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Abstract: Amidst the escalating issue of drug abuse, an urgent need for effective illicit drug detection
methods has arisen. This paper introduces a novel optical approach utilizing the Goos–Hänchen
Shift (GHS) to explore the possibility of on-site rapid detection of illicit drugs. Delving into the mech-
anisms, light absorption and attenuation in biological samples are considered through absorption
and attenuation coefficients, establishing connections between complex refractive indices, complex
dielectric constants, and GHS. A self-assembled GHS detection system measured GHS values across
various samples: ultrapure water, serum, methamphetamine, serum–methamphetamine, heroin,
and serum–heroin. These experiments unveiled substantial GHS variations among the samples.
Refractive indices for serum, serum–methamphetamine, and serum–heroin samples were computed
using GHS values and sample extinction coefficients, highlighting GHS’s remarkable sensitivity
to refractive index variations as a high-sensitivity refractive index sensing technology. The corre-
lation between the dielectric constant and GHS was explored, yielding refractive indices for pure
solutes—serum, methamphetamine, and heroin—of 1.66300, 1.51300, and 1.62300, respectively. No-
tably, the dielectric constants for these solutes were 2.76557, 2.28917, and 2.63413, emphasizing the
dielectric constant’s discriminative potential in identifying illicit drugs. In conclusion, these findings
suggest that GHS holds promise for distinguishing various illicit drug types, charting an innovative
path for illicit drug detection.

Keywords: Goos–Hänchen Shift; illicit drug detection; refractive index; dielectric constant

1. Introduction

Illicit drugs dependence and addiction pose severe threats to human mental and
physical health, familial relationships, and societal stability. This escalating global concern
underscores the urgency of combatting drug abuse. Advances in drug detection technolo-
gies have significantly bolstered these efforts [1–3]. Current drug detection methods are
primarily bifurcated into separation-based detection and direct detection.

Separation-based detection primarily employs techniques such as LC-MS (Liquid
Chromatography–Mass Spectrometry) [4–6] and CE (Capillary Electrophoresis) [7]. LC-
MS, being adept at both qualitative and quantitative drug analyses from complex body
fluids and having commendable stability with a detection limit as low as 10 ng/mL [8],
is the gold standard for drug testing. Its results can serve as evidence in the criminal
justice system [9]. However, LC-MS requires prolonged analysis times (over 5 h), skilled
technicians, and costly equipment. Its lab-bound nature renders it unsuitable for rapid drug
testing needs [10,11]. CE, while combining the strengths of various separation techniques
and being efficient and automated [12], suffers from reproducibility and stability issues due
to its short and narrow analytical pathways [13], preventing it from becoming a mainstream
drug detection method.
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Direct detection predominantly employs Surface Enhanced Raman Spectroscopy
(SERS). Optical technologies, such as SERS, offer advantages like minimal sample contact,
no pre-treatment, lesser sample requirements, and swift detection processes [14]. SERS
is now widely used for drug detection [15,16] and has almost become the only method
for directly detecting drug varieties. However, measurements via SERS must be carried
out on precious metal nanoparticle substrates, which have hard-to-control enhancement
effects, leading to poor reproducibility. The interference of these metal nanoparticles with
biological samples also cannot be overlooked [17]. Thus, there is a pressing need to explore
a new, highly sensitive, and accurate direct detection method for advancing illicit drug
detection technologies.

The GHS (Goos–Hänchen Shift) denotes the lateral displacement of a reflected light
beam from its expected geometrical path during total internal reflection [18]. This shift
serves as an apt detection signal, unaffected by variations in light source intensity [19].
Since its experimental discovery in 1947, GHS has spurred numerous theoretical and
empirical studies and has found applications in sensors [20–22], optical switches [23,24],
and optical storage [25]. Notably, with GHS’s tight association with the electromagnetic
properties of materials (like refractive index), it is emerging as a detection method in
chemical and environmental realms [26,27]. Recent research by Min Jin in 2023, for instance,
leveraged a specifically designed GHS sensor for detecting aquatic heavy metal ions [20].
Jiangyu Liu explored the feasibility of using a designed terahertz GHS sensor for detecting
biological small molecules [26]. Elnaz demonstrated the efficacy of GHS in detecting low-
concentration biomolecules [27]. Due to the small value of GHS, it is relatively difficult to
measure, so enhancing the GHS displacement has become a research hotspot. SPR sensors
based on GHS [20,28–30] have been widely used in the detection field and have achieved
good detection sensitivity. However, just like the SERS technology, the SPR enhancement
effect depends on the presence of metal nanoparticles or nanofilms, and the impact of
precious metals on biological samples is still unknown. Therefore, for biological samples,
we prefer the direct detection method. These findings intimate that GHS, as a sensitive
optical direct detection method, might be well-suited for illicit drug detection, which this
study sets out to investigate.

In this study, we constructed the GHS measurement system to detect the GHS values
of various samples, encompassing ultrapure water, serum, methamphetamine, heroin,
serum–methamphetamine, and serum–heroin mixtures. Considering the absorption and
scattering of the samples, we established a relationship between the complex refractive
index of the samples and GHS using the steady-state phase method GHS calculation
formula. From the experimentally measured GHS and extinction coefficients, we derived
the refractive index information for serum, serum–methamphetamine, and serum–heroin
samples based on the aforementioned relationship. Using the refractive index calculation
formula for mixed solutions, we further analyzed the serum, serum–methamphetamine,
and serum–heroin samples. This analysis enabled us to determine the refractive indices
and dielectric constants of the three pure substances: serum, methamphetamine, and
heroin. Furthermore, we proposed a solution method to determine the dielectric constant
of unknown illicit drug components in the serum. Our findings offer valuable insights for
distinguishing between different types of illicit drugs in drug detection processes.

2. Principles and Methods
2.1. Principle of Goos–Hänchen Shift

When a light beam transitions from an optically dense medium to a less dense one,
and the angle of incidence surpasses the critical angle for total internal reflection, full
reflection occurs at the interface. In classical geometric optics, it is conventionally assumed
that the phenomenon of total internal reflection adheres to the law of geometric reflection,
implying that the incident and reflected rays coincide at the same position. However, this
is not entirely accurate. Goos and Hänchen [18], through experimentation, observed that
under conditions of total internal reflection, the reflected light beam deviates from the
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ideal geometric path by a small distance, denoted as the Goos–Hänchen Shift, as shown
in Figure 1.
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Figure 1. Schematic representation of the Goos–Hänchen Shift under total internal reflection condi-
tions. The solid line represents the actual reflected light beam, while the dashed line represents the
geometrically expected reflected light beam.

Currently, GHS is primarily studied using the steady-state phase method. The incident
light can be considered as a superposition of monochromatic plane waves with different
wavevector directions. Consequently, the full reflected beam is composed of various corre-
sponding reflected plane waves, each having different phases, leading to the displacement
of the reflected light. TM-polarized light exhibits larger GHS values compared to TE-
polarized light. GHS measurements are carried out using polarization-based methods,
specifically by measuring the displacement difference in GHS between TE-polarized and
TM-polarized light [18]. By subtracting the results obtained under TM and TE conditions,
the influence of small measurement errors on the test results can be mitigated, thereby
improving the accuracy of the system’s measurements.

2.2. Experimental Device

A GHS measurement system was constructed, as shown in Figure 2. The entire system
mainly consists of polarization modulation, incident angle control, displacement generation,
and detection components. Parallel beams of light, collimated by a lens assembly, pass
through the first polarizer, converting the beams into linearly polarized light (with a
polarization direction at a 45◦ angle to the horizontal plane). Then, the linearly polarized
light goes through the second adjustable polarizer to modulate the polarization state of the
light into either TE or TM polarization. In this study, a prism was used as the displacement-
generating component. The light beam enters the prism from one side of its right-angled
surface, and when it contacts the sample interface in the prism’s sloping surface, total
internal reflection occurs, resulting in the generation of the GHS. The reflected light exits
from the other right-angled side of the prism and is directed onto a detector. The prism
is mounted on a rotation stage, and the incident angle of the light beam for total internal
reflection can be changed by automatically controlling the rotation stage. The system
operates as follows:
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A He-Ne laser (1107P, JDSU, Milpitas, CA, USA) emitting light with a wavelength of
632.8 nm produces a collimated light beam with a spot diameter of 1 mm after passing
through a lens assembly. The first polarizer (Edmund Optics, Barrington, IL, USA) is used
to adjust the polarization angle to 45◦, resulting in linearly polarized light. Then, the
second polarizer is rotated to adjust the polarization direction of the incident light. When
the transmission direction of the second polarizer is set to be horizontal (0◦) or vertical
(90◦), TM- and TE-polarized light are obtained, respectively. Furthermore, the light enters
an isosceles right-angle prism (PS911, Thorlabs, Newton, NJ, USA), where it undergoes
reflection at the prism’s sloping surface. The reflected light’s position signal, detected by
a position-sensitive detector (PSD, ON-TRAK Optics, Milpitas, CA, USA), is amplified
through an amplifier (OT-301, ON-TRAK Optics, Milpitas, CA, USA), digitized through
A/D conversion, and then input into a computer for data processing.

2.3. Experimental Samples

The methamphetamine and heroin used in this experiment were research-grade and
were obtained from the Narcotics Detection Center of the Tianjin Public Security Bureau.
The serum (fetal bovine serum, F4135) was purchased from Sigma, Kenilworth, NJ, USA,
and all samples were used without further purification. Ultrapure water was used as the
solvent, and solutions of serum, methamphetamine, and heroin were prepared with a
concentration of 10−3 mol/L. Mixtures of methamphetamine and heroin with serum were
also prepared to create serum–methamphetamine and serum–heroin mixed solutions. All
experimental images presented in this article represent the average results of five repeated
experiments, and there are no significant differences between the results of each repetition.

3. Results and Discussion

To ensure the accuracy of the experimental results, the errors in the GHS measurement
system shown in Figure 2 were first analyzed. During the experiment, the light beams
were adjusted to either the TM or TE polarization, and the TM and TE polarizations
might not have aligned perfectly, resulting in a certain distance between them. Multiple
measurements revealed that the distance between them was approximately 2 µm. To
eliminate the influence of this distance on GHS measurements, it was necessary to calibrate
the zero point of the GHS, i.e., correcting for this factor.

As shown in Figure 3, during the adjustment of the polarizer, there was a distance
“L” between the TM and TE polarizations. After passing through the prism, if total
internal reflection did not occur, the distance between the two polarizations remained “L.”
However, if total internal reflection occurred, the distance between the polarizations became
“L + S2-S1,” where “S1” and “S2” represent the GHS values for the TE and TM polarizations,
respectively. Therefore, by subtracting “L” from the measured difference between the
positions of the two polarizations when total internal reflection occurred (L + S2-S1),
the actual relative displacement value could be obtained as “S2-S1.” When total internal
reflection did not occur, both the TM and TE polarizations had GHS values of 0, resulting
in a GHS value of 0. Thus, the correction value “L” could be obtained by measuring the
distance between the different polarization states when total internal reflection did not
occur. This correction allowed us to account for the influence of angular changes on GHS
measurements by differentiating between the positions of the reflected light beams under
different polarizations, effectively preserving only the GHS value.

The quality of reflected light spots at different incident angles was analyzed. Three
arbitrary wavelengths of TE-polarized and TM-polarized light, each with a wavelength
of 632.8 nm, were incident on the prism–air interface, and the reflected light spots were
processed using MATLAB R2020b software. This processing involved obtaining the in-
tensity distribution along a horizontal line passing through the center of the light spot, as
shown in Figure 4. During the image processing, the light spots were translated to align
their contours to enable a clearer observation of any changes in the light spot’s shape. The
results indicate that the shape of the light spots remains essentially unchanged at different
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incident angles, with energy concentrated at the center of the light spot, and any impact on
the beam position detection can be neglected.
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Next, the positions of the reflected light beams at the prism–air interface were mea-
sured under different incident angles for both TM and TE polarizations, as shown in
Figure 5a,b. It can be observed from the figures that with an increase in the incident
angle, the light spot moves in the positive direction of the detector’s X-axis. During the
experimental measurements, the distance between the TM polarization and the TE polar-
ization when no total internal reflection occurred was measured to be 1.3 µm. By taking
the difference in the positions of the light beams between Figure 5a,b and subtracting the
correction value of 1.3 µm, the position values of the prism–air interface (GH position)
were obtained, as shown in Figure 5c. The prism’s refractive index used in the experiment
was 1.515 (laser wavelength: 632.8 nm), and the refractive index of air was 1. Based on
calculations, the critical angle for total internal reflection was determined to be 41.30◦. To
reduce experimental errors, multiple sets of data were measured and averaged, and efforts
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were made to ensure that the light beam was incident vertically on the PSD photosensitive
surface. Near the critical angle for total internal reflection, the measured displacement
peak was 7.16 µm, which is approximately 11.3 times the wavelength. As the incident
angle increased, the displacement rapidly decreased and then stabilized at around 2 µm.
Furthermore, according to the steady-state phase method theory, the theoretical values
of the GHS for the prism–air interface were calculated, as shown by the red solid line in
Figure 5c. It can be observed that the theoretical values closely matched the experimental
measurements, indicating the accuracy of the measurement setup built in this study.
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In contrast to the refractive index, the concept of the complex refractive index encom-
passes fundamental optical parameters such as the refractive index and the absorption
coefficient. It stands as a critical physical quantity for characterizing the optical proper-
ties of substances and holds significant relevance as an optical parameter for biological
samples [31]. Notably, some prior studies, as documented in references [26,27], did not
account for the impact of physical phenomena like absorption and attenuation within
samples on the refractive index. However, biological samples, typified by serum, exhibit
light absorption or attenuation within the ultraviolet to visible wavelength spectrum. These
optical behaviors have the potential to influence the characteristics of reflected light and,
by extension, the GHS. Consequently, considering the attenuation and absorption of sub-
stances in response to light [32–34], we conducted thorough derivations and analyses to



Photonics 2023, 10, 1270 7 of 13

elucidate the intricate relationship between the GHS and the complex refractive index
of materials.

The important formulas are displayed as follows. Please refer to the Supplementary
document for detailed formula derivation.

It can be seen that the polarization rate of the medium is complex, therefore, the
refractive index of the material can be expressed as a complex number:

n̂ ≈
√

εr =
√

1 + χ = n + iη (1)

In the formula, n is the refractive index of the medium, εr is the dielectric constant, and
η is the extinction coefficient of the medium. Furthermore, the complex refractive index
can be related to the complex dielectric function:

ε̂r = 1 + χ = n2 − η2 + 2nηi (2)

After rigorous deduction, we can calculate the phase of the reflection coefficients as

φs = Im

ln

n1 cos θ1 −
√(

n2 + i (µa+µs)λ
4π

)2
− n2

1 sin2 θ1

n1 cos θ1 +

√(
n2 + i (µa+µs)λ

4π

)2
− n2

1 sin2 θ1


 (3)

φp = Im

ln


(

n2 + i (µa+µs)λ
4π

)2
cos θ1 −

√
n2

1

(
n2 + i (µa+µs)λ

4π

)2
− n2

1 sin2 θ1)(
n2 + i (µa+µs)λ

4π

)2
cos θ1 +

√
n2

1(
(

n2 + i (µa+µs)λ
4π

)2
− n2

1 sin2 θ1)


 (4)

with these phase values, the GHS can be expressed as

Di = −
λ0

2πn1

dφi
dθ1

= − λ0

2πn1

dIm[ln(φi)]

dθ1
(5)

It can be observed that the magnitude of the GHS is influenced by several factors,
including the wavelength of light, polarization state, angle of incidence, and refractive
index of the medium, as well as the absorption and scattering coefficients. However, when
the wavelength of light, polarization state, and angle of incidence are held constant, the
magnitude of the GHS is determined by the refractive index, absorption coefficient, and
scattering coefficient, which reflect the electromagnetic properties of the material itself. In
essence, the GHS can serve as a characterization of the intrinsic electromagnetic properties
of the material.

Currently, illicit drugs are primarily categorized as new drugs and traditional drugs.
Methamphetamine represents a typical new drug, often referred to as synthetic drugs, and
it is also one of the most widely abused drugs worldwide. Heroin, on the other hand, is a
classic example of a traditional drug and accounts for a significant proportion of seized
drugs. In the following sections, we will explore the characteristics of these two drugs,
methamphetamine and heroin, using a GHS analysis.

Different biological samples were subjected to GHS testing and analysis, employing a
632.8 nm laser source. Experimental measurements of GHS values were conducted on six
distinct samples: ultrapure water, serum, methamphetamine, heroin, serum–methamphetamine,
and serum–heroin. The resulting GHS data are presented in Figure 6, with a summarized
overview available in Table 1. The results clearly illustrate significant variations among
these samples, indicating the potential of the GHS to distinguish between them.
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Table 1. GHS values for samples.

Sample Water Serum Methamphetamine Serum–
Methamphetamine Heroin Serum–Heroin

Incident angle
(degree) 61.627 61.658 61.695 61.670 61.714 61.683

GH
displacement

(µm)
6.00 5.02 3.62 8.19 3.20 4.53

Furthermore, a theoretical fitting of the GHS values for these samples is depicted by
the red solid line in Figure 6. It is evident that the theoretical model closely aligns with
the experimental results, particularly beyond the critical angle for total internal reflection.
Notably, the GHS patterns for all samples exhibit consistency, featuring displacement peaks
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in proximity to the critical angle for total internal reflection, followed by a rapid decline in
displacement beyond this critical angle.

The differences in the GHS reflect variations in the refractive indices of the test samples.
Based on the relationship between the GHS and the complex refractive index of substances
(Equations (3)–(5)), we used serum, serum–methamphetamine, and serum–heroin as ex-
amples to analyze the refractive indices of serum, methamphetamine, and heroin (pure
substances). We also discussed their potential applications in substance differentiation in
the field of drug detection. As shows in Figure 6, the positions of the displacement peaks
for serum, serum–methamphetamine, and serum–heroin samples were different. To ensure
that total internal reflection occurred and to maximize differentiation, the incident angle
was selected as 61.670◦. The GHS is related to the absorption and scattering coefficients of
the samples, so the total attenuation coefficient needed to be measured in the experiment.
We represented the total attenuation coefficient as follows:

µ = − ln
(

It

I0 − Ir

)
/x (6)

where
I0 = Ir + It + Iα + Is (7)

In the formula, I0, Ir, It, Iα, and Is represent the intensity of incident, reflected, trans-
mitted, absorbed, and scattered light, respectively. The samples, including serum, serum–
methamphetamine, and serum–heroin, were introduced into the flow cell through the
sample inlet. The GHS for each sample was measured, and the incident light intensity,
reflected light intensity, and transmitted light intensity were measured using a power
meter (S120VC, Thorlabs, Newton, NJ, USA). With these measurements, the attenuation
coefficients and extinction coefficients of the samples were calculated, respectively. Fur-
thermore, by substituting the calculated extinction coefficients and the measured GHS
values into Equations (3)–(6), the refractive indices of the samples were determined, as
shown in Table 2. Overall, based on Formulas (3)–(5), by incorporating the parameters
from Table 2 into the formula, the reflective index is calculated as a physical quantity. The
results indicate that the extinction coefficients and refractive indices of the three samples
are relatively close, primarily due to the low concentrations of the samples. With such
small differences in refractive indices, it is challenging to differentiate them using other
measurement methods, whereas the GHS exhibits significant numerical variations. This
indirectly indicates that the GHS is highly sensitive and can serve as a high-sensitivity
sensing technique.

Table 2. Summary table of experimental results.

Sample Serum Serum–
Methamphetamine Serum–Heroin

GHS/µm 1.70 2.40 4.53
Incident light
power/µW 95.3 95.3 95.3

Reflected light
power/µW 71.3 70.1 64.8

Transmitted light
power/µW 0.43 0.43 0.16

Absorption
coefficient/cm−1 5.90 5.97 7.70

Extinction coefficient 2.97 × 10−5 3.01 × 10−5 3.88 × 10−5

Refractive index 1.33333 1.33351 1.33362

If the GHS measurement is to be developed as a detection technique, it is necessary
to find a correlation between the intrinsic physical properties of the sample and the GHS.
The dielectric constant is a physical property that represents the polarization ability of a



Photonics 2023, 10, 1270 10 of 13

dielectric material under the action of an electric field and is an intrinsic physical property.
Studies have shown a correlation between the dielectric constant and the refractive index. In
the following section, we aim to establish a correlation between the GHS and the dielectric
constant of the test sample. In the previous sections, we obtained the GHS, refractive
indices, and extinction coefficients for serum, serum–methamphetamine, and serum–heroin
samples. However, it is evident that the main component in these samples is water. Next,
we will further analyze the samples by excluding water and focusing on the solutes, i.e.,
the effects of serum, methamphetamine, and heroin (pure substances).

The Arago–Biot formula [35] is one of the theoretical formulas applied to calculate
the refractive index of mixed solutions. Taking a two-component mixed solution as an
example, the formula is as follows:

nm = (1− ϕ)na + ϕnb (8)

Above, nm is the refractive index of the mixed solution, na and nb are the refractive
index of the solution component, and ϕ is the volume fraction of the component. In
this study, ultrapure water is employed as the solvent for the serum sample, and the
serum molecules constitute the solute. For the serum–methamphetamine sample, ultrapure
water serves as the solvent, and a mixture of serum molecules and methamphetamine
molecules constitutes the solute. Similarly, for the serum–heroin sample, ultrapure water
functions as the solvent, and the solute consists of a mixture of serum molecules and
heroin molecules. The concentrations of these samples are pre-established (all at mol/L).
Utilizing Equation (8), the refractive indices of serum, methamphetamine, and heroin are
calculated as 1.66300, 1.51300, and 1.62300, respectively. Given that these three substances
exhibit weak light absorption at 632.8 nm, their extinction coefficients are deemed negligible.
Accordingly, the dielectric constants of serum, methamphetamine, and heroin are computed
as 2.76557, 2.28917, and 2.63413, respectively, in accordance with Equation (2). This indicates
that, compared to refractive indices, the variations in the derived dielectric constants, as
an intrinsic parameter, are more pronounced. Using dielectric constants as a parameter to
differentiate between sample types offers greater distinctiveness.

In the previous section, we discussed the method of calculating the refractive index
and dielectric constant of pure samples such as methamphetamine, serum, and heroin
based on experimental results. However, for actual serum samples, the composition and
corresponding volume fractions are unknown. Therefore, it is not possible to directly
determine the refractive index of the drugs and differentiate them based on GHS values
and the mixed solution refractive index formula. We propose an approach to address
this problem. Based on the relationship between the GHS of the sample and the complex
refractive index, we can obtain the refractive index value for the entire sample. Let us
assume that the known volume ratio of water to serum in a standard serum sample
is V1 : V2.

For a tested serum sample containing drugs, its refractive index can be expressed as

ns1 =
V1

V1 + V2 + V3
n1 +

V2

V1 + V2 + V3
n2 +

V3

V1 + V2 + V3
n3 (9)

Among them, n1, n2, n3 are the refractive indices of water, serum, and drugs, and V1,
V2, and V3 are the volumes of water, serum, and drugs, respectively. The unknowns in
Equation (9) are n3 and V3. We need to prepare a new sample by taking a small amount of
the tested serum sample containing drugs and adding an equal volume of the standard
serum (other volume ratios can also be used, but the volume ratio must be known). Then,
the refractive index of the new sample can be expressed as

ns2 =
2V1 +

V1V3
V1+V2

2(V1 + V2 + V3)
n1 +

2V2 +
V2V3

V1+V2

2(V1 + V2 + V3)
n2 +

V3

2(V1 + V2 + V3)
n3 (10)
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By solving Equations (9) and (10), we can obtain Vs and Vd. Subsequently, we can
determine the dielectric constant of the unknown drug, differentiating drugs based on
their intrinsic properties. The research findings provide a direction for the subsequent
exploration of GHS detection in mixed drug samples.

4. Conclusions

Employing the principles of polarization, we have independently engineered a GHS
measurement system and assessed its measurement accuracy. Building on this foundation,
we measured the GHS values for various samples, including ultrapure water, serum,
methamphetamine, serum–methamphetamine, heroin, and serum–heroin, yielding values
of 6.00 µm, 5.02 µm, 3.62 µm, 8.19 µm, 3.2 µm, and 4.53 µm, respectively. These results
demonstrate the potential of displacement values for distinguishing between different
sample types. The introduction of absorption and attenuation coefficients allowed for
the establishment of a model linking complex refractive indices with GHS. Based on
experimentally measured GHS values and sample extinction coefficients, refractive index
values were calculated for serum, serum–methamphetamine, and serum–heroin samples.
These findings highlight the remarkable sensitivity of GHS to changes in the refractive index,
positioning it as a high-sensitivity refractive index sensing technology. The correlation
between the intrinsic physical property, dielectric constant, of the test samples and the GHS
was also explored. Calculations based on the formula for determining refractive indices
in mixed solutions revealed refractive indices for solutes in the samples, namely serum,
methamphetamine, and heroin, to be 1.66300, 1.51300, and 1.62300, respectively. Moreover,
the dielectric constants for these solutes were found to exhibit more pronounced differences,
at 2.76557, 2.28917, and 2.63413, respectively. These results underscore the potential of the
dielectric constant as a more distinguishing parameter for differentiating between illicit
drugs, offering a promising avenue for advancing the field of illicit drug detection. In the
subsequent work, we will explore drug detection with different concentrations in large
sample sizes and various mixed sample types, aiming to further advance and refine GHS
drug detection technology.
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