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Abstract—Over the last decade, terahertz (THz) time-domain spectroscopy has been investigated as a technique for
assaying the ethanol content of liquid solutions—indeed, operating at THz frequencies addresses some of the challenges
that traditional optical refraction measurements face, such as delineation between sugar–ethanol content, florescence, and
problems arising from carbonation or other dissolved gasses. In this article, we propose an alternative system and method
for assaying ethanol content of liquid solutions at THz frequencies, which employs a laser feedback interferometer built
around a 2.6-THz quantum cascade laser. The system is tested against a series of controlled water–ethanol solutions, as
well as a series of commercially available beverages. The accuracy of the estimated ethanol content compares favorably
to THz time-domain spectroscopy techniques.

Index Terms—Electromagnetic wave sensors, laser feedback interferometry, terahertz (THz) sensing.

I. INTRODUCTION

Measurement of ethanol content of various liquid solutions (in-
cluding alcoholic beverages) is of significant interest, notably from
a process-control viewpoint during manufacture, as well as to en-
sure final products meet regulatory guidelines. Traditional optical
refraction-based measurements of alcohol (ethanol) content are af-
fected by the difficulty in distinguishing changes in signal arising from
alcohol content and sugar content [1]; typically, an additional density
measurement (using a hydrometer) is also required to assay the final
alcohol content. More sophisticated optical techniques exist, includ-
ing those operating at near- and midinfrared wavelengths and those
utilizing Raman spectroscopy [2]–[4], as well as recent technological
developments that could be applied to the determination of ethanol
content in liquid solutions, notably the use of nanoparticles to create
localized surface plasmon resonance detectors [5], [6]. However, even
these suffer from interference due to fluorescence, challenges arising
from carbonation (requiring liquids to be degassed prior to measure-
ment), and difficulty separating sugar and ethanol contributions from
observed spectral signatures [2].

Terahertz (THz) time-domain spectroscopy (TDS) has been utilized
in the literature to measure various normal alcohols (such as methanol,
ethanol, n-propanol) [7]–[9], alcohol–water mixtures [10]–[14],
alcohol–fuel mixtures [15], as well as determining ethanol content
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in commercially available alcoholic beverages [10], [16]. There is
also a potential for the use of THz metamaterials to facilitate the
detection of ethanol content in liquid solutions in a similar way to
nanoparticles [17]. However, at the lower end of the THz spectrum
(<2 THz), the separation of signal contributions sugar and ethanol
remains a challenge and can affect the accuracy of measured ethanol
content [10]. Fortunately, since the contributions to the signal from
sugar in solution decrease faster with increasing THz frequency than
those attributed to ethanol (see [10]), using a higher frequency THz
source, such as a THz quantum cascade laser (QCL), would mitigate
this effect.

In this article, we propose a simple system for assaying ethanol–
water mixtures based on a THz QCL utilizing laser feedback inter-
ferometry (LFI). Laser feedback interferometry is a useful tool for
laser sensing and utilizing the so-called self-mixing effect [18], [19].
Due to the possibility of extracting the LFI signal from across the
laser terminals without the need for an external or separate detec-
tor, LFI is particularly applicable in the THz frequency range, which
suffers from a lack of convenient, fast, and sensitive detector tech-
nologies [20], [21]. Previously, we have developed a method for ma-
terial characterization [22], [23] utilizing this effect. However, several
complicated and time-consuming calibration, sample preparation, and
signal-processing techniques were required to produce accurate re-
sults. The method proposed here is substantially simpler, and once
calibrated, the system only requires a small sample of the liquid for
characterization. This approach could be adapted to investigate other
fluid mixtures at THz frequencies.
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Fig. 1. Experimental setup of the system. (Inset) Compound nature of
the target comprised of the cuvettes R (reference) and T (liquid under
test).

II. EXPERIMENTAL SETUP AND MODELING

The experimental setup (see Fig. 1) used a 2.59-THz QCL mounted
in a free-flow cryostat operating at a temperature of 15 K. The
THz QCL consisted of a 11.6–μm-thick GaAs/AlGaAs bound-
to-continuum active region [24] that was processed into a semi-
insulating surface-plasmon ridge waveguide with dimensions 1.78 mm
× 140 μm. The laser was biased by a laser driver (Thorlabs LDC500C)
with a dc current of 0.42 A, superimposed with a 1-kHz sawtooth-wave
modulation with an amplitude of 75 mA (producing a 900-MHz fre-
quency sweep). The signal was monitored by measuring the voltage
across the THz QCL’s terminals after passing through an ac-coupled
20× amplifier (SRS SR560). This amplified signal was then digitized
using a 16-b PC-DAQ with a 1 MS/s acquisition rate (National Instru-
ments NI PCI-6251). Two 2-in parabolic mirrors ( f = 4 in) were used
to collect, collimate, and focus the emitted beam onto a target area.
The signal was processed by negatizing the current-induced power
ramp leaving only the interferometric self-mixing fringes (which we
refer to as the self-mixing signal) [25].

Two 4.5-ml (10 × 10 × 45 mm3) cuvettes were used to hold the
fluids under test. The two identical cuvettes were modified so that
they shared a common 3-mm thick z-cut quartz window and were
mounted on a three-axis (x-y-z) motorized stage. One cuvette was
filled with deionized water as a reference material, with the other
containing the liquid being assayed. Measurements of both the water
reference and the liquid under test were taken in rapid succession,
with a motorized stage shifting the two cuvettes (x-axis) between the
measurement point.

It is well known that the amplitude of the self-mixing fringes (β) is
directly proportional to the reflectivity of the external target [26], [27].
In this setup, the external target is a compound target consisting of a
quartz window and the liquid under test. Due to the long focal length
of the mirrors used and the large resulting depth of field, the effective
reflectivity of the compound target depends on the reflectivity of two
interfaces: 1) the air–quartz and 2) quartz–liquid interfaces (see inset
in Fig. 1). The reflectivity at the quartz–liquid interface will change
with the liquid under test, leading to a corresponding change in β.
We exploit this relationship to create a calibrated system for assaying
ethanol content.

In order to calibrate the system, we extract β for both the water
reference (βwater ref.) and a series of liquids under test with known
water–ethanol solutions (βx% ethanol). This is achieved by fitting the

Fig. 2. Self-mixing signals corresponding to test water–ethanol solu-
tions with ABW of 0% (green line), 25% (purple line), 45% (yellow line),
75% (orange line), and 100% (blue line).

standard model for self-mixing signals (via the excess phase equation
[28]) to the measured self-mixing signals. The longitudinal (z−axis)
position of the target was set to be that at which the difference between
the β of the reference water and a 100% ethanol solution, (βwater ref −
β100% ethanol) was maximal. For this longitudinal position the beam waist
is located just beyond the quartz–liquid interface.

At this position, the system was calibrated by mapping the ratio
of β0% ethanol/βwater ref. to 1.0, and the β100% ethanol/βwater ref. to the (arbi-
trary) value of 1.5. This normalization to βwater ref. mitigates against
temporal changes in the self-mixing signal amplitude resulting from
small changes in the external cavity path (such as atmospheric changes
like humidity, temperature, and minor mechanical changes).

III. RESULTS AND DISCUSSION

Two experiments were performed, with the first using a series of
ethanol–water mixtures ranging from 0% to 100% ethanol content
[in alcohol by weight (ABW)] to produce a known test curve for the
system. The second was a test of samples of various alcoholic drinks,
whose ethanol content was estimated using the calibrated system.

Fig. 2 shows the typical self-mixing signals obtained for several
ethanol concentrations. It can be clearly seen that the amplitude (and
thus ultimately β) of the signals changes significantly with different
water–ethanol mixtures. Four separate measurements of water–ethanol
mixtures ranging from 0% to 100% were performed. Fig. 3 shows
the calibrated signal strength for the known test solutions (blue dots
show mean and error bars show ±1 standard deviation from the four
measurements), demonstrating a linear relationship (red line) with
ABW.

To test the calibrated system, we estimated the ABW % of nine
different alcoholic beverages (shown as the colored circles in Fig. 4).
The estimated ABW [and alcohol by volume (ABV)] together with
the label ABW (and ABV) and of the beverages under test is shown
in Table 1.

The triple sec, port, and beer samples contain significantly more
sugar (in solution) than the other beverages under test. Despite the
low sensitivity of THz radiation to sugar content, its impact is still
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Fig. 3. Calibrated signal strength versus known ABW % water–ethanol
solutions.

Fig. 4. ABW (%) (label) versus ABW (%) (estimate) for beverages
under test.

TABLE 1. ABW (%) [ABV (%)] on the Label of the Beverages Under
Test, Compared With the ABW (%) [ABV (%)] Estimated From the
Calibrated System.

evident here. Indeed, it is clear from Fig. 4 and Table I that the esti-
mated ABW is slightly larger than that stated by the manufacturer on
the label for these beverages. Nevertheless, due to the relatively high
operating frequency of the THz QCL used here (2.6 THz), this im-
pact is much reduced when compared with THz TDS measurements,
which operate over a lower frequency range [10]. For the remaining
beverages under test, estimated ABW aligns well with the expected

linear relationship—deviations are on the same order as for THz TDS
measurements.

For all these measurements, only a small volume of liquid was
used for testing (∼1 mL). However, the minimum volume of liquid
required is much less. This is a consequence of the high attenuation
of the THz signal for both ethanol and water at the measurement
frequency (2.6 THz)—the longitudinal depth of either liquid required
to act as a half-space for THz waves is <500 μm. As such, with only
minor changes to the geometry of the external optical components, the
same system could be implemented using a quartz window on which
a single drop of liquid under test is placed for measurement.

IV. CONCLUSION

In this article, we proposed and demonstrated a system and a method
of assaying the ethanol content of liquid solutions. The system is
built around a THz QCL operating at 2.6 THz as a laser feedback
interferometer, employs a reference to mitigate environmental effects
during measurement, and only requires a small volume of liquid for
testing. The method compares well with existing THz TDS ethanol-
assaying techniques.
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[27] R. Kliese and A. D. Rakić, “Spectral broadening caused by dynamic speckle in self-
mixing velocimetry sensors,” Opt. Exp., vol. 20, no. 17, pp. 18 757–18 771, Aug
2012. [Online]. Available: http://www.opticsexpress.org/abstract.cfm?URI=oe-20–
17-18757

[28] R. Kliese et al., “Solving self-mixing equations for arbitrary feedback levels: a
concise algorithm,” Appl. Opt., vol. 53, no. 17, pp. 3723–3736, 2014.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


