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ARTICLE INFO ABSTRACT

Keywords: In this work, we proposed a laser-induced current (LIC) method to investigate the grain-size
Laser-induced current dependence of the plasma of table sugar induced by a nanosecond (ns) pulsed ultraviolet laser
sugar

in the size range of <180 pm->550 pm and achieve the lower power consumption in measure-
ment. Under multiple laser irradiations and an external electric field (V) of 200 V, the LIC
variation’s (AIp) standard deviation and variance were 0.53 nA and 0.05 nA, respectively, indi-
cating the relatively small systematic error during the testing process. The V}, causes a decrease in
the possibility of electron-ion complexation and accelerates the separation, resulting in an in-
crease in Al, with V},. With increasing grain size (diameter D) of table sugar, Al demonstrate a
valley-like behaviour and 250-380 pm is the critical range D. where AI is very weak and
considerably depends on the Vi, with the slope of 0.031 nA/V. At D > 550 pm and Vi, = 5V, Al
intensities monotonically rise by 30 % when D surpasses D.. In this instance, the energy was the
main contributor to the LIC signal during plasma generation and expansion. While D is less than
D¢, Al, increases by 27 % at D < 180 pm and Vy, = 5 V. The yield stress is the main reason for the
formation of plasma with high temperature and density in this situation because the sugar be-
haves like an elastic solid. The reason for such a LIC variation trend was discussed, which can be
explained by considering the morphological, thermal and mechanical properties competing with
each other. The present result suggests that the LIC method enables non-contact characterisation
of sugar particle size at low-power consumption.
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1. Introduction

Table sugar is found in almost every household throughout the world. White sugar, which is made from sugar beet or sugarcane and
usually exists in the form of white crystals, is a type of sucrose with a high degree of purity. It contains two kinds of reducing
monosaccharides, hexose and trace elements such as iron, copper and zinc [1]. It is not only a food and sweetener, but also an
important pharmaceutical additive. Both fine white sugar (FS) and granulated sugar (GS) have the same composition according to the
crystallisation states, but GS has a larger particle size. In contrast, brown sugar (BS) can only be extracted from sugarcane, and the
composition of BS is more complex, consisting of a ketone, furanone, pyrazine, aldehyde, alcohol, acid, sulfur compounds and aromatic
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active compounds [2,3]. It can be used in cooking, baking and beverage industries. Different types of sugars have different application
pathways.

Sugars play the most essential parts in food ingredients. China is not only one of the top 10 producers of sugar, but it is also a
significant consumer market [4]. The grain size of table sugar is an important physical parameter reflecting the quality of sugar and
directly affects the taste of table sugar and food. Taking GS as a sample, it is divided into coarse granulated sugar, medium granulated
sugar, fine granulated sugar and young granulated sugar according to the granularity. The extensibility of the dough can be improved
throughout the cookie-making process by increasing the size of the GS particles. When using only GS powder, the ductility is insuf-
ficiently high without being crisp, whereas when using only fine granulated sugar, the excessive ductility makes pattern-shaping
difficult [5]. In addition, when sucrose is converted from a liquid phase to a solid phase with homogeneous particles, the sugar size
can serve as a foundation for the optimisation of process parameters. Currently, most factories still use manual observation of sugar
crystal growth to check the sugar production process [6]. This type of measurement has a significant amount of uncertainty and high
individual variability. Due to a decline in their physical appearance, commercial sugar will experience pulverisation events during
subsequent transportation [5]. The sugar size analysis is also crucial to scientifically elucidate the cause of the pulverisation of sugar
crystals and improve their quality. As a result, the measurement of sugar particle size has important scientific significance and
application value.

Laser-substance interaction is a complex process. The photoionisation phenomenon occurs when the laser energy exceeds the
breakdown threshold of the sample itself and surface plasma is generated on the target surface. These plasmas contain ions, electrons
and un-ionised neutral particles. After laser-induced plasma, optical, acoustical and electromagnetic phenomena are produced that
reflect the features of the sample, allowing for the quantitative and qualitative analysis of the sample [7-14]. Although plasma can
travel on material surfaces, it is difficult to observe the effect of surface plasma because of its short propagation distance. Since the
separation of positive and negative charges under an external electric field to increase the plasma transmission distance on the surface
is possible, it is possible to study the transport of plasma by detecting the surface voltage caused by charge separation, which was given
the term laser-induced plasma transmission voltage (LIPTV) [15].

In addition to being a real-time method to be applied for characterising materials and monitoring reaction processes with high
sensitivity and experimental simplicity, LIPT is sensitive to sample composition and structure [16-18]. Based on this feature, LIPT
provided an application prospect in unconventional oil and gas resources, plasma dynamics detection and food inspection [19]. The
spatial distribution and time evolution of the plasma can be reflected by LIPT signals in the meantime [20,21]. In recent years laser
light technology has been explored in the field of food testing, such as biospeckle laser technique, Raman spectroscopies and
laser-induced breakdown spectroscopy [22-25]. The characterisation of laser-induced plasma and the interactions between food and
laser, however, are unclear.

To solve this question, we chose various types of sugar as samples for research [26]. According to the study, FS, GS and BS each have
a unique LIPT response. FS showed higher LIPT than GS due to the smaller particle size of FS than that of GS, since the smaller size grain
prefers to form a higher-temperature and higher-density plasma [27-30]. The sensitivity of LIPT to particle size offers ideas for solving
the particle size detection problem of sugar in industrial production. The single-pulse deep ultraviolet laser detection characteristics of
FS, BS and GS also allow them to match the remarkable requirements for an ultrafast response, high sensitivity and simple process.
However, to ensure the high signal-to-noise ratio of LIPT response, a high applied bias of Vi, > 100 V was used together with an
oscilloscope whose precision for the voltage test was ~0.1 mV. One aim of the current study was to lower power consumption in
measurement while taking into account the background. Since the Keithley 2400 m has a high sensitivity of ~0.1 nA, a LIC operating at
a low bias was used to analyse the characteristics of sugar to fulfil the demand for low energy usage.

As is well known, the grain size of table sugar is a key parameter reflecting the quality, which has an important guiding value for the
sugar industry. Although previous studies have shown that LIPT is sensitive to changes in particle size, it is unclear how response signal
and grain size are related. The sugar industry is currently facing new challenges in environmental protection, automation control, low
power, scientisation and global competition. Due to the limitation of oscilloscope accuracy, LIC was used in this work to characterise
the grain size of sugar. Here, we carried out a specific experiment to measure the dependence of LIC of GS on the grain size over a range
from <180 pm to >550 pm. The bias voltage was reduced to 5 V which is 1/20th of the lowest test bias of the LIPT [21].

2. Materials and methods
2.1. Materials

Commercial GS and BS were sourced from COFCO Croup in China as-supplied. Initially, the grain size of commercial sugar is
randomly distributed. For the measurement of the dependence of LIC on the grain size, GS powders were fractionated by manual
shaking for approximately 3 min using four sieves with mesh sizes of 550, 380, 250 and 180 um, thus particle size classes were
indicated with the corresponding grain diameter D of <180 pm, 180-250 pm, 250-380 pm, 380-550 pm and >550 pm. To confirm the
accuracy of the experimental results, the samples were examined five times.

2.2. Measurements
Fig. 1 (a) shows the measurement system employed in this work. A KrF excimer laser from Coherent Inc. was used to irradiate the

table sugar at room temperature in the air with an operating wavelength of 248 nm, a duration of 20 ns, a maximum pulse energy of
150 mJ, a maximum pulse frequency of 50 Hz, an average power of 7 W and a beam dimension of 14 x 7.5 mm?. The LIC response is
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derived from laser irradiation of sugar and the laser operates at 1 Hz. The fluctuation of single-plus laser energy is less than +3 % over
10 pulses. The standard deviation is less than 0.002 %.

The sugar powder was evenly filled into a cuvette with a geometry of 20 mm x 45 mm and a thickness of 10 mm before the sample
was exposed to radiation. The height of the sugar in the cuvette was 6.5 mm. Two parallel copper electrodes with 6 mm intervals were
fixed in the cuvette. The laser irradiated onto the centre of the sample surface through a 10 mm x 7 mm diaphragm. The laser beam of
area 70 mm? was half irradiated on table sugar and half irradiated in the air of the sample to ensure plasma evolution and propagation.
The pulse energy Ej, on the sample was 33.9 mJ. The electrodes were connected to the Keithley 2400 m. The Keithley 2400 m, which
was also used to measure the current variation of table sugar under 248 nm laser irradiation, was used to generate a DC voltage Vy, in
the range of 0.5 V-200 V.

2.3. Equivalent circuit

The measurement system in Fig. 1(a) can be equated to a circuit in Fig. 1(b), where Rg and Cg are the time-varying plasma resistance
and time-varying plasma capacitor of sugar, respectively. Rg and Co are the line resistance and line capacitor, respectively. As shown in
Fig. 1(c) a discharge channel is established by the initial plasma in the trigger process, and then the charged ions and electrons are
separated under Vy, inducing the current increase from zero to a peak value after pulsed laser irradiation in the closing process [26].
The plasma features affect the discharge channel’s impedance [31]. The sugar dimensional parameters can change the LIC by changing
the value of Rg and Cg.

3. Results and discussion

Fig. 2 displayed the LIC signals of sugar at a bias V}, of 200 V with Ej, = 33.9 mJ. The mean value, standard deviation and variance
of LIC variation AI under 11 KrF excimer laser irradiation tests were 10.39 nA, 0.53 nA and 0.05 nA. The 95 % confidence interval for
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Fig. 1. Schematic diagram of (a) experimental arrangement, (b) equivalent testing circuit and (c) principle of LIC based on table sugar.
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the mean is 10.25-10.55 nA, respectively. The selected trace was almost triangular and symmetrical with a peak value Alp of ~10.25
nA. Alp primarily reflected the quantitative characteristics of the laser-induced plasma. The 10%-90 % rising time t, of ~0.09 s and a
full-width at half-maximum of ~0.11 s are constrained by the testing software software’s line response time and sampling rate. In this
study, Alp was used to characterise the LIC response of sugars with different grain sizes. The signal parameters are the mean of 11
single-pulse measurements to reduce the influence of laser energy variations and systematic errors on the LIC signals. The error bars
were added to introduce standard deviation in the data point.

Fig. 3 shows the dependence of typical LIC variation Alp on Vi, when the KrF laser irradiated on the GS and BS with the on-sample
energy Ein ~ 33.9 mJ. The Alp increased monotonically from 0.04 to 10.5 nA and 0.025-7.8 nA with Vy, from 0.5 to 200 V for GS and
BS, respectively. The Alp decreases linearly with V}, from 10 to 0.5 V at the slopes of ~0.081 and 0.07 nA/V for GS and BS, as can be
observed in the inset of Fig. 3. As we know, white and brown sugar are significantly different in composition and structure. The non-
centrifugation process imparts the products for BS, an incompletely purified cane sugar, with distinctive amino acids, phenolic acids
and volatile phenols [32]. A high-energy pulse leads to the breaking of chemical bonds in sugar and finally the generation of plasma.
GS and BS interact differently with laser because the strength of the hydrogen bonding network varies with the sugar structure. It has
been found that the fragmentation of intramolecular sugar bonds preceded the breakdown of non-covalent complexes [33]. Due to the
higher purity of sucrose in GS, a large number of sugar bonds are more likely to absorb the laser energy and break, resulting in a large
amount of plasma. As a result, the LIC response for GS with higher sucrose purity than 99.9 % was greater than that of BS.

The sugar is ionised by intense laser pulses to produce electrons, charged ions atoms and molecules at electronically excited states
[34]. As shown in Fig. 1(c), the plasma was initially concentrated at the laser irradiation position. Under the temperature and con-
centration gradients, electrons and charged ions are accelerated outward from the laser irradiation along the discharge channel. The
lighter electrons are accelerated faster than the heavier ions [35]. The electrons will be the first to reach the vicinity of the electrode,
forming a sheath and internal electric field that prevent electrons from approaching and encourage positive ions to neutralise some
electrons. In this phase, the plasma is mainly affected by the temperature and concentration gradients primarily influence the
expansion motion of the plasma. Charge separation results from the different rates at which electrons and ions expand in a plasma that
has an internal electric field. Although, the density distributions of electrons and positive ions are the same, random collisions of
electrons and positive ions will neutralise [19]. The excited electric dipole moment decreases with the recombination of electrons and
ions. The applied electric field V}, accelerates the separation of electron and ion, reduces the recombination of electron and ion and
leads to the increase of Alp with the rise of V.

In the previous research [26], we discovered that various sugars may be categorised using the laser-induced voltage method.
However, an external field greater than 100 V was applied to guarantee the sugar response signal’s signal-to-noise ratio. Here, the LIC
signal can satisfy the low-power requirements, in contrast to laser-induced voltage detection. The LIC variation Alp as a function of Vy,
was displayed in Fig. 4 over the range from 0.5 to 100 V for the five-grain diameters. One can see a linear form of Alp = aVp, where a =
0.048, 0.025, 0.031, 0.036 and 0.039 nA/V for D < 180 pm, 180 < D < 250 pm, 250 < D < 380 pm, 380 < D < 550 pm and D > 550 pm,
respectively. The LIC is weak for samples with grain sizes of 250 < D < 380 pm, while out of this size value, an enhancement of the LIC
is observed.

The charged particles in plasma exist randomly and expand outward from the laser irradiation region in the absence of an external
electric field. Plasma clouds gathered on the sample indication absorb a portion of the laser energy as a result of the plasma shielding
effect, resulting in a lower plasma number [36]. In addition to significantly reducing the plasma shielding effect, V}, also enhances
plasma motion and distribution and increases the number of electrons reaching the electrodes [37]. As a result, as V}, increases, the
amplitude of the LIC signal reaches a higher value. Here, the LIC can be measured at a smaller V}, than the laser-induced voltage test.

We plot the LIC variation Alp versus the grain diameter D for the selected Vy, in Fig. 5 to more clearly illustrate the LIC’s dependence
on grain size. It is observed that there is a valley-like behaviour in the Alp with grain size D for each line Vy, and 250-380 pm is
confirmed as a critical range D.. When D = D, Alp is very weak and significantly depends on the V. When D exceeds D, Alp for D >
550 pm abruptly increase by 73 % and 30 % stronger than that for D = D. at V, = 100 and 5 V. While D is less than D, Alp for D < 180
pm increase by 130 % and 27 % at Vi, = 100 and 5 V.

Such a valley-like phenomenon suggests that the physical properties of the GS samples have changed about the grain size, leading to
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Fig. 2. LIC results AI of GS at V, = 200 V under the irradiation of KrF laser with the on-sample energy E;, ~ 33.9 mJ.
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Fig. 3. Dependence of Alp of GS and BS on V}, under the irradiation of KrF laser with the on-sample energy E;, ~ 33.9 mJ.
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quite different situations of plasma formation. Differences in scattering efficiency among the samples are insignificant because the
involved grain sizes are significantly larger than the laser wavelength. Previous research demonstrated that the plasma emissions
depend on the crystal size and the smaller size grain leads to a higher vaporisation efficiency in laser ablation and the formation of a
luminous plasma with higher temperature and higher density (Nakajima, 1984; [28-30]. Hence, when D < D, Alp increases with D
decrease. Additionally, it is well known that FS displayed higher LIPT than GS due to the smaller particle size of FS than that of GS [21].
These arguments suggest that the phenomenon below D, the phenomenon below Dc may be explained by physical characteristics like
morphology, such as surface roughness, and thermology, such as heat conductivity.

However, Alp increases with increasing the particle size of sugar when D exceeds D¢, which is the opposite of the D < D, trend. It is
reasonable to think of GS micrograin as a random randomly packed granular material to address this issue. As a type of typical soft
matter that typically absorbs a certain portion of energy and particles that belong to the plasma during its generation, randomly packed
granular material is frequently used in natural and industrial processes, such as dirt, sand and metal-non-metal powder. Since the
randomly randomly packed granular material is a complex non-linear mechanical system varying dramatically between solid-like and
fluid-like, it is inferred that the mechanical property plays a vital part in comprehending such a phenomenon above D.. Smaller sizes
usually lead to poorer mechanical performances [28]. As a result, the specific grain-size D, represents a threshold, above which the
yield stress of the GS grain is greater than the impact pressure exerted by the energy process of plasma generation and expansion. As a
result, when D > Dy, it behaves like an elastic solid to help the formation of plasma with high temperature and density, resulting in
higher LIC. Regardless of the mechanism, the LIC signal is primarily influenced by the number of plasmas. The trend of the measured
Alp with sugar particle size was unaffected by the change in bias voltage. The effect of Vi, on Alp was consistent with the previous
discussion, where it only improves the signal-to-noise ratio of LIC. As a result, precise trends that indicate grain-size characterisation
are provided by the LIC signal at lower applied biases.

Recently, using sieved copper microspheres with discrete diameters, ranging from 49 to 390 pm, as examples, it was discovered that
the dependency of plasma emission on grain size exhibits a step-like phenomenon [28]. Such a phenomenon can be explained by
considering the randomly randomly packed granular material as a non-Newtonian fluid with yield stress and effective viscosity. In
contrast, the morphological, thermal and mechanical properties compete with each other and ultimately a valley-like phenomenon is
produced in our current study. Further work is still needed for a better understanding of the role of each parameter in such a valley-like
phenomenon.

Table sugar is an essential ingredient in people’s diets. In the sugar industry, the table sugar’s grain size is a crucial factor that
affects the end product’s product. White and BS are sensitive to KrF pulsed laser since it is known that table sugar has an absorption
band in the ultraviolet range of around 250 nm [38]. In this study, KrF laser irradiation table sugar is used to characterise the properties
of sugar by detecting LIC signal parameters. In recent years, techniques such as biospeckle laser, vis-NIR spectroscopy, chemometric
approach, infrared spectroscopy, X-ray imaging, hyperspectral imaging and thermal imaging have been applied to relevant detection
in the food field with innovative results [22,23,39-41]). Laser pulse-induced current is a relatively new non-invasive, low-cost and
simple technique. This work achieves the characterisation and evaluation of samples by detecting the plasma generated after laser
irradiation of the samples, in contrast to the detection theory of the biospeckle laser approach. With improved signal-to-noise ratios for
LIC signals in an external electric field, the LIC signal parameter shows a valley-like phenomenon with a grain size of sugar. Here,
250-380 pm is confirmed as a critical range D.. Although the main goal of this work was to characterise sugar grain size, there is still
the issue of the low precision and single characterisation parameter Alp which needs to be further investigated in the future.

4. Conclusions

The sugar size analysis is crucial to improve their quality. In this study, we innovatively explored the highly sensitive and simple
LIC method in the characterisation of sugar particle size. Combining the influence of the grain size of sugar on the LIC response and the
laser-sugar interaction mechanism was used to illustrate the mechanism from the laser-induced plasma and a test equivalent circuit
model was established. V, played a role in improving the signal-to-noise ratio of the LIC signal and achieved an increase in LIC
variation by increasing the amount of plasma that reaches the test electrodes and decreasing the opportunity for electron-ion
complexation. Morphological, thermal and mechanical factors all have an impact on the LIC fluctuation with table sugar grain size.
When D < 250-380 pm, the LIC decreases with increasing particle size due to the thermal and kinetic characteristics of the plasma. We
can approximate it as an elastic solid subject to yield stress for D > 250-380 pm, and the LIC increases as D increases. The model has the
potential to be a basis for the automatic control system in the batch sugar crystallisation process to reduce human labour. The LIC
method has the potential to be implemented in the sugar particle size characterisation process to reduce human labour.
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