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We propose a novel terahertz-wave source through the four-wave mixing effect in a conventional single-
mode optical fiber pumped by a dual-wavelength laser whose difference frequency lies in the terahertz
range. Surface-emitted geometry is employed to decrease absorption loss. A detailed derivation of the
terahertz-wave power expression is presented using the coupled-wave theory. This is a promising way for
realizing a reasonable narrow-band terahertz-wave source.

OCIS codes: 190.0190, 060.0060.
doi: 10.3788/COL201109.051902.

Narrow-band or continuous wave (CW) terahertz (THz)
signals are of considerable importance for high-resolution
THz spectroscoFy, THz sensors and ultrabroadband
communications! —4 Nonlinear optical methods are
effective and important techniques for narrow-band THz-
wave generation[g"ﬂ. However, the THz-wave generation
by the difference-frequency generation (DFG) or optical
parametric oscillation (OPO) is difficult to increase the
conversion efficiency. There are two major obstacles.
Firstly, due to the fact that the refractive index varies
significantly in the infrared and THz regions in nonlin-
ear optical crystals, the previous experiments have been
made only in the totally non-collinear configuration,
which limits the interplay of the THz wave with the op-
tical waves. The second is the high attenuation in the
THz region. For example, the widespread LiNbOj3 crys-
tals have an absorption coefficient of about 30 cm™1[8],
This limits the crystal length and hence the conversion
efficiency. Although the quasi-phase matching scheme
has been applied to realize the collinear DFG or OPO!!,
it still suffers from the high attenuation in crystals.
In other work, the surface-emitted geometry has been
demonstrated in periodically poled LiNbO3 (PPLN) to
overcome the high absorption loss!'?). Unfortunately,
this method requires complex crystal fabrication and the
interaction length is limited by the size of the base ma-
terial.

In this letter, we present a new narrow-band THz-wave
source based on a conventional optical fiber. Three in-
frared optical waves are coupled into an optical fiber to
generate a narrow-band THz-wave signal through the
four-wave mixing (FWM) process. The surface-emitted
configuration has been applied to minimize the absorp-
tion loss of the THz wave in materials. Unlike those
methods aforementioned, our approach makes the pump
and signal optical wave parallel which increases greatly

The principle of the novel THz generator is demon-
strated in Fig.1. A dual-wavelength laser whose
difference frequency lies in the THz range has been used
to produce the 10-ns near infrared (NIR) pulses. One
of the two wavelengths is set to be frequency tunable.
The two optical waves are amplified by the Er-doped
fiber amplifiers (EDFAs), and then a second harmonic
wave of the lower frequency light is generated through a
B-barium borate (BBO) crystal. Then the three optical
waves are merged into a polarization maintaining (PM)
optical fiber and the THz radiation is generated by the
four-wave mixing effect. The envelope of the THz signal
is a pulse with duration of ~10 ns, so that the THz signal
oscillating at a ps scale can be viewed as a CW signal.

Due to the absorption coefficient of the optical fibers
in THz range is still considerably large (5 cm™!), the
THz radiation generated in the collinear geometry can
be subsequently absorbed. Hence the surface-emitted
geometry is applied to decrease absorption loss. The
surface-emitted generation means that the THz wave
radiates from the surface of the optical fiber and propa-
gates perpendicular to the direction of the pump optical
waves. The surface-emitted geometry has been widely
demonstrated in several types of crystals to generate
THz wave by the second-order nonlinear process in re-
cent years['12l. If the third-order polarization caused
by the three NIR waves in the optical fiber has the same
phase at any point in the longitudinal propagation direc-
tion, the radiated THz-wave can interfere constructively
only in the lateral direction. The phase mismatch in the
lateral direction can be compensated through periodical
polarization in slanted PPLN and 2-D PPLN;, or through
the momentum uncertainty caused by the strongly
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focused beams!'3). In our case, the single-mode optical
fiber has several pm-mode field diameters, which is much
less than the effective wavelength of THz wave in fibers,
so the momentum uncertainty is enough to compensate
the phase mismatch in the lateral direction. The THz
radiation from the surface of the optical fiber coil is fo-
cused by a cylindrical lens and a spherical lens, and then
detected with a Si bolometer, cooled at 4.2 K.

Figure 2 shows the energy conservation diagram and
the phase-matching conditions. These relations can be
written as

w1 +ws — w3 —wg =0, (1)
ki1 + ko + kxp — k3 =0, (2)
ks — AK =0, (3)

where wj (j = 1 —4) is the angular frequency, k; (j =
1—4) is the propagation wave number, the subscripts 1-3
indicate the NIR optical waves, and the subscript 4 de-
notes the THz wave. kyy, is the phase mismatch induced
by nonlinear self-phase modulation (SPM) and cross-
phase modulation (XPM), and AK is the momentum
uncertainty which can compensate the phase mismatch
in the lateral direction of the optical fiber. There exist
the relations between the four waves: ws = w; — wy,
w3 = 2ws. This configuration ensures that the frequency
of the generated THz wave is equal to the difference fre-
quency of the dual-wavelength laser, and then the THz
frequency can be changed conveniently by tuning the
difference frequency of the dual-wavelength laser.

A THz wave is generated when the energy conservation
and phase-matching conditions are satisfied. Consider-
ing the material dispersion, waveguide dispersion and
the nonlinear phase mismatch knr,, the calculated phase-
matching curve and related pump wavelength A\; are
shown in Fig. 3. When the pump wavelength Ao is near
1.55 pm, the related THz frequency is ~3.19 THz, and a
1.48-1.62 pum tuning range for A\s results in a 3.15-3.25
THz tuning range.

We assume that the z axis of the coordinate system is
taken along the guide axis of the optical fiber, and all
waves are polarized along the y axis. To stabilize the po-
larization states of the NIR optical waves, a polarization
maintaining fiber should be used. It is shown that the
polarization fluctuation of a fiber coil can be reduced by
using a single-polarization single-mode optical fiber[!4].

In the quasi-CW conditions, the four interaction waves
can be written as

(a) (b)
k3
w2
e d . w3
AK ks
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P ky ko kx

Fig. 2. Illustration of (a) energy-conservation diagram and
(b) the phase-matching conditions for surface-emitted gener-
ation scheme.
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Fig. 3. Related THz frequency (solid line) and pump wave-
length A1 (dashed line) depend on pump wavelength As.

B, (r, 1) =502, ) A (2) expliChy= — )]

+ce, (j=1-3), (4)

1
Ba(r,t) = 5 A(@, ;) exp(—iwat) +cc, (5)

where A; (j = 1 — 3) is the slowly varying envelope,
Fj(z,y)(j = 1 — 3) is the common transverse mode
profile, § is the unit vector along the y axis. Using the
basic propagation equation, it is straightforward to de-
rive the coupled-wave equations for the three NIR optical
waves propagating along the fiber['5]

dA .
o = (A + 2140 + 20404, (6)
dA .
o = @A+ A 214, (D)
dA .
o =@ 214+ (A4 (8)

where «; (j = 1 — 3) is the nonlinear coefficient of the
optical field with frequency w;. In writing these equa-
tions, the FWM-induced depletion of the NIR waves has
been neglected, since the generated THz wave power is
very weak compared with the power of the NIR waves.

From Egs. (6)—(8), the solutions for the envelope of the
NIR waves can be obtained as

Al(Z) = Pl exp[i’yl(Pl -+ 2P2 =+ 2P3)Z], (9)
Az(z) = \/ Pyexpliva(2P1 + P2 + 2P3)2], (10)
A3(z) = / Py explinz (2P + 2P + P3)z], (11)

where P; = |A;(0)|, and Py, Py, Ps are the incident NIR
wave power at z = 0.

From Maxwell’s equations, we obtain an inhomoge-
neous wave equation for the THz field as

3
(V2 + nip,ki)As = _ygkzxz(/?z);)yy

FleFg\/ P1P2P3 exp(iﬁz),
B = ki + ko + kny — ks,
ke = (P + 2P +2P3) + 72 (2P + Py + 2P)
+73(2P; + 2P + P), (12)
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where nTg, is the refractive index of the THz wave in
fiber, 3 is the longitudinal phase mismatch factor. The
phase mismatch in y direction is compensated by the mo-
mentum uncertainty, as mentioned before. To solve Eq.
(12), we define a vector Green function G(z,y, z, £, n)[10
by

(V2+ n%‘szi)G('r7 Y, =, 57 77) = 295(1’_5)5(?}—77) eXp(l(ﬁfB))v
where § is the Dirac delta function; then the solution of
Eq. (12) is given by

A4(x,y, Z) = 7ngX7(Jz)yy V P1P2P3
/ / Fu(&, n)Fa(€,m) FL (€, Gy, 2, € m)dédy.  (14)

We first derive the Green function for (£,n) = (0,0).
Substituting G(z,y, z) = G(z,y) exp(ifz) into Eq. (13),
we obtain

(V2 +9°)G(z,y) = §6(x)6(y)

v = y/n2y, k3 — B2 = nrugka cos b, (15)

where 6 (= 0) is the THz radiation angle with respect to
the fiber’s normal. The condition for the emission per-
pendicular to the fiber axis (§ = 0) is given by 8 = 0,
which means the phase matching is realized along the
longitudinal direction. The Green function for Eq. (15)
is171:

!
G(z,y) = —j7H; () (r=+a>+y?),  (16)
where H(()2) (yr) is the Hankel function of the second kind.

Then the Green function for (§,7) = (0,0) can be written
as

. .
G(a.y.2) =~ Hy? (yr) exp(ifz)

1
=94/ C— exp(—iyr) exp(iBz)

(for vr >>1). (17)

The Green function for (¢,7) # (0,0) can be obtained
by shifting (z,y) coordinate. The radiated THz field can
be calculated by integration of Eq. (14). The transverse
mode profile F;(x,y) can be approximated by Gaussian
function as

Fia) = ma (B ol (o ) 0]

j=1-3, (18)

where w is the 1/e? half widths of the modes, and n the
linear refractive index. The same mode size was used for
three NIR light waves. Substituting Eqgs. (17) and (18)
into Eq. (14), we obtain

2. (3)
A4($,y72§) :Zj _k4>.<yyyy 20 ol @ 3/4
Twyin3nrugkar cos 0 €o
expli(5z — 7). (19)

The power flow density of the THz radiation is given
by S4 = nry, |A4|2 /2+/po/€0 in the far field, we obtain
from Eq. (19) the expression for the total radiated power
out of the fiber core

31,(3) 12

p = Kbyl [ijyg] Ho 1 p P, P, (20)
TWn €0

where L is the fiber length. Considering the collection

ability of a cylindrical lens, the real detectable power will

be one part of the quantity from the above expression.

We estimate the THz generation power by surface emit-
ted FWM in the PM single-mode optical fiber. We as-
sume the THz wave generation of 3.2 THz at radiation
angle § = 0. The fiber lasers can produce the 10-ns
NIR pulses with the peak powers of 1 kW, the repetition
rate is 100-kHz, corresponding to the average powers of 1
W. We also assume a conventional optical fiber made of
fused silica with linear and nonlinear refractive indexes
n = 1.45 and 7153 = 1 x 10722 m?/V?, respectively!'8],
and the mode radius of fiber is 4 pm. The other pa-
rameters are chosen as ntyg, = 2, L = 100 m. We ob-
tain a generated THz-wave peak power ~4 mW, and the
conversion efficiency is about 1076, This value is equiva-
lent or greater than the conversion efficiency obtained by
the second-order nonlinear optical methods such as DFG
and OPO!9:20] " And there is some highly nonlinear fiber
(HNLF) with the nonlinear refractive index 72 of about
1x1072° m2/V?2, which are two orders larger than that of
the usual single-mode fiber[2!l. Then the generated THz
power can be raised further by using the highly nonlinear
optical fiber or increasing the pump power.

In conclusion, we propose a surface-emitted THz-wave
source by FWM in a conventional single-mode optical
fiber. Analytical expression of the output power is ob-
tained. When the peak pump power is 1 kW, the related
THz power is ~4 mW. It is a promising way to realize a
miniaturized, easy-to-use, robust THz wave source.

This work was partially supported by the Na-
tional “863” Program of China under Grant No.
2007A A804504.
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