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Abstract—Spectral dependences of the transmittance of CsI, AgCl, KRS-5 (TlBr–TlI), and KRS-6 (TlCl–
TlBr) single crystals in the infrared (IR) and terahertz (THz) spectral ranges are measured. Spectral dependences of the absorption (attenuation) coefficient of these crystals in the spectral range of 200–3000 μm are
calculated. It is found that these crystals are transparent in the millimeter range, which makes it possible to
use them in THz devices. It should be noted that, in contrast to the IR spectral range, the optical quality of
the surface of crystal samples barely affects the transmittance in the millimeter range.
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INTRODUCTION
In XXI century, the interest in terahertz (THz)
electromagnetic range increased significantly [1–3].
This range (30–3000 μm or 0.1–10 THz) is located
between the infrared (IR) spectral range and radio frequencies. It turned out to be much more poorly studied than the neighboring ranges because of the following simple reasons: high transmission loss in atmosphere and the absence of good radiation sources and
sensitive detectors. Quite acceptable (although narrow) transmission bands in atmosphere were found
during studies, and rather efficient radiation detectors
were designed. Various high-power radiation sources
(including lasers [4–8]) were also developed.
Many fairly important possible applications of THz
radiation were found, including in safety systems,
astronomy, spectroscopy of dielectric and semiconductor materials, and medicine. In this range, clothes
are transparent and the photon energy is extremely
small, which made it possible to apply THz radiation
for inspecting passengers and luggage in airports and
train stations, instead of harmful X rays [1–3]. Relict
radiation has a strong THz component, while launching of astronomical instruments into space allows one
to avoid atmospheric loss. The use of THz radiation in
medical diagnostics and for treating oncological diseases is being actively studied [9, 10].

However, there occurred another problem: deficit
of optical materials for this spectral range [11–13]. It
was found that there are only few crystals and plastics
that are transparent in the THz range. While transparent elements (plates, lenses, wedges, etc.) made of
organic plastic materials (e.g., polymethylpentene,
polyethylene, Teflon, etc.) are quite applicable for
low-power emitters, power optics requires the use of
materials with high optical durability.
Such materials are being actively sought for; they
mainly belong to crystalline semiconductors and insulators (silicon, sapphire, and quartz) [11]. A relatively
new optical material (polycrystalline diamond, which
has already been commercialized) turned out to be
very promising [14–17]. However, the above materials
are insufficient to satisfy all requirements for the operating and optical characteristics of THz devices.
This study continues a series of publications
devoted to transparent crystalline materials for THz
spectral range [11, 18, 19]. Here, we consider the optical properties of a group of plastic ionic single crystals:
cesium iodide (CsI), silver chloride (AgCl), and solid
solutions of thallium halides KRS-5 (bromide–
iodide, TlBr–TlI) and KRS-6 (bromide–chloride,
TlBr–TlCl).
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Table 1. Main physicochemical properties of the crystals
Property
Molecular weight
3

CsI

AgCl

KRS-5 KRS-6

259.83
4.51

143.34
5.56

312.9
257.0
7.371
7.192

2.5
457.7

2.4
414.5

Density, g/cm
Mohs hardness
1–2
Melting
621
temperature, °C
Solubility,
44
g/100 g water
200.9
Specific heat,
J kg–1 K–1
Thermal expansion, 48.6
K–1 10–6
1.13
Thermal conductivity,
W m–1 K–1

0.000089

0.05

2.2
423.5
0.32

354.5

150.7

201.8

35

61

55

1.15

0.54

0.72

The data for KRS-5 are given for the composition of 42% TlBr
and 58% TlI; the data for KRS-6 are given for the composition of
40% TlBr and 60% TlCl.

EXPERIMENTAL
A characteristic feature of the ionic single crystals
under study is their tendency to plastic deformation
and extremely low hardness: the Mohs hardness is 1‒2
for cesium iodide and 2.2–2.5 for other crystals.
Two crystals under study (KRS-5 and CsI) are
transparent up to 50 μm, which overlaps with the formally limited and generally accepted THz range (30–
3000 μm). AgCl and KRS-6 are transparent up to
25 and 30 μm, respectively; these ranges are adjacent
to the THz range. The properties of these crystals in
the range up to 50 μm were investigated in detail,
which is indicative of their wide application in this
range.
Cesium iodide is popular for IR devices [20, 21].
This material is convenient for alignment of related
optical systems, because it is transparent in the visible
spectral range and nontoxic; however, it is very soft
and sensitive to atmospheric moisture. Since cesium
iodide is one of the few materials that are transparent
up to 50 μm, it is used in devices operating in the far
IR range (in particular, in spectrophotometers).
Silver chloride is transparent in the IR range up to
25 μm. An advantage of this material is that AgCl optical elements can operate even when contacting with
sea water, while its drawback (along with plasticity) is
high sensitivity to ultraviolet (this effect can partially
be compensated for by doping the crystals with mercury [22]). Silver halide crystals are used for fabricating mid-IR fibers [23]. Concerning the mechanical
properties, crystals of silver chloride are similar to
copper, though tenfold weakened, and are readily subjected to mechanical treatment. Due to the strong
piezo-optic effect, these crystals are often used for
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simulating various problems of applied mechanics by
the photoelasticity method [24].
Single crystals of solid solutions of thallium halides
KRS-5 and KRS-6 were developed during World War
II for night viewing devices (actively designed at that
time). They are transparent for the IR range (KRS-6
up to 30 μm and KRS-5 up to 50 μm) [25, 26]. KRS-5
crystals are in more demand: along with high transparency, they exhibit piezo-optic properties and thus are
applied in IR acoustooptics. Currently, KRS-5 is used
for fabrication of fibers operating in the range of 1–
45 μm. On the whole, the application of thallium
halides is limited in many respects by harmful effect of
thallium on a human organism, which should be taken
into account at material treatment.
Thus, two crystals under study (KRS-5 and CsI)
are transparent up to 50 μm, which overlaps with the
formally limited and generally accepted THz range
(30–3000 μm). AgCl and KRS-6 are transparent up to
25 and 30 μm, respectively; these ranges are almost
adjacent to the THz range. The main physicochemical
properties of the crystals under study (according to the
data in the literature [26–32]) are listed in Table 1.
Instruments for spectral measurements included a
Photon RT spectrophotometer (range 185–1700 nm,
absolute error of the wavelength scale 1 nm), a Bruker
Vertex 70 Fourier spectrometer (range 1.3–670 μm,
error in determining the wave number 0.3–0.5 cm–1),
and a TeraK8 terahertz time domain spectrometer
(MenloSystems) (measurements in the range of 150–
3000 μm). The error in measuring transmittance was
~0.5% for all the devices. The measurement techniques, calculation of the absorption (attenuation)
coefficient, and determination of the absolute calculation error were discussed in [18, 19, 33, 34].
The reflectance values for the crystals under study
were obtained by us; the measurement results from
[21, 35, 36] were also used.
RESULTS AND DISCUSSION
The results obtained show that the plastic ionic
crystals under investigation (CsI, AgCl, KRS-5, and
KRS-6) are transparent in the millimeter range. Figures 1–4 show the measured transmission spectra for
CsI, AgCl, KRS-5, and KRS-6 single crystals from
the near-IR region to 3000 μm. Complex measurement of the transmittance in such a wide range
(including thoroughly studied IR range [18–20, 23]) is
necessary for comparing the optical properties of these
materials in the IR and THz ranges.
Figure 5 shows the spectra of the absorption (attenuation) coefficient in the millimeter spectral range,
which are calculated for the investigated single crystals
based on the data obtained. Attenuation coefficients α
were calculated taking into account multiple reflections according to the technique described in [19, 34].
The attenuation coefficient was calculated using the
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Fig. 2. Spectral dependence of the transmittance of the
AgCl single crystal (thickness 1.16 mm, sample with poorly
polished surfaces).
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Fig. 1. Spectral dependences of the transmittance of the
CsI single crystal: (1) sample with surface defects (thickness 4.0 mm) and (2) as-polished sample (thickness
4.2 mm).
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Fig. 3. Spectral dependence of the transmittance of the
KRS-5 single crystal (thickness 2 mm).

Fig. 4. Spectral dependence of the transmittance of the
KRS-6 single crystal (thickness 2 mm).

data on the dependences of the Fresnel reflection on
the wavelength (frequency), obtained for the spectral
range of 150–3000 μm using the TeraK8 MenloSystems spectrometer. The measurements were performed taking into account single reflection on specially prepared samples.

the millimeter spectral range, the transmittances of
both samples barely differ.

Figure 1 shows the spectral dependence of the
transmittance for two CsI single crystals. Curve 1 corresponds to the spectrum of a crystal, which has been
previously in use and is characterized by turbid regions
on the surface in the operating area (it was used in the
optical scheme of a spectrophotometer). One can see
in the spectral dependence of the transmittance that
the sample transparency in the IR range decreased
several times, in comparison with an as-polished sample. The transmittance of the turbid sample in the IR
range increased monotonically with an increase in the
wavelength to be as high as 55% at a wavelength of
40 μm, which is, nevertheless, much lower than the
value for the as-polished sample (~90%). However, in

Spectral dependences of the transmittance of
KRS-5 and KRS-6 single crystals are shown in Figs. 3
and 4. These crystals also exhibit transparency in the
millimeter range; however, it should be noted that the
transmittance of these materials is low. For example,
the transmittance in the vicinity of 3 mm does not
exceed 20%, which is evidently insufficient for the use
of this material in optical schemes of the corresponding spectral range.

We observed similar results when studying the
transparency of silver chloride crystals. Figure 2 shows
the spectral dependence of the transmittance of one of
the investigated samples.

However, since there are hardly any acousto-optic
crystals that are transparent in the millimeter spectral
range, a limited use of KRS-5 crystals (which are widely
used in the IR range for this purpose) is possible.

OPTICS AND SPECTROSCOPY

Vol. 129

No. 6

2021

TRANSMITTANCE OF CsI, AgCl, KRS-5, AND KRS-6 CRYSTALS

875

REFERENCES

D, cm1

80
60
40
3

2

1

20
4
0
1000
O, Pm
Fig. 5. Spectra of the attenuation coefficient in the range of
200–3000 μm for the following single crystals: (1) KRS-5,
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Figure 5 shows the spectra of the absorption (attenuation) coefficient of the investigated crystals in the
millimeter spectral range.
CONCLUSIONS
Spectral dependences of the transmittance of CsI,
AgCl, KRS-5, and KRS-6 single crystals were measured and spectral dependences of the absorption
(attenuation) coefficient in the spectral range of 200–
3000 μm were calculated. It was found that the crystals
under study are transparent in this spectral range;
however, the transmittance of the crystals is low and
they can hardly be efficient optical materials in this
range. It should also be noted that, in contrast to the
IR spectral range, the optical quality of the surface of
these crystal samples barely affects the transmittance
in the millimeter range. Despite their low transmittance, KRS-5 crystals can be used to a limited extent
in acousto-optic devices of the millimeter range.
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