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Efficient THz generation via stimulated
Raman adiabatic passage
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Abstract : A THz generation via stimulated Raman adiabatic passage in three-level A system was demonstrated. The basic
model and theory had been analyzed in three levels coherent with pump laser and THz generation. The application also
had been mentioned in D, O molecules optically pumped by a TEA CO, laser. It produced THz radiation at the wave-
length of 385 wm. The power of the THz pulse as a function of the vapor pressure, and a maximum THz power had been
obtained. It was displayed that this technology is a robustness method of THz source.
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Introduction

Terahertz (THz) is preliminary defined as the
wavelength region of 1 mm ~ 30 pm (frequency of
0.3 ~ 10 THz) in the electromagnetic spectrum. In
recent works, several new techniques in THz radiation
sources have been reported, and various applications

3] The stimulated Raman adiabat-

have been shown
ic passage (SRAP) technology is an established tech-

nique "*', especially in some special applications. An
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efficient but inexpensive practical THz sources are
needed, which can work at room temperature. The
SRAP technology offers many advantages. For exam-
ple, the excitation efficiency can be made relatively
insensitive to the pump lasers, and the THz pulse du-
ration can be as fast as pump pulse, not restricted by
relaxation rates '°'.

Adiabatic passage is a way of affecting complete
population transfer, which happened between selected

states and their coherent superposition. The stimulated
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emission pumping is a popular successful method for
the transfer of population in a three-level system '°'.
It is independently implemented in the experiment by
the SRAP technology'”’ and can be used for the THz
generation. The theory model based on a three-level
A system of D,O molecule has been shown. It is de-
scribed by a semi-classical method, assuming classical
pump fields and quantized molecule states. The ex-
periment and results prove that it is practicable for

THz generation.
1 Basic theory model

D, 0 molecule is a light asymmetric-top molecule
as shown in Fig. 1(a). The structure consists of a ti-
ny V-shape. It is symmetric with two mirror planes
(the blue plane and red one) and a 2-fold axis of ro-
tation (axis z), which is called point group C,,. The
molecular dipole moment is from the center of nega-
tive charge ( Deuterium atoms, green) to the center
of positive charge ( Oxygen atom, red). This is e-
quivalent to a unit negative charge separated from

positive charge.

Fig. 1 The basic theory model in a three-level system of
D,0 molecule (a) The heavy water molecule model, the
deuterium atoms partially positively charged (green) , while
the oxygen atom partially negatively charged (red),(b) A
simple three-level system adopted for the D,O molecule to

generate THz pulse
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In D,O molecule, the states |11 >, [2 >, and 13
> are the molecular energy levels of (0, 5;), (v,,

4,), and (v,, 4,,), respectively. Their eigenvalues

are E,, E,, E,, which have been measured by Mellau

and co-workers **

. The pump pulse is the CO,-
9R ,,, line with a wavelength of 9.26 pm (A, = 1/
®,) , and the emission THz wave is the A,(1/A, = o,
=E;-E,). The frequency of the pump pulse (w,) is
lower by about 320 MHz than the resonance frequency
of the absorption (w,; = E;-E, ). It implies that the
existence of the off-resonant pumped and stimulated
Raman adiabatic passage. At t = 0, the molecules
are in the thermal equilibrium states, and obey the
Boltzmann distribution :
0

Z—§=e'(Ef'Ef)/“(i,j=1,2,3). (1)

And the odds of the molecules at three levels e-
qual to 1. Then it can be obtained that the probability
measured for the distribution of the D,O molecules
occupied each of the states are p,,° = 98.85% , py,’
=0.61% , and p;;,° =0.54%. It means that most of
the molecules are at the ground state and only few
(less than one percent) at the excited states.

Figure 2 shows how the THz pulse is generated
in D,0O molecules. The process can be identified dis-
tinctly three different intervals I, IT, and III. At first,
the molecules is interacted with the THz pulse, and
then with the pump laser. It seemed counterintuitive
at first glance, but is the natural choice when the con-
sequences of coherence are considered. Initially, the
THz pulse was coupled with the two empty states,
which created a coherent superposition in the two un-
populated states. When the pump laser is coupled
with the coherent superposition and the ground state,

there is a trapped state !’

. In region I, the Rabi fre-
quency of the pump pulse was zero, all three eigen-
values are degenerate. Most of the molecules are in
the ground state (level 11 > ). In region II, the Rabi
frequency of the THz pulse is reduced, while the Rabi
frequency of the pump laser increases to its maximum
value. The coupling of the Rabi frequencies of the
pump laser and THz pulse is strongest, and both radi-
ation fields contribute to it. The molecules transfers
from the ground state, level |1 >, into the excited
state, level |3 >, forming inverse population. And
then the molecules dump into the lower state, level 12

>, generating THz pulse at the wavelength of 385
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pm (0.779 THz). This motion results in complete
population transfer if the state vector evolves adiabati-
cally. If the Rabi frequency of pump laser is too
small, i. e. the pump laser density is not high e-
nough, the coupling is insufficient, and the transfer
process from the ground state into the excited states
would be incomplete. Less molecules would take part
in the inverse population, and so the generating THz
pulse between the levels 13 > and |12 > would be
less. In region III, the Rabi frequency of the THz la-
ser is zero, the number of molecules in the ground
state | 1 > is the smallest, most of the molecules
transfer interim of excited state, level 13 >, and then
dump into lower state, level 12 >. This also can be

seen clearly in Kalugin's work .
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Fig. 2 T is the pulse duration, the coherence p,, between
these two states (11 > and |2 > ) is maximal while the
transformation is taking place (a) Time evolution of the Ra-
bi frequencies of the pump laser and THz pulse in SRAP
configuration, (b) The population of the initial level ( |1
> ) and the final level (12 >)
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2 Experimental setup

Figure 3 shows a sketch of our experimental set-

Table 1 Parameters of D,O molecule and pump laser

£1 D,0 S FMRFHALHNSH

Parameter Symbol value unit
Asymmetry® A 462278.8077 -
Asymmetry® B 218038.2178 -
Asymmetry® C 145258.0022 -

Molecular level® E, 267.53083 cm ™!
Molecular level® E, 1321.41375 cm~!
Molecular level® E; 1347.39375 em ™!
Dipole moment® iz 0.0323 Debye
Dipole moment® e 0.68 Debye
Relaxation time® T 2.5¢-8 s % Torr ~!
Wavelength of pump laser® Ap 9.2605258 wm

Length of cell L 0.97 m
2From J. Mol. Spectrosc. , 224, 32 (2004)
® From J. Mol. Spectrosc. , 206, 41, (2001)
¢ From Opt. Quant. Electron. , 4, 215, (1972)

up. A grating-tunable transverse excited atmospheric
(TEA) CO, laser was used as the pump laser. The
dashed square shows the metal shielded room, which
was used to avoid the THz generation from EMI ( Elec-
tromagnetic Interference). The maximum output power
of the CO, laser was about 0. 3 J/pulse for TEM,, mode
with a pulse width of about 100 ns measured with a
photonic drag detector. Thereby the maximum output
peak power density could be up to 3.0 MW/cm’. Tun-
ing grating (150 grooves/mm ), more than 60 laser
lines could be gotten covering 9 ~11 pm, and a de-
sired line could be selected. Combined with the ener-
gy levels of heavy water molecule, the 9R (22) line

was picked out as the pump laser.

Fig. 3 Schematic experimental setup of the THz pulse genera-

tion optically pumped by TEA CO, laser. F-P is a Fabry-Perot

interferometer and D3 is a pyroelectric detector
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The main component of the experimental setup is
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a superradiation structure. It was consisted of a sam-
ple tube, input window, and output window. The
sample tube was a quartz tube about 97 cm in length
and 5 cm in diameter. The input window was a piece
of NaCl crystal (6 mm thickness) , which was good
for 9 ~10 pm signal transmission. The output win-
dow was a polytetrafluoroethylene ( PTFE ) plate
(4 mm thickness ), which could be effectively o-
paque to 9 ~ 10 pm signal and allow the THz pulse
signals (including 385 um) to pass efficiently. The
D,0 vapor ( specified isotopic purity: 99. 8% D)
filled the sample tube at a controllable pressure moni-
tored by a pressure meter. The THz pulse was meas-
ured by a pyroelectric detector and recorded by a dig-

ital storage oscilloscope.
3 Results and discussion

The THz pulse generation dependence on the va-
por pressure was investigated. It should be noted that
the vapor pressure is an important but not the only pa-
rameter of the system. There are other decisive pa-
rameters such as relaxation rates, power of the

pumped laser, and so on.
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Fig. 4 Experiments on SRAP in D,O molecules. The output
power of THz pulse profiled as a function of the vapor pressure
at room temperature. The red dots are the sampling datum and
the overlap between pump laser and THz pulse are shown on
the top
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As shown in Figure 4, the pressure was varied o-

ver a wide range from 0.2 up to 2.3 kPa, while other

operating parameters were kept constant. The output
of the THz pulse signal power reached a maximum
(about 1 mW, output power measured by bolome-
ter,) by properly tuning the vapor pressure. The cor-
responding vapor pressure is called the optimum vapor
pressure. The dynamics of this phenomenon is very
complicated. When the vapor pressure is relatively
low, it is insufficient to exchange the energy between
the pump laser and medium molecules. The axis of
the THz pulse is shifted far upstream compared with
the pump laser, so that there is no overlap between
them, (see in Fig. 4 top). The THz pulse does not
participate in the process of the transfer, because there
is not enough energy from THz pulse and pump laser
simultaneously interacting with the molecules. In-
creasing the vapor pressure by filling more vapor,
there are more D,0O molecules in the ground state.
Thus there are more molecules transiting from the
ground state to the higher excited state via absorbing
energy from the pump laser, dumping into lower
state, and generating THz radiation. This is accompa-
nied by the movement toward each other between the
axes of the pump laser and THz pulse. The Rabi fre-
quencies overlap gradually, resulting in dramatic in-
crease of the THz pulse power to the maximum value.
At the point of top value, the vibration relaxation of
the D,O molecule is much faster compared with the
duration of the pump laser. A sufficiently large vibra-
tion population can be excited and the overall ground
state population is depleted or simply bleached, i. e.
an equivalent vibration saturation or " bottleneck" oc-
curs. Rising of the vapor pressure continually, al-
though the axes of the pump laser and THz pulse are
coincided, essentially there are less molecules stayed
on the excited level. Self-absorption of medium in-
creases which can not be ignored ). As a result,
the output of the THz pulse power comes down instead
of rising, as shown clearly in Fig. 4. This can be seen
in the works of M. Fleischhauer and P. Kral "),

4 Conclusions

An efficient THz generator has been developed,
which works at room temperature with less cost and

simple operation. The CO, laser is a better choice as
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the pump laser with high power and suitable wave-
length. The stimulated Raman adiabatic passage
process happened with THz generating. Heavy water
worked as the gain medium in the experiment, but not
the only one, such as ammonia, formaldehyde, and
so on. The THz pulse and continuous THz wave can
be generated depending on the operation of CO, laser.
It can work at many different frequencies, ranging
from less than 0. 3 THz to more than 10 THz. This
kind of THz generation can be applied as a practical
THz source in many fields, such as THz imaging, bi-
omedical effect, different material detection, and

spectroscopy.
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