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Abstract

:

Charging of the lunar surface induced by solar radiation can potentially threaten in situ resource utilization. Associated issues include dust adhesion and material degradation. Photoelectric currents are the primary cause of surface charging. This work reports on the development of a unit capable of measuring photoelectric currents in a vacuum chamber, which can simulate surface charging under conditions similar to those on the moon in daytime. The main components of the unit are a mesh grid, a photocathode specimen, and a ring collector. Photoelectric currents from an aluminum sample were measured by adjusting the electric potential of these components, and the impact of the electric potential of each component is discussed. Calculating the expected electric current within the experimental setup allowed validation of the current measurements: the measured and calculated values agreed well with an error of ~5.5%. Finally, the photoelectric currents for various metals (aluminum, nickel, and copper) were measured using the same experimental setup. The results showed consistent measurement of photoelectric current values across all metals. This study offers insights into the development of units for measuring photoelectric current and methodologies to validate their results.
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1. Introduction


Any surface in space faces intense energy irradiation from sources such as soft X-rays and ultraviolet (UV) rays emitted from the upper atmosphere of the sun. This irradiation causes various problems, including charging of the surfaces of objects like satellites, spacecraft, and space debris [1,2], lunar dust charging which might lead to dust adhesion or spacesuit abrasion [3,4,5,6,7,8,9,10,11], material degradation [12,13], and electromagnetic interference [14,15]. A phenomenon related to these charging problems is the photoelectric current emitted from the surface of an irradiated material. The photoelectric current density on the illuminated side of the moon is the factor that most strongly influences lunar surface charging [16,17]. Given the inevitability of encountering surface charging during a space mission, it is essential to recreate environments similar to the irradiated lunar surface and assess the resultant photoelectric current.



The most direct method for simulating the charging of large structures through solar radiation is to equip a large chamber with a light source capable of inducing the photoelectric effect. Several mid–large-scale chambers with UV light sources have been designed to imitate solar radiation [18,19,20]. These chambers accommodate measurement units like a Faraday cup or other components to quantify the intensity of the light source, but none of these chambers have been specifically employed to measure the photoelectric current originating from a particular specimen owing to the light source in the chamber. Therefore, a unit designed specifically for measuring photoelectric currents might be useful to assess the effects of simulated solar radiation on substantial structures.



Photoelectric current measurement units (PCMUs) of diverse types have been investigated for various purposes, including the evaluation of the effect of a gold-plated surface on photoelectron emission [21,22], the measurement of the photoelectric yields of various metals [23,24], the investigation of a photoelectron sheath on a metal surface [25], and single particle dust charging by different kinds of electron source [26]. The PCMUs are typically integrated into inseparable systems along with vacuum chambers, light sources, probes, and other measurement tools. Their design has focused on quantifying the optical attributes of specific samples rather than assessing the association between the configuration of a chamber and the optical properties of materials.



The photoelectric current     J   p     can be calculated from the optical properties of the light source and the material. This allows estimation of the effect of solar activity on the     J   p     from lunar soil via assessment of the vacuum ultraviolet (VUV) irradiance spectrum of the sun and the photoelectric yield of the regolith [27]. The calculated     J   p     of 5.05 μA/m2 agrees well with the value of 4.5 μA/m2 obtained by Feuerbacher et al., who firstly numerically evaluated the photoelectron flux under solar irradiation [28]. The calculation method does not need any input from experimental outcomes; therefore, it possesses the potential to validate the reliability of data measured by a PCMU.



Overall, the development of PCMUs that can be used within vacuum chambers has received little research attention. However, such units would be valuable to the testing and evaluation of charging phenomena that may threaten space development and exploration missions. They could also simulate and evaluate charging environments such as those present during the lunar daytime and subsequently assess them quantitatively. In addition, research into the characteristics of photoelectric current generation based on the electrical state of objects would advance our understanding of photoelectron emission in various other scenarios.



This paper reports the design and implementation of a PCMU and presents validation calculations to assess the experimental setup. First, it introduces previously developed PCMUs and explores the motivation to design a new measurement unit. Next, the fundamental principles and configuration of the measurement system are described. The photoelectric current measurement results are then presented; they are discussed in detail in terms of control variables and compared with photoelectric currents derived analytically based on the experimental configuration. Lastly, photoelectric current measurements for various metals are also provided.




2. The Photoelectric Current Measurement Unit (PCMU)


Several studies have measured photoelectric currents from specimens. The fundamental components of the measurement units are a UV light source, the sample (photocathode), and a photoelectron capture grid (anode). Various configurations and strategies have been introduced, including using a Langmuir probe to assess photoelectron characteristics [25], a dust-dropping system combined with a Faraday cup to charge and measure the dust’s charge through photoelectrons emitted from the photocathode [26], a photodiode to quantify the incidence of the UV light source, a UV collimator or an aperture to control the irradiated area [21,24], and a back collector to capture unwanted photoelectrons emitted from sources other than the photocathode specimen [21,22]. In most cases, the photoelectron collector, through which UV light passes, comprises a metal mesh grid made of materials such as nickel or platinum [21,22,26]. These metals possess a high work function (WF), making it more difficult for them to emit photoelectrons compared with other metals like aluminum.



Figure 1 shows a photograph of the PCMU and diagram of the principle of photoelectric current measurement using the PCMU. The unit incorporates an aperture, a mesh grid, a ring collector, and the sample. The aperture is used to maintain a constant area of UV radiation from the VUV lamp. By controlling the irradiated area, the photoelectric current density can be calculated from the measured photoelectric current. The sample for photoelectron emission is placed on the baseplate, below the aperture. The sample is illuminated perpendicularly from the VUV lamp so that the emitted photoelectrons move toward the mesh grid. The nickel mesh grid electrode is positively biased to capture photoelectrons emitted from the surface of the sample; nickel was chosen for its high WF and thus low propensity to emit photoelectrons. The ring collector, positioned above the mesh grid and positively biased relative to it, captures any unwanted photoelectrons emitted from the mesh grid or any part of the experiment setup other than the sample [21,22]. Connector holders are placed around the PCMU to facilitate connections between the unit’s internal components and external measurement devices. These holders can accommodate various terminal types, such as BNC and SMA connectors for coaxial cable. These terminals can be linked to the feedthrough in the chamber’s wall, enabling signal communication with instruments placed outside. Provided that the length of cabling remains within a suitable range, the PCMU can be positioned at any location inside the chamber.



Figure 2 shows the wiring scheme of the PCMU along with an additional measurement apparatus. The chamber’s body is grounded to ensure zero potential on the walls. The electric potential of the mesh grid, denoted as     ϕ   m    , is manipulated through the adjustment of the voltage     V   m    . This voltage represents the potential difference between the mesh grid and the ground. It is essential for     ϕ   m     to be positive to enable the mesh grid to function as a collector of negatively charged photoelectrons. The electric potential     ϕ   s     of the sample is controlled by manipulating voltage     V   m s    , which equals the difference in potential between the mesh grid and the sample:     V   m s   =   ϕ   m   −   ϕ   s    . This voltage should be positive to generate an electric field between the mesh grid and the sample that will cause the mesh grid to attract photoelectrons released from the sample. Lastly, the electric potential     ϕ   r     of the ring collector is controlled by adjusting voltage     V   r m    , which corresponds to the potential difference between the ring collector and the mesh grid and is defined as     V   r m   =   ϕ   r   −   ϕ   m    . Similar to     V   m s    ,     V   r m     must be positive to generate an electric field between the ring collector and the mesh grid that allows the ring collector to attract photoelectrons released from the mesh grid. The photoelectric current     I   p     arising from the stream of photoelectrons emitted from the sample’s surface can be evaluated by measuring the electron flow between the mesh grid and the sample metal, assuming that the mesh grid captures all the photoelectrons emitted from the sample.



The photoelectric current was assessed, and I–V curves were plotted while altering the voltages     V   m     and     V   r m    . The voltage     V   m s     was swept from −20 to 50 V in 1 V increments while     V   m     and     V   r m     were held constant. Subsequently,     V   m     and     V   r m     were varied from 0 to 30 V in 10 V steps to obtain further I–V curves, and the converging value of     I   p     was identified. Lastly,     I   p     was divided by the illuminated area to normalize the current with respect to area and calculate the photoelectric current density     J   p m    .




3. Experimental Setup


The experiment involved the use of a specialized chamber to facilitate the surface charging of a specific material under high-vacuum conditions (Figure 3). The chamber incorporated a venturi pump, dry pump, and turbo molecular pump to achieve vacuum levels as low as 1 × 10−6 mbar. Three pressure gauges, each optimized for a specific range of vacuum levels, facilitated precise measurement of the vacuum level. A VUV lamp installed at the top of the chamber induced a positive surface charge on the experimental specimen. The chamber was connected to various devices such as a picoammeter and DC power supply through vacuum feedthroughs. Detailed specifications and information on experiments performed using the chamber have been reported elsewhere [29].



Aluminum was chosen as the sample metal for the emission of photoelectrons. High-grade aluminum was selected to mitigate the influence of impurities. The sample was 55 mm wide, 55 mm high, and 0.5 mm thick. As the photoelectric effect stems from the electrons on the material’s surface, it is influenced by the surface condition of the specimen [30]. Therefore, to reveal a “fresh” surface, the aluminum sample was polished and cleaned using isopropyl alcohol before the experiment. To maximize the photoelectric effect, experiments were conducted at a pressure lower than 5 × 10−5 mbar. The nickel mesh grid featured an opening rate of 65%. The primary wavelength of the UV source was 160 nm, which is considerably shorter than 350 nm, corresponding to the WF of aluminum (3.58 eV) [31]. Experiments were repeated five times under identical conditions and average     I   p    . The signal baseline without UV light radiation was acquired before the measurement. By subtracting the background signal from the raw data, the converging photoelectric current values were measured. Finally, the PCMU was covered with multi-layer insulation, while keeping the aperture exposed to prevent background noise. Table 1 lists the details of the experimental setup.




4. Measurement


Figure 4 shows the result of I–V curve analysis and statistical assessment. From the sixteen measurements, certain characteristics are observed.




	
In the I–V curve, as     V   m s     changed from negative to positive, the current     I   p     followed the same polarity transition.



	
As     V   m s     crossed 0 V, the magnitude of the current rapidly increased.



	
As     V   m s     reached the value of     ϕ   m    , the current slightly increased.



	
After     V   m s     exceeded ~40 V, the     I   p     tended to converge to a certain value.








The effect of     V   r m     was negligible across all     ϕ   m     conditions, whereas variation of     ϕ   m     appeared to influence the shape of the curve with increasing     V   m s    . Further discussion on the changes in     I   p     are provided later in this section.



4.1. Consistency of Measured Values


The converged values of     I   p     under each set of experimental conditions are grouped by constant     ϕ   m     and constant     V   r m    , and each group is then fitted to a normal distribution. These fitted distributions are presented to the right of and below the measured I–V plots. Those to the right represent the fitted distribution based on constant     V   r m    , and those below represent the distributions fitted for results measured at constant     ϕ   m    . To quantify the converged values of     I   p    , the characteristic parameters of each normal distribution (i.e., mean and standard deviation) were calculated. These were then used to derive coefficients of variance (CV) for each analysis condition to quantitatively assess the measurement error, as follows [32,33]:


  C V =   s  /    X  ¯    .  



(1)







The CV did not exceed 0.03 under any set of measurement conditions, indicating consistent measurements. Combining all 16 measured values and fitting them into a normal distribution yielded the plot in the lower right corner of Figure 4. The CV remained below 0.02, showing that the measurement unit could achieve reasonable precision.




4.2. Effects of     ϕ   m     and     V   r m     on     I   p    


To quantify the effect on     I   p     of parameters     ϕ   m     and     V   r m    , which affected on the shapes of the I–V curves, similarity among the plots was investigated. To quantify the similarity between the I–V curves, we calculated the Euclidean distance (ED), a measure commonly used for assessing similarity between two time-series datasets [34]. A low ED value indicates great similarity between the two graphs. The ED between two curves with data series   u   and   v   is defined as follows:


  E D =    ∑  i = 1   n          u   i   −   v   i       2      ,  



(2)




where     u   i     and     v   i     are the data of the time series u and v, respectively. In this experiment, u and v are the I–V curves with specific experimental conditions of     ϕ   m     and     V   r m    . Each condition of constant     ϕ   m     or     V   r m     yielded six EDs. Figure 5 shows the EDs between each pair of measured datasets. The EDs between datasets with constant     V   r m     and differing     ϕ   m     were greater than those between pairs with constant     ϕ   m     and differing     V   r m    . In other words,     ϕ   m     more greatly affected Ip than did     V   r m    . Increasing the difference between     ϕ   m     values (at constant     V   r m    ) led to increasing EDs; however, no such relationship was found when increasing     V   r m     (at constant     ϕ   m    ).




4.3. Variation of     I   p     with Changing     V   m s    


The variation of     I   p     with changes in     V   m s     can be considered from two perspectives. First,     V   m s     influences the electric field between the sample (where photoelectrons are generated) and the mesh grid (which captures them). A negative     V   m s     means the potential of the sample is greater than that of the mesh grid, resulting in a positive value for the electric field in the z-direction (i.e., normal to the sample, toward the mesh grid). Therefore, the photoelectrons from the sample experience a force in the negative z-direction, which prevents most of them from being able to escape, and they return to the sample. Any photoelectrons generated on the mesh grid are also attracted toward the sample. The flow of electrons in the reverse direction creates a backward electron motion in the designed circuit, which leads to negative     I   p     values (Figure 6a). At     V   m s   = 0  , there is no electric field between the mesh grid and the sample, so there is no electron flow between the two electrodes, and thus nearly no electric current (Figure 6b). When     V   m s     is positive, the potential of the sample becomes smaller than that of the mesh grid, resulting in the electric field being negative in the z-direction. Consequently, electrons are attracted toward the mesh grid, moving in the z-direction from the sample toward the grid (Figure 6c). As a result, the photoelectrons generated in the sample are captured by the mesh grid, and this movement of electrons is recorded as positive     I   p     values.



The next consideration is that of the electric potentials of the sample and mesh grid. As electrons are attracted to positively charged surfaces, any metal sample with positive potential that emits photoelectrons will immediately attract them back to the sample. This phenomenon is similar to the surface charging mechanisms observed during the lunar daytime: incidents of high-energy solar photons (e.g., soft X-ray and UV) collide with electrically floating surfaces, resulting in the emission of photoelectrons and the subsequent development of a positive surface charge. As the electrons leave the lunar surface, the potential of the lunar surface     ϕ   0     increases. However, as soon as     ϕ   0     becomes positively charged, the ejected photoelectrons are attracted back toward the lunar surface, initiating their return. Overall, the initial phase has more photoelectrons leaving than returning, causing     ϕ   0     to rise; when     ϕ   0     reaches a certain threshold     ϕ   S    , the surface draws back as many photoelectrons as those leaving, and the surface charge     ϕ   0     stabilizes.     ϕ   S     is known to be approximately +10 V [35,36]. The returned electrons interacting with the surface form a layer near the surface that acts as a sheath to prevent further photoelectrons from leaving [37]. A similar phenomenon occurred on the surface of the sample metal within the PCMU: when the surface of the sample was positively charged, a photoelectric sheath was generated, which prevented photoelectrons from escaping. The generated electrons then cannot reach the mesh grid, even in the presence of an external electric field, resulting in the non-measurement of photoelectric current. When     ϕ   m     becomes greater than     ϕ   s    , and     ϕ   s     becomes negative, the surface starts to repel photoelectrons. The repelled photoelectrons are drawn toward the mesh grid, which holds a positive potential, resulting in the convergence of the photoelectric current to a stable value (Figure 6d).




4.4. Photoelectric Current Density Calculation and Method Validation


To normalize the photoelectric current and characterize the photoelectric effect, the measured current should be expressed in terms of current density. To calculate the current density from the measured photoelectric current of 8.19 nA, the current should be divided by the area from which it originated. The area is determined by multiplying the aperture area of the PCMU and the opening rate of the mesh grid through which the UV passes. These values are 78.54 × 10−9 m2 and 0.65, respectively, giving a current density of 160 × 10−6 A/m2. This value is labeled     J   p m     to represent it being the measured photoelectric current density     J   p     from the PCMU.



To validate the value of     J   p m    , the expected     J   p     is calculated for the given experimental conditions. This calculated photoelectric current density is denoted as     J   p c    ; the calculation is based on previous research [19,21]. The calculation requires information about the irradiance spectrum   F   λ     of the light source and the photoelectric yield   Y   λ     of the sample.   F   λ     is a measure of the radiant flux received per unit area at different wavelengths of electromagnetic radiation. From the spectrum   F   λ    , the photon emission spectrum   S   λ     can be calculated as follows [38]:


  S   λ   =   F   λ    /  E   λ     = F   λ   ⋅   λ   h c   ,  



(3)




where   E   λ     is the energy equivalent to a photon with wavelength   λ  ,   h   is Planck’s constant, and   c   is the speed of light. The photon emission spectrum describes the number of photons emitted from the light source at each specific wavelength, measured in [photon/cm2·s·nm]. Parameter   Y   λ     is the probability of photoelectron generation from the sample’s surface per incident photon, which is defined as a function of wavelength; its units are [electron/photon] [39].



The first step to calculate     J   p c     from   S   λ     and   Y   λ     is to multiply   S   λ     and   Y   λ     with respect to   λ  . This gives a function representing the number of photoelectrons emitted per unit area from the sample when illuminated at a given wavelength. The function is the differential photoelectron flux and is denoted as   H   λ    . Integrating   H   λ     over the wavelength range of the light source gives the total number of photoelectrons emitted per unit area. Multiplying the result by the elementary charge e gives the charge carried by the photoelectrons per unit area, which corresponds to the photoelectric current density     J   p    . This can be expressed as follows [27]:


    J   p   = e   ∫    λ   l o w .       λ   u p .      H   λ   d λ   = e   ∫    λ   l o w .       λ   u p .      Y   λ   S   λ   d λ   ,  



(4)




where     λ   u p .     represents the upper limit of the wavelength range of the light source, and     λ   l o w .     corresponds to the lower limit of the wavelength range of the light source, or possibly the wavelength corresponding to the WF of the specimen if that is smaller than the upper limit of the wavelength range of the light source.



The irradiance spectrum in Figure 7a was provided by the manufacturer of the UV light source. The emission ranged approximately from 75 to 280 nm, with the highest intensity in a narrow band around 160 nm. The photoelectric yield of aluminum shown in Figure 7b is adopted from previous work [40]. The wavelength range for Al to show the photoelectric electric effect overlaps with the photon emission spectrum of the UV light source, so photoelectron emissions are expected here. Figure 7b excludes yields for wavelengths below 50 nm; however, these wavelengths do not coincide with the emission range of the light source, so their absence is inconsequential here.



The cumulative plot of calculated     J   p c     in Figure 8 shows a steep increase from around 75 nm to approximately 130 nm and then a gradual increase to around 160 nm, above which     J   p c     no longer increases. This observation can be attributed to the sharp decrease in the photoelectric yield for wavelengths above 160 nm. These results give a calculated value of     J   p c     of approximately 169 × 10−6 A/m2, which is similar to the measured value of     J   p m     = 160 × 10−6 A/m2. The observed error, based on the average value as a reference, was approximately 5.5%, which is reasonably acceptable.




4.5. Comparison of     I   p     Measurements for Different Metals


Using the PCMU,     I   p     values were evaluated for three metals (aluminum, nickel, and copper) with the same FCC crystal structure. The metals were prepared using the polishing and drying procedures described in Section 3. Ten repeated measurements were conducted for each of the 16 experimental conditions, resulting in a convergent dataset for each condition. The distributions of these values (visualized as box plots in Figure 9) yielded parameters for the normal distributions fitted to the measured     I   p     values of the metals (Table 2). The measurement results showed that the CV of nickel’s     I   p     was higher than that of aluminum and copper. Possibly due to aluminum and copper having lower surface hardness than nickel [41], which resulted in their effective polishing and reduced surface contamination; lower variance data were obtained. Despite nickel having the highest CV for its measured     I   p    , the value remained below 0.04, indicating a high level of precision in the measurement. Overall, the presented results demonstrate the PCMU to be a capable instrument for efficiently measuring the photocurrent generated from metals; therefore, it can enable effective reevaluation of the photoemission characteristics of these materials.





5. Conclusions and Future Work


This study introduced a PCMU for a chamber simulating the lunar daytime. The measurement unit comprised a mesh grid, a photocathode sample, and a noise-capturing ring collector. The unit was designed to capture photoelectrons emitted from a sample irradiated by UV light within a vacuum chamber. Data for I–V curves were gathered by measuring the photoelectric current     I   p     while sweeping the potential difference     V   r m     between the mesh grid and sample. Despite the influence of mesh grid potential     ϕ   m     on the I–V curve profile, the PCMU produced     I   p     with reasonable levels of precision: the coefficient of variance was less than 0.03. The photoelectric current density derived from measurements of an aluminum sample was 160 × 10−6 A/m2. Comparison of this value with the current density calculated for the experimental setup (169 × 10−6 A/m2) showed that the measured results were reasonably acceptable, with an error of less than 5.5%. Lastly, photoelectric currents generated from three different metals (aluminum, nickel, and copper) were measured and CV for photoelectric currents from these metals was consistently below 0.04, indicating a commendable precision in the measurement. Consequently, the PCMU designed in this study is suitable for assessing the photoelectric effect occurring within a vacuum chamber. This study provides information for the development of such measurement units and methods for their validation.



The unit is designed for measuring photoelectrons emitted from metals with adjustable electric potential. However, to deal with photoelectrons generated from insulators such as lunar soil or its simulants, the current measurement design would require modification. Furthermore, to improve the simulation of lunar daytime conditions, the chamber would need to replicate solar wind plasma with a low density of ions and electrons. Given these considerations, our future work will develop a PCMU for use within a dirty thermal vacuum chamber at the Korea Institute of Civil Engineering and Building Technology and establish a validation methodology for test environments simulating surface charging environments for in situ resources utilization test beds during the lunar day and night.
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Abbreviation


Definitions of variables and acronyms.



	Symbol
	Definition



	  c  
	The speed of light (299,792,458 m/s)



	  e  
	Elementary charge (2.9 × 10−19 C)



	  E   λ    
	Energy equivalent to a photon with wavelength   λ  ,   E   λ   =   h c  /  λ    



	  F   λ    
	Irradiance spectrum of light source



	  H   λ    
	Differential photoelectron flux,   H   λ   = S   λ   Y ( λ )  



	  h  
	Planck’s constant (6.626 × 10−34 J∙s)



	    I   p    
	Photoelectron current



	  J  
	Generic current density



	    J   p    
	Photoelectron current density



	    J   p c    
	Photoelectron current density calculated from experimental setup



	    J   p m    
	Photoelectron current density calculated from measured     I   p     using PCMU



	  N     X  ¯  ,   s   2      
	Normal distribution with mean     X  ¯    and standard deviation   s  



	  s  
	Standard deviation of the samples



	  S   λ    
	Photon emission spectrum of light source



	  V  
	Electric potential difference



	    V   m    
	Electric potential difference between mesh grid and ground,     V   m   =   ϕ   m    



	    V   m s    
	Electric potential difference between mesh grid and sample metal,     V   m s   =   ϕ   m   −   ϕ   s    



	    V   r m    
	Electric potential difference between ring collector and mesh grid,     V   r m   =   ϕ   r   −   ϕ   m    



	    X  ¯   
	Mean of the samples



	  Y   λ    
	Photoelectric yield of material



	  λ  
	Wavelength



	    λ   l o w   .  
	Lower limit of the wavelength range of light source



	    λ   u p   .  
	Upper limit of the wavelength range of light source



	  ϕ  
	Electric potential with respect to electric ground



	    ϕ   0    
	Electric potential of lunar surface with respect to electric ground



	    ϕ   m    
	Electric potential of mesh grid with respect to electric ground



	    ϕ   s    
	Electric potential of sample metal with respect to electric ground



	    ϕ   S    
	Electric potential of lunar surface electrostatically steady-state condition



	    ϕ   r    
	Electric potential of ring collector with respect to electric ground



	Acronym
	Definition



	CDF
	Cumulative distribution function



	CV
	Coefficient of variation, CV =   σ / μ  



	ED
	Euclidean distance



	DTVC
	Dirty thermal vacuum chamber



	KICT
	Korea Institute of Civil Engineering and Building Technology



	PCMU
	Photoelectric current measuring unit



	SED
	The sum of Euclidean distances



	UV
	Ultraviolet (10–400 nm)



	VUV
	Vacuum ultraviolet (10–200 nm)



	WF
	Work function
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Figure 1. (a) Photograph of the photoelectric current measurement unit, and (b) diagram showing the principle of the designed measurement unit with description (not to scale). 
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Figure 2. Wiring schematic of the photoelectric current measurement unit along with the measurement apparatus. 
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Figure 3. Photograph of the surface charging chamber: (a) the chamber with measurement equipment; (b) interior of the chamber showing placement of the photoelectric current measurement unit (PCMU), the virtual VUV radiation area illustrated in purple, and openings on the wall and PCMU outlined in white. 
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Figure 4. I–V curves and calculations of statistical parameters for converging     I   p     values under various conditions. The I–V curves plot photoelectric current while sweeping     V   m s     under various constant values of mesh grid potential     ϕ   m     and potential difference between ring collector and mesh grid     V   r m    . The lower right corner of each I–V plot is labeled with the converged photoelectric current value. To the right of and below the I–V curves are cumulative normal distribution curves fitted to the experimental data measured at constant     V   r m     and     ϕ   m    , respectively. The crosses in these plots indicate the converged     I   p     values for each set of experimental conditions, and the gray dashed lines are fitted cumulative normal distribution curves. Each fitted normal distribution is labeled as   N (   X  ¯  ,   s   2   )   in the upper left corner of each graph, where     X  ¯    and   s   represent the mean and the standard deviation, respectively. 
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Figure 5. Euclidean distance heat maps for constant     V   r m     (upper row) and     ϕ   m     (lower row). Each numerical value within the heat maps should be multiplied by 10−9 (e.g., 2.24 represents an ED of 2.24 × 10−9). 
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Figure 6. Graphical representation of four cases of electron movement between the mesh grid (dashed red line) and sample metal (bottom thick line) in the PCMU (front view): (a)   0 <   ϕ   m   <   ϕ   s    , (b)   0 <   ϕ   m   =   ϕ   s    , (c)   0 <   ϕ   s   <   ϕ   m    , and (d)     ϕ   s   < 0 <   ϕ   m    . The purple area represents ultraviolet radiation from the top of the PCMU. The large blue arrow indicates the direction of the electric field. Thin black arrows show the movement of electrons; a circular arrow represents photoelectrons “returning”, owing to the emitting surface being positively charged. 
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Figure 7. Optical properties for calculating photoelectric current density: (a) photon emission spectrum at a distance of 50 cm from the light source, and (b) photoelectric yield of aluminum. 
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Figure 8. Cumulative photoelectric current calculated using data from Figure 7 for the UV light source and the aluminum sample used in the experiments. 
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Figure 9. Comparison of photoelectric currents measured for three metals: aluminum, nickel, and copper. Box plots show the distributions of values for each experimental condition (given at the top of each plot). Dashed lines indicate the mean photoelectric current for each metal. 






Figure 9. Comparison of photoelectric currents measured for three metals: aluminum, nickel, and copper. Box plots show the distributions of values for each experimental condition (given at the top of each plot). Dashed lines indicate the mean photoelectric current for each metal.



[image: Aerospace 11 00069 g009]







 





Table 1. Characteristic parameters of the test system.
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	Category
	Indicator
	Parameter





	Settings
	UV lamp
	Hamamatsu L11798 (Hamamatsu Photonics K.K., Hamamatsu City, Japan)



	
	Sample metal
	Aluminum (Nilaco Corp., Tokyo, Japan, 99.5%)



	
	Distance from lamp to sample
	80 cm



	
	Mesh grid
	Nickel (opening rate: 65%)



	
	Pressure
	<5 × 10−5 mbar



	
	NPLC (Number of powerline cycles)
	10



	
	Number of experiments/each condition
	5



	Instruments
	Photoelectric current measurement
	Keithley 6517B (Keithley Instruments, Cleveland, OH, USA)



	
	Potential difference between mesh and sample     V   m s     control
	Keithley 6517B (Keithley Instruments, Cleveland, OH, USA)



	
	Mesh grid potential     ϕ   m     control
	GPC 6030D (GW Instek, Xīnběi Shì, Taiwan)



	
	Potential difference between ring collector and mesh     V   r m     control
	GPC 6030D (GW Instek, Xīnběi Shì, Taiwan)



	
	Data acquisition (DAQ)
	NI-9205 (National Instruments Corporation, Austin, TX, USA)










 





Table 2. Normal distribution parameters fitted to distributions of measured     I   p     values for various metals and the coefficient variations calculated from     X  ¯    and   s  .
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	Metals
	Mean
	Standard Deviation
	Coefficient of Variation





	Aluminum
	8.17
	0.172
	0.0211



	Nickel
	6.88
	0.269
	0.0391



	Copper
	6.38
	0.152
	0.0238
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