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This report presents a revised expression for the photocurrent density in terahertz spectroscopy, which is a non-destructive
testing technique of particular interest to the authors in the context of 3D printed parts. 3D printing, also known as additive
manufacturing, involves creating three-dimensional objects based on computer-aided design (CAD) models. The process
entails depositing, joining, or solidifying material under computer control, layer by layer.

Defects in 3D printing, such as weak infill, gaps in thin walls, inconsistent extrusion, layer separation, and bed drop, can lead
to low printing quality and render some printed parts unfit and unsafe for use. Moreover, the ability to tamper with internal
layers without altering the exterior could result in the production of maliciously defective parts without detection. Therefore,
it is crucial to test 3D printed details and filaments at each stage of processing using non-destructive methods.

A comprehensive review of the relevant literature indicates the potential for enhancing measurement accuracy through various
improvements in terahertz spectrometer models. The mathematical model for the photocurrent involves a convolution integral
of the current density and the laser radiation pulse that irradiates the surface of the material under study. The expression within
the integral incorporates parameters such as the duration of the optical pulse, carrier lifetime, and momentum relaxation time.
By evaluating the integral, the result can be obtained as two terms, each being a product of an exponent and a complementary
error function with the same parameters mentioned earlier.

The calculation involves several steps, including a change of variables during integration. Verification using Maple software
demonstrates agreement with analytical calculations and suggests a pathway for further refinement of the expression for the

photocurrent density. The Maple program influenced the results by means of repeating same calculation with aid of computer
and allowing to compare if analytical results are same and true, also it could be use for simulation and example calculation, for
results graphical representation.

The connection between the obtained mathematical expression and its relation to 3D printing (additive manufacturing) exists.
The explanation is in that the 3D printer uses filament, filament has defects, defectoscopy of filament in the terahertz domain
have models and methods. The research of defectoscopy models and methods is helpful to increase accuracy of measurement
of filament defect parameters and account on it and improve the quality of 3D printed details.
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1. INTRODUCTION

This report focuses on non-destructive testing methods for evaluating the quality of filaments used in
3D printing. 3D printing, or additive manufacturing, involves constructing three-dimensional objects
from CAD models using various processes that deposit, join, or solidify material under computer
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control, layer by layer. Filaments for 3D printing are thermoplastic polymers that melt when heated and
are extruded through a nozzle to create the desired object.

Defects in 3D printing, such as weak infill, gaps in thin walls, inconsistent extrusion, layer separation,
splitting, and bed drop, can result in substandard print quality and render printed parts unsuitable and
unsafe for use. Additionally, the ability to manipulate internal layers without affecting the external
appearance raises concerns about the potential production of maliciously defective parts without
detection. Therefore, it is essential to test both the 3D printed details and the 3D printing filament at
every stage of the process, preferably using non-destructive methods.

Several non-destructive testing methods exist, including radiography, ultrasound, and others.
Mechanical tests and light microscopy, although standardized, are mostly performed offline, meaning
they are time-consuming and destructive. Recent developments have aimed to bring testing closer to the
manufacturing process through in-line and on-line measurements, such as the pressure filter test,
ultrasonic testing, and spectroscopic monitoring, particularly in the near-infrared (NIR) frequency range.
However, each method is limited to specific applications. The pressure filter test lacks reliability with
higher additive concentrations and is unsuitable for fibrous materials. Ultrasonic testing is only suitable
for low spatial resolution applications, while NIR offers high resolution but is primarily useful for near-
surface analysis or thin samples due to its decreasing penetration depth with increasing frequency.

In the following sections, we will demonstrate that terahertz time-domain spectroscopy (THz TDS) in
the frequency range between 100 GHz and a few THz holds promise as a non-destructive testing
technique for polymeric compounds. THz TDS combines the advantages of high penetration depth,
similar to microwaves, with submillimeter spatial resolution. It enables the extraction of frequency-
dependent refractive index and absorption coefficient by capturing phase and amplitude information of
the propagated electromagnetic wave.

Among the various non-destructive testing methods for polymers, terahertz spectroscopy was chosen
due to its wide spectral coverage in the terahertz region, high dynamic range, ability to detect both
amplitude and phase, picosecond time resolution, and potential use as a terahertz pump source.

After early work [5,7] there was rapid development of THz TDS. The modern publication are mainly
about application so still there are many interesting aspects in the theory.

Terahertz Time Domain Spectroscopy (THz-TDS) has witnessed a surge in popularity in recent decades
owing to its broad frequency range and high signal-to-noise ratio. Researchers have devoted substantial
efforts to various aspects of this field, encompassing the development of spectroscopy for acquiring
high-resolution signals and extracting crucial information from both gas molecules and biological
samples.

The study [11] focuses on leveraging the potent THZ-TDS technique for quantitative information
extraction. The investigation highlights the estimation of spectroscopy sensitivity by measuring sample
concentrations. There was demonstrate this approach through a physical model applied to solid and gas
samples. Despite the prevalent use of convolutional mathematical models for enhanced precision,
limited attention has been given to measuring uncertainties in the parameters derived from these models.

In this research, author delve into visualizing uncertainties in the optical parameters of a lactose sample,
extracted through the Lorentz model of electronic dispersion. This visualization is achieved by
numerically evaluating the Hessian matrix, representing second-order partial derivatives of the function
at optimized parameters. Subsequently, standard deviations are computed by extracting the diagonal
elements of the inverse of the Hessian matrix. These uncertainties are depicted through error bars on the
real and imaginary parts of the refractive index of the lactose sample[11].
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Simultaneous compensation of lateral and temporal walk-offs between the fundamental wave and the
second harmonic wave plays a pivotal role in our homemade air plasma system, resulting in a notable
threefold enhancement in THz conversion efficiency. Furthermore, we optimize the efficiency of second
harmonic generation for THz radiation. The incorporation of a dual-wavelength half-waveplate
contributes to achieving a high THz conversion efficiency exceeding 0.06% at an 800 nm excitation in
a dry air environment. This corresponds to an overall enhancement factor of 6.

In the detection phase, there was experimentally explored electro-optic sampling and air-biased coherent
detection. Leveraging our air plasma system, we successfully identify two characteristic peaks (4.85 and
5.8 THz) in the rust sample. This underscores the effectiveness of our approach in both enhancing THz
conversion efficiency and enabling precise detection of characteristic features in materials [12].

Terahertz time-domain spectroscopy (THz-TDS) has emerged as a potent and versatile tool across
various scientific domains, including imaging, material characterization, and layer thickness
measurements. Despite its significant success in research settings, the widespread commercialization of
this technology has been impeded by the high cost and cumbersome nature of most systems. The primary
contributors to the size and expense of these systems are the laser and the optical delay unit (ODU).

In response to these challenges, the efforts was dedicated to the development of THz-TDS systems
centered around compact monolithic mode-locked laser diodes (MLLDs). The ultra-high repetition rate
(UHRR) of the MLLD is advantageous, enabling the use of shorter ODUs, thereby reducing the overall
size and cost of our systems. However, achieving the necessary precision in the ODU to obtain accurate
terahertz time-domain signals remains a critical consideration.

To address this challenge, the interferometric extension was introduced and enhanced for UHRR-THz-
TDS systems. This extension is characterized by its affordability, compact design, and ease of
integration. In this article, we detail the system setup, the extension itself, and the algorithmic procedure
for reconstructing the delay axis based on the interferometric reference signal. Our evaluation, based on
a dataset comprising 10,000 signal traces, reveals a low standard deviation of the measured terahertz
phase at 1.6 THz, as low as 3 mrad.

Additionally, the remaining peak-to-peak jitter of only 20 fs and a record-high peak signal-to-noise ratio
of 133 dB at 100 GHz after averaging. The method outlined in this paper not only simplifies the
construction of THz-TDS systems but also reduces bulk and cost. Consequently, it facilitates the
transition of terahertz technologies from laboratory settings to practical field applications [13].

The critical literature review show versatility of research direction, its relevance. At the same time it
forced us to go back to the beginning in order to go through the evolution of scientific thought through
personal experience.

The objective of this study is to validate the accuracy of the mathematical calculations in the model THz
of [1-3], as they form the foundation for further research in this field.

2. DERIVATION OF EXPRESSION FOR PHOTOCURRENT DENSITY

The photocurrent density in the emitter corresponds to the convolution of the temporal shapes of the
exiting optical pulse and of the impulse current response of the photo switch

Jem(@®) = Popt H® [nem (O)9Vem (t)] , 1)
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where ® denotes convolution product, Popt (t) isthe optical power, are respectively, the charge, density

and the velocity of photocarriers on emitting antenna. The current density Ngy, (t)quem (t) represents

the impulse response of the photo switch, i.e. response to a delta Dirac optical excitation.

We make the assumption that the temporal profile of the optical pulse is Gaussian. Moreover, to get a
simple expression for the current, the free-carrier relaxation in both emitting and receiving photo
switches is assumed to be governed by a single exponential decay law [3].

We suppose here that the switch is uniformly illuminated and that the bias field Epc is constant over
the whole illuminated region. We get the expression of the photocurrent density in the emitter [1, p.64]

+w ’ 2 ’
—(t=t")/z5—t'I7, —t'/ ,
oc(®) = 1Epclopt | e T C[l—e Ts}dt =l +1p 2
0

where 4 is electron mobility, 1 =€rg/m, m is effective mass of carrier,

Epc is the DC bias field, Igpt is magnitude of optic pulse, Tp is optic pulse duration, z. is currier life

: : o - 0 T —(t-t)2-tle
time, z; is momentum relaxation time, 1y is firstterm, 1y = goEpc lgpt j e P ¢dt’,
0

—(t=t")/ 5t

~+00 ,
5 is second term, I, =—ﬂeEDc|8pt [e e %t
0

The expression under the integral sign is product of three exponents and subjected to a transformation
in order to obtain the result of integration.
The transformation includes such steps as variable and the lower limit of integration changing.

Let’s consider integral first term in (2)

0 _ _ ’ 2_ r
[e (t-t")rp -tz dt' = I 3)
0
Let’s in expression (3) denote
1 1
X=—, y =, (4)
Tp ¢
And get such expression
< 2
jexp(—(t—t’) G —t’y)dt’ =1y, (5)
0

by definition of complimentary error function

erfe(c) = % Jedb, ©)
S
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As it is known [2, p.322] there is substitution for variable changing

y

t-x+ 5 =D, (7
After differentiation (7)
db =dt, 8
We get after substitution (7), (8) into (6)
i AP y \Wr
jexp(—tx+—j dt :—erfc(tx+—j—, (9)
0 2X X 2xX) 2
From expression (7) squaring
y Y\ y . ¥ y?
b? =| tx+ 2 :t2x2+2tx—+—:t2x2+ty+—, (10)
2
2X 2X  4x 4x
After transfer of terms
2
t2x2+ty:—b2+4y—2, (11)
X
2
o © 2 expLJIZJ \/_
X
jexp(—tzxz—ty)dt = [exp 2y 5 |dt= erfc(l+xtj—”, (12)
0 0 4% X 2X 2
y2
Expression (12) differs from expression (9) by multiplicand exp — |
4x

Finally add and subtract t/ 7, and group second and third term and change terms order in first bracket
they in second degree

—(t=t' P X% —ty =—(t—t)2 X% —ty+ty—ty =

(13)
——(t-t)* X%~ (t-t')y -ty

Denote a =ty
—(t—t')? x? —ty =—(t-t')* x? — (t—t)y —a, (14)
Consider auxiliary expression
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—t?x° —ty+a, (15)
Substitute (14) in integral gives
y? y
J7 -exp a+—=— erfc(xt+]
T 2.2 4x 2%
[ exp(—t“x —ty +a)dt = , (16)
0 2X

In expression (16) as compare to (12) appears second summand in exponent argument

As to second integral 1, by analogue with exception

y=—, -1, 17)

Tes Tes Tc s

From back substitution of expression (4) into expression (15) we get expression what we sought

2 2

\/; 4 t T t T t T t

J(t)27p7ﬂeEDC|gpt exp ﬁ—— erfc 2—p—— —exp| —2 —— lerfc| > ——
c

To verify expression (18) derived analytically was used software Maple and result from Maple is
coincided with expression (18) so proof result rightness.

And now compare expression with known expression [1-3].
An approximation of the physics of these emitters, where the generated photo-current an incident optical,
femtosecond pulse is given by [1, p.64]

2 2
N T T T T
|(t)=77z.lueEDC|8pt exp _pZ_L erfc(z_p_L}_exp _p_i erfc[_p_L]
4r¢

1
Expression (18) differs from expression (19) by multiplicand —=7,.
X

Only in expression (15) we consider auxiliary expression —t2x? —ty+a instead of

—(t-t')* X% —(t-t)y-a.
Let’s use Maple and get correct solution. It is after substitution (4)
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The problem of each research is in contradiction. This research results have its own contradiction
between known formula (19) and derived by us formula (18). The two formula differ by multiplicand
Tp- Next step was to check by means automated calculation with Mapple software to be sure that our

result without error. And our results was confirmed with the aid of Maple software.
3. CONCLUSION

The subject of this report is a derivation of expression for photocurrent density in terahertz spectroscopy.
The mathematical model of the photocurrent is a convolution of the laser radiation pulse irradiating the
surface of the material under test and the current density, which in turn is the product of the carrier
concentration, charge, and velocity. The result of calculation partially coincide with known result but
could be improved if instead of taking tabular integral pay attention to the conditions of a particular
task. There was revised expression for photocurrent density and was received more correct result due to
using of Maple.

The issue in every research lies in contradictions. This study's findings exhibit a contradiction between
the established formula (19) and the formula we derived (18). The discrepancy between the two lies in
the multiplicand. To ensure the accuracy of our results, the subsequent step involved verifying them
through automated calculations using Maple software. The confirmation of our results came through the
validation process with Maple software, reassuring the absence of errors.
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