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A terahertz (THz) heterodyne spectrometer is demonstrated based on a quantum
cascade laser (QCL) as a local oscillator (LO) and an NbN hot electron bolometer
(HEB) as a mixer, and it is used to measure high-resolution molecular spectral lines of
methanol (CH30H) between 2.913-2.918 THz. The spectral lines are taken from a gas
cell containing methanol gas and using a single-mode QCL at 2.9156 THz as an LO,
which is operated in the free running mode. By increasing the pressure of the gas, line
broadening and saturation are observed. The measured spectra showed good
agreement with a theoretical model.

A high-resolution heterodyne spectrometer is of crucial importance for astronomical
observation and atmospheric remote sensing in the terahertz (THz) frequency range. It
consists of essentially a mixing detector, a local oscillator (LO), a low noise amplifier,
and a GHz-band back-end spectrometer, providing both uniquely high spectral
resolution and excellent sensitivity. Heterodyne receivers based on superconducting
mixers and electronically tunable solid-state multiplier-chain LO sources have been
realized up to 2 THz for ground based, balloon-borne, and space telescope instruments,
but the development of receivers at higher frequencies will be determined by the
availability of suitable solid-state LO sources. Recently developed THz quantum
cascade lasers' (QCLs) are the candidates for the LO at frequencies above 2 THz.
Heterodyne receivers using a THz QCL as an LO and an NbN hot electron bolometer
(HEB) as a mixer have demonstrated high sensitivity using broadband blackbody
radiation (hot/cold loads) as the calibration source**. A number of milestones for use a
THz QCL as an LO have been demonstrated, such as phase-locking capability*, narrow
intrinsic linewidth®, and excellent power stability?. A remaining key step is a direct
measurement of spectral lines by a heterodyne spectrometer using a THz QCL as an
LO. A spectroscopic measurement using a THz QCL as an active tuning source has
been reported for gas phase spectroscopy®. However, the detection itself was not based
on the heterodyne principle.

In this paper we report high-resolution spectroscopic measurements using a
heterodyne spectrometer with a 2.9 THz QCL as an LO and an NbN HEB as a mixer.
We observed simultaneously several molecular emission lines of methanol gas around
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2.9 THz. By varying the pressure of the gas, we are able to follow the line broadening
and also make a comparison between measured and theoretical spectra.

The LO used in our experiment is a metal-metal Fabry-Perot ridge waveguide THz
QCL, based on the resonant phonon depopulation design’. The QCL is mounted on the
cold stage of a helium-flow cryostat, and emits a single-mode emission line at 2.9156
THz in continuous wave (CW) mode.

The mixer is a spiral antenna coupled NbN HEB. As shown in a separate
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setup is sketched in Figure 1.
The THz radiation beam from the QCL first passes through the high-density
polyethylene (HDPE) cryostat window and is then focused with a HDPE lens. The
signal source is a combination of a gas cell and hot/cold (295 K/ 77 K) blackbody loads.
The gas cell is a 50 cm long cylinder with an inner diameter of 10 cm at room
temperature and has two 2 mm thick HDPE windows. Figure 2 shows a calculated
methanol emission spectrum in the vicinity of the LO frequency (fLo)°, where the
intensity is relative to the 300 K blackbody radiation. The mixer down-converts a
spectral line at fs to an intermediate frequency fir, where fig=| fLo - f5|. Since the HEB
mixer is operated in DSB mode, both the signal at above fs=f o+fir (upper side band,
USB) and below f=f o-fir (lower side band, LSB) will be converted to the same IF
frequency range. The IF signal is amplified first using a wide band (0.5-12 GHz) low
noise amplifier at 4.2 K, and then followed by two stages of room-temperature
amplifiers.
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Transform Spectrometer (FFTS)™. In our experiment, a 0.7-2.2 GHz band pass filter is
applied at the input of the FFTS, which defines the actual band at the IF frequency.
Consequently, we expect at least six emission lines, labelled with “a” to “f” in Figure 2,
distributed in the two corresponding bands (LSB and USB) at the THz frequencies.

To measure the spectral lines of the gas, three IF power spectra were measured*?: 1)
the spectrum Pemp coia(f) When the cold load is behind the evacuated gas cell; 2) the
spectrum Pgas coid(f) Wwhen the cold load is behind the filled gas cell; 3) the spectrum
Pgashot(f) when the hot load is behind the filled gas cell. Each trace is recorded using the
FFTS with an integration time of 5 seconds. With the three spectra, the brightness of the
emission lines in terms of temperature is calculated using the following expression*?

Pgas,cold (f)- Pemp,cold (f)
PgaSthI (f) - Pemp,cold (f)

Tgas (f) = Tcold + 2 ’ (Thot - Tcold ) ' (1)

where Thot and Teog are the effective hot and cold load temperatures defined by the
Callen-Welton formula®, and the factor of 2 in Eq. 1 is derived from the DSB mode
operation of the HEB mixer.
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GHz in the LSB of Figure 2
(corresponding to P-transition, from the upper state
( J=22, K=9, v=0) to the lower state ( J=23, K=10, v=0))'*. Additionally, several
relatively weak lines from both LSB and USB are observed. With increasing gas
pressure, the spectral linewidths become broader and the line intensities increase, until
at a high pressure of 3.28 mbar the spectral lines are observed to saturate.

To simulate the spectra, a theoretical model was generated based on the expected
line frequencies and intensities for methanol from the JPL line catalog™* and also the
effects of line broadening, the parameters of the gas cell, and the FFTS spectrometer
were included. Figure 4 shows the calculated and measured methanol emission spectra
at two different pressures. The calculated spectra show a reasonable agreement with
measurements with regard to both the line frequencies and intensities.
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In conclusion we have succeeded in demonstrating high-resolution spectroscopic
measurement usmg a heterodyne receiver based on a 2.9 THz quantum cascade laser as
' T a local oscillator and a NbN
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