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Tunable far-infrared spectroscopy extended to 9.1 THz
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We synthesized tunable far-infrared radiation at frequencies higher than 9 THz s300 cm21d by mixing CO2

laser, 15NH3 laser, and microwave radiation in a W–Co metal– insulator–metal diode. We used this far-
infrared radiation to accurately measure torsion–rotation transitions of CH3OH in the 8–9-THz region. We
also measured the frequency of the aP s7, 3d 15NH3 laser transition.
The far-infrared (FIR) spectral region s1 10 THzd is
sometimes called the gap in the electromagnetic spec-
trum because it is difficult to produce tunable, co-
herent FIR radiation. In this region, two types of
spectrometer have been developed for high-resolution
spectroscopy; one is based on microwave sidebands of
FIR lasers with Schottky diodes1,2 and the other uses
the difference frequency of two CO2 lasers generated
in a metal–insulator–metal (MIM) diode.3 – 5 The first
provides more FIR power but is limited to the region be-
low 4.5 THz because of the intrinsic capacitance of the
GaAs mixer, whereas the second [which we call tunable
far-infrared (TuFIR)] covers the region up to 6.5 THz,
limited by the maximum frequency difference between
two CO2 lasers.6 In a previous Letter7 we reported the
extension of the TuFIR to 7.9 THz by replacing one of
the two CO2 lasers in a traditional TuFIR spectrometer
with a 15NH3 laser. Using this FIR radiation, we ob-
served the torsion–rotation transitions of CH3OH up
to 7.9 THz with an uncertainty of less than 1 MHz.
However, we failed to observe the CH3OH spectrum at
frequencies higher than 8 THz because of reduced MIM
diode efficiency at higher frequencies and reduced FIR
detector sensitivity of the Ga-doped Ge (Ge:Ga) pho-
toconductor, whose sensitivity peaks near 3 THz. In
this Letter we report the further extension of tunable
FIR spectroscopy to 9.1 THz with an improved ammo-
nia–TuFIR spectrometer in which both a more sensi-
tive Be-doped Ge photconductor8 and a more powerful
15NH3 laser are used.

The radiation from a CO2 laser (frequency n1), a
15NH3 laser sn2d, and a microwave synthesized sweeper
snmw # 20 GHzd is mixed in a W–Co MIM diode. Typi-
cal incident powers are 150 mW for the CO2 laser, 100–
150 mW for the 15NH3 laser, and several milliwatts for
the microwave radiation. The CO2 laser is stabilized
to the saturation dip in a 4.3-mm f luorescence signal
of low-pressure CO2 with the traditional 1f servo tech-
nique.9 The 15NH3 laser is stabilized to the saturated-
absorption signal of low-pressure 15NH3 with the 3f
servo technique,10,11 which effectively reduces the sys-
tematic frequency shift that is due to the asymmetric
output power profile of our 15NH3 laser.12

The W–Co MIM diode generates two tunable FIR
frequencies equal to

nFIR ­ jn1 2 n2j 6 nmw . (1)
We change the synthesized FIR frequency by tuning
the microwave source. Details of our 15NH3 laser are
found elsewhere,13 and details of the ammonia–TuFIR
spectrometer are described in the previous Letter,7 ex-
cept for the following changes: The generated FIR ra-
diation is detected by a Ge:Be photoconductor, and a
35-W laser is used to pump the ammonia laser, which
gives us enough power on the 15NH3 aP s7, 3d line to
generate radiation at 9.1 THz. Using 38-mm CH3OH
laser radiation, we confirmed that this Ge:Be photo-
conductor is a few times more sensitive at 7.6 THz
than the Ge:Ga detector used previously. With the
stronger 35-W pump laser, the 15NH3 laser now oscil-
lates on the aP s7, 3d line as well as on aP s4, 0d, aP s4, 3d,
aP s5, 3d, aP s6, 0d, and aP s6, 3d with a typical power of
0.3–1.2 W. A grating selects the line that we want
and also couples out the ammonia laser radiation.

Methanol was chosen as a sample gas because
of its rich torsion–rotation spectrum at frequencies
above 8 THz. The absorption cell was 1.1 m long,
with an 80-mm-thick polypropylene window at each
end, and was filled with 1.3–2.6-Pa (10–20-mTorr)
CH3OH gas. Three transitions from 8 to 9 THz were
measured. A plot of the observed absorption from
the A, sn, K, Jd ­ s1, 7, 19d √ s0, 6, 19d transition at

Fig. 1. Observed spectral line of the A, sn, K, Jd ­
s1, 7, 19d √ s0, 6, 19d transition of CH3OH at 9.1 THz.
Solid curve, measured spectrum; dashed curve, fitted
spectrum.
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Table 1. Observed Frequencies of CH3OH

Laser Line Observed Frequency (MHz)

CO2
15NH3Symmetry Transition sn0, K 0, J 0d √ sn00, K 00, J 00d Previous Worka This Workb

E s1, 24, 20d √ s0, 23, 19d Rs22dII aP s6, 3d 8 083 391 8 083 380.39s32d
E s1, 2, 13d √ s0, 1, 12d Rs48dII aP s6, 3d 8 510 236 8 510 223.84s40d

Rs50dIIA s1, 7, 19d √ s0, 6, 19d aP s7, 3d 9 063 076 9 063 067.34s28d

aThe wave numbers from Ref. 14 are converted to frequencies for comparison.
bThe numbers in parentheses are the estimated 1s uncertainties in units of the last quoted digits.
9.1 THz is shown in Fig. 1, where n is the torsional
quantum number. We assigned the observed tran-
sitions by referring to Fourier-transform spectrome-
ter data.14 The measured transition frequencies are
listed in Table 1, together with the previous Fourier-
transform spectrometer data. They are the average
of several measurements and are calculated from the
CO2 and 15NH3 laser frequencies reported in Refs. 12
and 15. The aP s7, 3d 15NH3 frequency is not re-
ported in Ref. 12. We measured it by heterodyning the
15NH3 laser against two reference CO2 lasers. Its fre-
quency is 23 762 643.94(14) MHz. The uncertainty is
1s. Details of the frequency measurement procedure
can be found in Ref. 12.

The measured aP s7, 3d frequency agrees with the
previous Fourier-transform spectrometer data of
D’Cunha et al.16 within their experimental uncer-
tainty (6 MHz). The 1s uncertainties of the observed
CH3OH frequencies in Table 1 are calculated from the
quadratic sum of the CO2 laser frequency uncertainty
s#25 kHzd,17 the 15NH3 laser frequency uncertainty
(100–150 kHz),12 and the statistical deviation in the
repeated measurements.

Our previous and present experimental results show
that the third-order generation, in which tunable FIR
radiation is obtained with two infrared lasers and mi-
crowave radiation, works at frequencies up to 9.1 THz,
Second-order generation, mixing radiation from two
infrared lasers in a W–Ni MIM diode, provides higher-
frequency operation and more FIR power but has
limited tunability.3 Because of the wider tuning range
s620 GHzd of third-order generation, this ammonia–
TuFIR spectrometer provides nearly complete coverage
of the 6–9-THz region and is a practical tool for high-
resolution spectroscopy. We have used it to measure
high-J rotational transitions of HF and HCl, which are
reported elsewhere.18

The spectrum in Fig. 1 shows a good signal-to-noise
ratio at 9.1 THz; however, to observe the FIR spec-
trum at frequencies higher than 9.1 THz we needed a
more eff icient 15NH3 laser, which operates on lower-
frequency lines and provides enough power for fre-
quency stabilization s,100 mWd and FIR generation
s,150 mWd. At higher frequencies, more-sensitive de-
tection of a lower FIR power is required, because
the MIM diode eff iciency is reduced. We measured
our Ge:Be detector sensitivity at 10.7 THz, using the
28-mm H2O vapor laser line. It has only 3% of the
sensitivity that it has near its peak at 7.6 THz. A Si:B
photoconductor8 whose sensitivity peaks near 11 THz
should be used near 10 THz. We believe that this
TuFIR technique will be applicable at frequencies up
to ,10 THz with a Si:B detector and that the gap in the
electromagnetic spectrum will disappear.
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