .69 Pz,

Electric field

i

’ Frequency(THz) -

Figure 3. The generated terahertz-wave electric fields
when the wavelength of signal beams () are 200, 300.
400, and 500 nm. respectively.

Where F.T. 1s Fourier transform operator and E(?) 1s the
solution of electric field in time-domain Since the
frequency @ is depend on %, when % was changed to
200, 300, 400 and 500 nm. so the frequencies of generated
electric fields have been shown as in figure 3.

. "
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= 12 =4 62 PHz|
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Amplitude

Density of gas-’::xn2
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 mvestigate the effect of the demsity of
ambient gas to the amplitude of generated wave. Since the
terahertz-wave was generated by using DFG process which
process 1s depend on the second-order nonlinear
susceptibility (¥®) of the medium From the previous
section, we found the ¥™ of ambient gas was changed by
the density of ambient gas (N). So that, the amplitude of
generated wave can be varied with N as illustrated mn figure
4.

4. CONCLUSION

In tus 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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