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Heptafluoropropane (HFP), as the best alternative to halon fire-suppression agents, is now a widely used fire extin-
guishing agent. The current studies of HFP, concentrating on the extinguishing mechanisms of flames and decomposition
products, in general deal with the destructive and high temperature cases. In this paper, terahertz time-domain spectra
are used to characterize HFP at different pressures. Optical parameters of HFP, such as absorption coefficient, refractive
index, and relative permittivity, and their relationship with concentration of samples, are discussed. The absorption peak of
HFP at 0.3 THz depends strongly on the applied pressure, and the corresponding parameters increase almost linearly with
increasing HFP concentration. The present study lays a foundation for future extensive applications.
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1. Introduction
In recent years, perfluorinated hydrocarbon and hydroflu-

orocarbon compounds have been developed as the best alter-
native to halon fire-suppression agents such as Halon 1301
(CF3Br), which is prohibited to be produced by international
treaty. 2H-heptafluoropropane (having a chemical structure of
CF3CFHCF3, commonly referred to as HFP or HFC-227ea),
as a new type of fire suppression agent,[1] is promising to
widely substitute for halon agents because of its remarkable
strong points, such as a zero potential of ozone depletion,
low global warming potential, high efficiency of suppressing a
flame, and so on. Due to the practical importance of heptaflu-
oropropane (HFP) in fire protection, as well as its somewhat
lower suppression efficiency than Halon 1301,[2,3] it is desir-
able to understand the chemical behavior of this compound in
flame environments.

HFP is a colorless and odorless gas at normal temper-
ature and pressure, but it is stored in liquid state at a cer-
tain pressure. Besides serving as an extinguishing agent, it
can also be used as a refrigerant and propellant for medical
use.[4,5] So far, many thermophysics properties of HFP have
been studied, such as the saturated liquid viscosity and gas
phase thermal conductivity,[6] specific heat at constant pres-
sure (Cp) and Joule–Thomson coefficient (µJ−T),[7] P–ρ–T
properties,[8] liquid phase PV T properties, saturated vapor

pressure,[9] and formation heat.[10]

Furthermore, the fire-extinguishing mechanisms and
properties of HFP turning into gas flames, including the
physical extinguishing mechanism and chemical extinguish-
ing mechanism, have also been studied.[11–13] Traditional re-
search methods for HFP, e.g. the fast pyrolysis method, Fourier
transform infrared spectroscopy (FTIR), and gas chromatogra-
phy/mass spectrometry (GC/MS), aim to analyze thermal de-
composition products. All these studies are related to ther-
modecomposition of HFP under high temperature, so it is in-
evitable to damage the HFP’s structure through the thermode-
composition: HFP will produce HF and COF2 under condition
of high temperature. HF and COF2 are highly corrosive gases
and will bring great hazard to humans and equipment when
the volume fraction reaches a certain level.

Terahertz time-domain spectroscopy (THz-TDS) is a new
technique based on femtosecond laser technology. It relies
on synchronous and coherent detection and possesses an ex-
tremely high signal-to-noise ratio (SNR) (up to 10000:1).
More importantly, THz-TDS is capable of obtaining the re-
fractive index in addition to the absorption coefficient with-
out using the Kramers–Kronig relation.[14] Therefore, THz-
TDS has shown important applicability in research in different
fields.[15–19] In the THz range (0.1 THz–10 THz, 3.33 cm−1–
333 cm−1, or λ = 3 mm–0.03 mm), many polar molecules
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have unique spectral fingerprints, which are from the rotational
transitions of the molecules. Therefore, many gases may be
detected more efficiently or accurately by their relatively sim-
ple rotational spectra, rather than their more complex vibra-
tional or rovibrational signatures. In addition, for more exten-
sive applications, the optical properties which relate to atomic
states of HFP have rarely been reported; THz-TDS signals
could achieve optical constants directly.

In this paper, we perform a pulsed THz spectroscopic
investigation between 0.2 THz and 2.0 THz. The transmis-
sion spectra of HFP are measured at different pressures, and
the optical parameters, such as absorption coefficient, extinc-
tion coefficient, refractive index, and dielectric constants, are
obtained. Moreover, we investigate the relationship between
HFP concentration and these optical constants. The absorp-
tion peak of HFP at 0.3 THz depends strongly on the ap-
plied pressure and the corresponding parameters increase al-
most linearly with the increase of HFP concentration.

2. Experimental technique
We employed THz-TDS to characterize the spectral fea-

tures of HFP in the range of 0.2 THz–2.0 THz.[20–24] Fig-

ure 1(a) shows a schematic diagram of the THz spectrometer.
THz pulses were generated by an 800-nm femtosecond laser
(Mai Tai laser, Spectra Physics). The laser beam was split into
pump and probe beams. The pump beam (∼ 300 mW) was fo-
cused onto the photo-conductive antenna to generate the THz
pulses. The generated THz pulses propagated through two
off-axis parabolic mirrors and were focused on a ZnTe crys-
tal, which was used to detect the THz field by the probe beam
through electro-optic sampling. Figure 1(b) shows a schematic
diagram of the chamber which was used to store the HFP sam-
ples, each with a length of 500 mm. One side of the cell was
equipped with 7 mm thick quartz glass, and the other side
was equipped with a gilded corner reflector, which ensured
that the reflected THz wave was parallel to the incident wave.
The reflex mechanism is illustrated in the lower left corner of
Fig. 1(b). Quartz is an optimal window material due to its al-
most complete transparency and lack of dispersion in the THz
frequency range.[25] The entire THz system was located in an
airtight enclosure filled with nitrogen to mitigate the effects
of water vapor on the THz beams.[26] HFP gas samples were
10% HFP and 90% nitrogen: the resulting nitrogen has no per-
manent dipole moment, nor does it show the THz absorption.
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Fig. 1. (color online) (a) Schematic diagram of the THz spectrometer; (b) detail of the chamber with the reflex mechanism of the
corner reflector in the lower left corner.

The measurement sequence is as follows. Firstly, system
operation and stability are checked by measuring the perfor-
mance of the THz-TDS system. Secondly, the air tight box
is filled with high-purity (99.9%) nitrogen. And the vacuum
chamber is evacuated to 5 mbar (1 bar = 105 Pa) with a rough-
ing pump, then to 3×10−3 mbar with a molecular pump. After
that, the THz reference pulses transmitted through the entire
system are measured. Thirdly, the THz wave, passed through
the chamber filled with the HFP gas sample, is detected. At
the same time, the corresponding pressure is obtained by vac-
uum gauge at room temperature. Then, the check valve on the
chamber is opened and the gas sample is released. The third
step is repeated several times during the complete transmission
measurement.

3. Results and discussion

Figures 2(a) and 2(b) present the time domain spectra
measured by scanning the chamber and the Fourier trans-
formed spectra which are calculated by fast Fourier trans-
form of HFP at different pressures and recorded in vacuum
in 0.1 THz–1.6 THz. It can be seen that the sample signals
are attenuated in comparison with the reference signals due to
the absorption of the HFP. Besides, the attenuation increases
with increasing pressure. Moreover, there exists a time de-
lay between the sample signals and reference because of the
larger refractive index of the THz wave in the sample than in
nitrogen.[27] Here the time delay δ t is the difference between
the time of the peak of the sample signals and that of the refer-
ence. As shown in Fig. 2(c), the amplitude peak VP decreases
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and δ t increases linearly with increasing pressure. The cor-
relation coefficients of these two fitting lines are 0.98718 and
0.9895, respectively.
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Fig. 2. (color online) (a) THz time-domain spectra for different pres-
sures; (b) Fourier transformed spectra for different pressures; (c) linear
fittings of peak amplitude and time delay versus pressure of HFP.

According to the Beer–Lambert law, the transmitted THz
amplitudes at absorption centers decay exponentially with the
increase of gas concentration and can be given as

E = E0 exp(−αL/2) = E0 exp(−ρσL/2), (1)

or

ln(E/E0) =−ρσL/2, (2)

where E is the transmitted THz field of HFP, E0 the reference
THz field, which is usually obtained from THz spectra under
low pressure conditions (< 20 mTorr), α the power absorp-
tion coefficient, ρ the concentration of gas molecules, σ the
absorption cross section, and L the transmitted distance. From
the equation of state for an ideal gas

PV = nRT, (3)

we can obtain

ρ = n×6.02×1023/V = P×6.02×1023/RT, (4)

where R is the gas constant and is equal to 8.314 J/(mol·K),
T the temperature, P the pressure, n the mole number of gas,
and V the volume of gas. Finally, we can obtain the amplitude
absorption coefficient as

αL/2 = ln(E0/E) = (σL×6.02×1023/2RT )×P. (5)

So the absorption coefficient is proportional to pressure, α ∝

P. On the basis of Avogadro’s hypothesis, for two samples, the
ratio of their concentrations ρ is equal to that of their pressures
at a given temperature and volume, that is, α ∝ ρ .

The absorption coefficient spectra of HFP samples at dif-
ferent pressures are calculated and the results are shown in
Fig. 3(a). The intensity of the absorption coefficient increases
in a frequency range of 0.1 THz–0.5 THz and decreases in a
frequency range of 0.5 THz–1.6 THz as the pressure of the
sample increases. It is clear that there is an observable absorp-
tion peak in each of these HFP spectra at 0.3 THz. To investi-
gate the dependence of the absorption coefficient on HFP pres-
sure and concentration at a certain frequency, we extract the
data α1 at 0.3 THz as shown in the inset, where the linear re-
lationship can be directly observed with a slope of 2.88×10−3

and correlation coefficient of 0.98636.
The values of refractive index n(ν) of HFP at different

values of frequency ν are determined by the phase difference
according to n(ν) = 1 + c∆Φ/2πνL, where L = 1000 mm
in our setup and ∆Φ is the relative phase difference of the
sample and reference spectra. Figure 3(b) shows the refrac-
tive index (here we use n1 to present the refractive index at
a specific frequency) spectra of HFP with different pressures
at ν = 0.3 THz, which depend slightly on THz frequency.
The plot located in the top right corner is the linear fitting of
n1 ∝ P & ρ , with a slope of 6.0×10−7. Figure 3(c) shows
the frequency dependence of extinction coefficient κ , which is
determined by κ(ν) = cα(ν)/4πν for each frequency com-
ponent ν . The experimental data reach maximum values at
0.3 THz, and the higher the pressure, the larger the maximum
value is. It has been reported that the gas extinction coeffi-
cient changes proportionally with concentration.[28] For the
experiment in this paper, gas concentration is in proportion
to pressure; therefore, the extinction coefficient increases with
increasing pressure since κ ∝ α at the selected frequency.

The monotonic variations of the real part ε ′′ and imag-
inary part ε ′ of dielectric constant ε of HFP samples with
pressure are obtained at the selected frequency of 0.3 THz, as
ε ′= n2−κ2 and ε ′′= 2nκ as presented in Fig. 3(d). Generally,
the magnitude of dielectric constant represents the strength of
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polarization. For various gaseous dielectrics, because of the
large distance between gas molecules, they are difficult to po-
larize, thus the relative dielectric constants are close to that of

vacuum. The experimental data with a maximum of 1.0017
and minimum of 1.0002 accord well with the theoretical re-
sults.
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Fig. 3. (color online) (a) Absorption spectra of HFP and the inset of linear fitting of the peak absorption amplitude at 0.3 THz versus
pressure and concentration; (b) the values of refractive index n for different pressures (the inset in the upper right corner shows the linear
fitting of the data at 0.3 THz versus pressure and concentration); (c) extinction coefficient spectra and the linear fitting of κ versus pressure
and concentration of HFP samples, (d) the real part and imaginary part of dielectric constant of HFP for different pressures at 0.3 THz.

Each of the above-mentioned optical constants is actu-
ally a function of the frequency of the incident light, reflect-
ing the aggregation state and symmetric properties of atoms
and molecules inside substance. Compared with other meth-
ods which extract optical properties from the basic spectral
measurements, THz-TDS has advantages such as nondestruc-
tive examination of the sample, easy manipulation and less
requirement for experimental equipment. In addition, optical
characterization of HFP may be useful to study the extinguish-
ing mechanics.

4. Conclusion
In this work, we studied heptafluoropropane samples

(10% HFP and 90% nitrogen) at different pressures using
THz-TDS. We measured the absorption coefficient, extinction
coefficient, refractive index, and dielectric constant of HFP at
different pressures and investigated the relationship of these

optical constants to sample concentration. The results show
that there exists a characteristic absorption peak at 0.3 THz
and the corresponding parameters at 0.3 THz increase almost
linearly as HFP pressure and concentration increase, which is
in good consistence with the Beer–Lambert law.
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