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ABSTRACT

The structural stability of the grids has a significant influence on the work performance of ion thrusters. To obtain the thermal
deformation of the grids for a 30 cm diameter ion thruster, the structural properties of the grids are equivalently analyzed by
material mechanics, and the equivalent results are verified. The finite element method is used to study the distribution of thermal
stress and thermal deformation of the grids, and the simulation results indicate that, after the equivalent treatment of the grids,
the equivalent Young’s modulus of the screen grid and the accelerator grid are 20.792 GPa and 89.435 GPa, respectively. When the
grids are equivalently treated as a circular plate and the edge is not constrained, the maximum thermal deformation of the grids
caused by tensile stress is 0.311 mm, and the maximum thermal stress is about 1.512 x 10° Pa, which occurs in the center of the
grids. When the grid is equivalently treated as a circular plate and the edge is constrained, the maximum deflection occurs in the
geometric center of the circular plate. Moreover, the maximum deflection of the screen grid is about 1.145 mm, and that of the
accelerator grid is about 0.665 mm; the relative distance variation between the screen grid and the accelerator grid is 0.480 mm.
The hot gap test is conducted after the thruster has been operated stably for 2 hours without beam extraction. By comparing with
the initial gap of the grids, the test results show that the gap variation between the screen grid and the accelerator grid is in the
range of 0.502 ~ 0.553 mm. The compare results show that the theoretical results are in good agreement with the experimental
results, which also proves the accuracy of the equivalent structural properties of the grids.

Keywords: Ion accelerators; Thermal analysis; Thermal deformation; Thermal stress.

INTRODUCTION

With the increasing requirements for in-orbit application of ion thrusters, the structural stability of the thrusters under
extreme environments (such as vibrations during rocket launch, extreme high and low temperatures, and dynamic impacts) has
been given more attention (Liu ef al. 2007). The grids are the most important component of an ion thruster, but their structural
stability is the weakest. Meanwhile, the grids have the greatest difficulty in the structural analysis for an ion thruster (Mueller et al.
1995; Sun and Qi 2023). During the operation of the thruster, the discharge chamber accumulates a large amount of heat, which
is conducted and radiated toward the grids, causing a high temperature of the grids (Wen et al. 2011). In addition, due to the ion
beam focusing characteristics of the grids, which lead to a higher temperature in the geometric center and a lower temperature at
the edge of the grids (MacRae et al. 1982), a large temperature difference is caused along the radial direction of the grids. Thermal

stresses produced by the non-uniform temperature distribution can cause structural buckling and edge warping of the grids under
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different boundary restraints (Goebel and Katz 2008; Haag and Soulas 2002). A 30 cm diameter ion thruster is designed for the

Chinese new generation of large truss-type satellite platform (Sun ef al. 2014). However, since the rated working power of the 30 cm
diameter ion thruster is up to 5 kW, the grids will have a higher temperature and greater thermal deformation, which can lead to
a short circuit between the grids or changes in beam focusing ability caused by deformation of the grids. Therefore, studying the
structural stability of the grids is of great significance for enhancing the reliability of ion thrusters.

Meckel et al. (2004) conducted a structural analysis of the C-C (carbon-carbon) grids (with the opening rates of 66% and 24% for
the screen grid and the accelerator grid, respectively) of an ion thruster. Since it was practically impossible to conduct a mechanical
analysis on grids containing all the apertures. Therefore, a rectangular area with holes was taken from the actual multi-hole plate
grid, and this area was equivalently treated as a non-hole plate grid of the same size. After that, based on the finite element method
(FEM), multiple iterations of calculations were carried out to compare the actual stress and equivalent stress in the two areas, thereby
obtaining the stress concentration factors (which are 5.9 and 2.6 for the screen grid and the accelerator grid, respectively), and the
equivalent Young’s modulus of the grids was calculated based on these factors. Then the non-hole plate grid with equivalent Young’s
modulus could replace the actual multi-hole plate grid for structural analysis. Moreover, the results of thermal deformation analysis
showed that the center deflections were 22% and 24% of the grid gap for the accelerator grid and the screen grid, respectively. Gao
et al. (2008) studied the thermal stress distribution of a two-grid system for an ion thruster. The grids were equivalently treated as a
plate, and based on the measured temperature in the edge area of the grids, the temperature distribution of the grids was regarded
as uniformly distributed. Meanwhile, since the actual grids had a multi-hole structure, Gao et al. (2008) introduced a structural
strength reduction factor, which was approximately 0.42 by calculation. After equivalent treatment of the actual Young’s modulus of
the grids, the thermal deformations of the grids were calculated based on temperature variation and thermal stress. Soulas (2006)
studied the thermal deformation of an arched multi-hole grid, and the arched multi-hole grid was equivalently treated as a non-hole
plate with equivalent Young’s modulus. Based on the relationship between thermal deformation and thermal stress, the analytical
solutions for the thermal deformation of the equivalent grid were calculated. The error between the FEM result and the analytical
solution was 2.94%. Moreover, Soulas and Frandina (2004) and Diaz and Soulas (2006) measured the hot gap variation of a two-grid
system by a digital imaging technique. A camera and a microscope were used to capture the real-time position of the probe (fixed to
the grids), and image processing was used to calculate the change in position of the probe, thereby measuring the grid gap variation.
The previous research mainly focuses on the method of equivalent treatment of the grid structure, and most of the studies adopt the
uniformization method of the multi-hole grid structure, with finite element analysis used for verification. This paper systematically
investigates the equivalent treatment of the multi-hole grid based on the material mechanics analysis method, and the accuracy of
the equivalent process is verified using FEM and experiments.

The analysis process of this paper uses material mechanics analysis and finite element analysis to equivalently analyze the grids of
the ion thruster, after which a finite element analysis model is established using software. Moreover, the thermal stress and thermal
deformation of the grids under different constraint conditions are obtained by finite element simulation. After that, a hot gap test

without beam extraction is conducted to obtain the grid gap variation, and the test results are used to verify the simulation results.

Equivalent treatment of the grids

For the grids of a 30 cm diameter ion thruster, both the thicknesses of the screen grid and the accelerator grid are 0.5 mm,
and the curvature height is 12 mm. In addition, there are more than 10,000 holes on the screen grid and the accelerator grid,
and the opening rates of the screen grid and the accelerator grid are 69% and 24%, respectively. As shown in Fig. 1, under the
influence of non-uniform temperature field, the thermal deformation can cause a series of problems, including short circuits and
mounting hole misalignment. Therefore, a study on thermal stress and thermal deformation of the grids is of great significance
for improving the reliability of the ion thrusters.

The schematic diagram of the grids for the 30 cm diameter ion thruster is shown in Fig. 2. Because the grids are curved and
contain numerous apertures, it is difficult to build an accurate structural model using conventional CAD software. In addition,
the distances between each hole are too small to mesh for finite element analysis. To achieve finite element modeling, the grid
is approximated as a simple structure without holes, which has the same curvature height as the real structure. Meanwhile, the

material properties also need to be equivalently treated; that is, the equivalent elastic modulus of the grids should be obtained first.
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Source: Elaborated by the authors.

Figure 1. Thermal deformation of the grids for a 30 cm diameter ion thruster.

The equivalent elastic modulus of the grids should be calculated in two steps. Firstly, the grids are approximated as uniform plate
structures without holes, and the accuracy of the approximate model needs to be verified. After that, the elastic modulus variation
under different curvature heights is taken into consideration. As shown in Fig. 2, a single grid aperture can be approximated as a

hexagonal structure can be further approximated as a ring structure. In Fig. 2, / is the ring outside diameter, 7 is the ring inside

diameter, and £ is the thickness.
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Source: Elaborated by the authors.

Figure 2. Equivalent model of the grids.

According to the calculation model shown in Fig. 3, the equivalent elastic modulus of the gridsin } axis is acquired. As shown
in Fig. 3 (left), assuming the forces loaded on the structure in ) axes at points A and B are P, and the structural deformation
is set to be AAB, namely the relative displacement between point A and point B, which can be obtained first. Due to the structure
and loads being symmetric along the CD axis, cutting the structure from the CD section, and the deformation in ) axis can be
expressed as Ay, = 0, and the rotation angle can be expressed as @ = 0. Considering F,, = F;, = 0, and then the bending moment

can be expressedas M. = M, = 0. Meanwhile, the calculation model shown in Fig. 3 (left) can be approximated as what is shown
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Source: Elaborated by the authors.

Figure 3. Mechanics property analysis for grid aperture.
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in Fig. 3 (middle), and it is known that F; = ;. = P/2 from the equilibrium condition ZFy =0. Due to the structure

shown in Fig. 3 (middle), which is also symmetric along the B section, the deformation in X axis and the rotation angle of the B

section are both zero. As shown in Fig. 3 (right), the structure in Fig. 3 (middle) is divided into two parts, then the deformation of
the B section in ) axis can be expressed by the relative displacement between surface A and surface B while fixing the B section.
The section ¢ of which the central angle is ¢ shown in Fig. 3 (right) is taken as the research object.

According to the stress balance term, the axial force, which is perpendicular to the section ¢, is expressed as F,=F),cos¢,
and the equations 0F;/0F), = cos¢ and OF, / 6M =0 could be obtained. The bending moment M on section ¢ is acquired
under the moment equilibrium condition from Eq. 1:

M, =Fy[r+(1-r)/2)(1-cosg)+ M, ()

The derivatives of M , are oM 4/ OF, =(l+r)1—-cosg)/2 and oM s/ OM , =1 and the structural strain energy {J is
defined as Eq. 2:

l+r
2EI 2

_Jw/zF l+r Vi 2)

2FA 2)¢I

where E is the real elastic modulus (about 320 GPa) of the grids, A and [ are the section area and inertial moment of the
ring, respectively, and are defined as 4 = (/ = 7)t and I = (I —r)’¢/12 in the paper, EA and EI are the tensile rigidity and flexural
rigidity. Regarding the structure as a linear elastic body, Eqs. 3 and 4 are obtained by using Castigliano’s second law (Haag and
Soulas 2003):

oU
~—=60,=0 3)
oM,
U _app-Laug o
oF, 2

By substituting Eq. 2 into Eq. 3, the bending moment of the D section M, can be expressed as:

M, =F,2-x)I+r)/2x 5)

Substituting M, into Eq. 1, M 4 becomes M s =Fp(2/ 7w —cos@)(! +r)/2. Rewriting Eq. 4 as Eq. 6 in integral form, and

substituting the parameters in Eq. 6, then the structural deformation AAB becomes:

AAB = (6)

F,0F,/ 6F, M oM . /oM
I ],]S-F-[ [ [ DdS=7[F’D(r+I)
s EI SEA

By using the relation between stress o and strain & (Fj, and AAB are stress and strain, respectively), the elastic modulus in

y axis can be expressed as Eq. 7:

E =0,le, =8E(l~r)/n(l+r) )
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Assuming that the material of the equivalent model is isotropic, the equivalent elastic modulus £ off of the grids can be

expressed as Eq. 8:
E =E =F (8)

To verify the accuracy of the equivalent results, the finite element simulation using ANSYS software is adopted for comparison.
A perforated plate model with the same material properties, hole size, and thickness as the actual grids, and an imperforated
plate model using equivalent material properties, but the same size and thickness as the perforated plate model, are established,
respectively. By applying an external force of 10 N in the opposite directions at the upper and lower boundaries of the two models,
the deformation results of the two models are shown in Fig. 4. According to the simulation results, the deformations of the two
models are basically the same, while the deformation of the equivalent structure is larger. The error mainly results from the
assumption that the grid structure is equivalently treated as a ring. Based on the simulation results, the equivalent elastic modulus

of the grids with curvature height is considered next.
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Source: Elaborated by the authors.

Figure 4. Comparison of actual deformation and effective deformation for two models. (a) deformation of the model
with aperture; (b) deformation of the non-aperture model.

There are two appropriate ways to consider the influence of the grid curvature height: using the theory of material mechanics
or calculation using FEM. In this paper, the elastic modulus of the grids is calculated by the material mechanics method, and
the influence of the curvature height on the elastic modulus is estimated by the FEM method. Models of the grids with different
curvature heights of 4 mm, 8 mm, 12 mm, and 16 mm are built, respectively. According to the theory of material mechanics,
when the size ratio of microstructure (aperture diameter) and macrostructure (grid diameter) is less than 107 (in this paper, the
ratios are 3 x 10 and 4.5 x 10~ with respect to the screen grid and the accelerator grid), then the elastic modulus of the vaulted
structure can be set as the elastic modulus of an equivalent plate (Hassani and Hinton 1999a; b). Then, an external force of 10 N in
the opposite directions along the diameter direction is applied to the grid, and 80 evenly spaced sampling points in the diameter
direction (direction of the applied external force) are selected. According to the stress and strain simulated at these 80 points,
the elastic modulus of each point can be obtained, and the elastic modulus of the grids is represented as the average value of the
elastic modulus of the 80 points. The deformations with curvature heights of 8 mm and 12 mm are shown in Fig. 5, respectively.

The calculated elastic modulus of the screen grid and the accelerator grid with different curvature heights is shown in Table 1.

According to the calculated results shown in Table 1, the elastic modulus of the grids decreases with increasing curvature
height, and the variation of the elastic modulus decreases and tends to be stable when the curvature height increases to a certain
extent. For the 30 cm diameter ion thruster, the elastic modulus of the screen grid and the accelerator grid with a curvature height
of 12 mm are 20.792 GPa and 89.435 GPa, and the equivalent coefficients are 0.741 and 0.192, respectively.
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Figure 5. Comparison of deformation for different curvature heights of the grids. (a) deformation of 8 mm curvature height;
(b) deformation of 12 mm curvature height.

Table 1. The calculated elastic modulus of the grids.

Curvature height The screen grid Young’s modulus The accelerator grid Young’s modulus
(mm) (GPa) (GPa)
Flat grids 59.654 236.801
4 37.422 155.046
8 27.522 113.357
12 20.792 89.435
16 21.024 87.128

Source: Elaborated by the authors.

The equivalent density of the grids should be taken into consideration after obtaining the equivalent elastic modulus. The
equivalent densities of the grids are related to the opening rate R,, while the multi-hole grid structure is equivalently treated as
a flat plate without holes (Hassani and Hinton 1999c¢). The equivalent method of the grid density for the ion thruster is replaces
the original material density © with the equivalent density O.g, which is shown in Eq. 9, and the equivalent material properties
are shown in Table 2.

Pur =1A=R)p 9)

Table 2. The equivalent mechanical properties of the grids.

. . Density (effective) Young’s modulus (effective)
Components Material Opening rate (kg-m?) (GPa)
Screen grid Molybdenum 0.69 2973.000 20.792
Accelerator grid Molybdenum 0.27 7001.000 89.435

Source: Elaborated by the authors.

Surface temperature distribution of the grids
When the thruster is operating, the grids are applied with high voltage ranging from 1000 V to 1500 V, and the surfaces of the
grids are bombarded and sputtered by ions, making it difficult to use common thermal sensors to measure the temperature of the

beam extraction area on the grids. Therefore, only the temperature in the edge area, which is far from the beam extraction area,
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can be measured. As the surface temperature distribution of the grids cannot be directly measured, the structure of the grids can
be regarded as a flimsy round plate, taking into consideration of the symmetric characteristics of the temperature distribution
T(t,r), where ¢ and 7 are time and radial distance, respectively. The temperature distribution characteristics of the grids are
such the temperature in the central area is much higher than that at the edge area, and the temperature diffuses from the center
to the edge area, which conforms to the characteristics of spot welding. Therefore, the temperature distribution can be estimated
according to the fundamental solution of the one-dimensional heat conduction equation, which is also called the Cauchy problem

(Cao et al. 2005). The temperature can be expressed as Eq. 10:

2
r

1
————exp| ——— (10)
kit P 4k*t

where Ais thermal conductivity, € is the specific heat capacity, and p is the material density, 7' is the radius of the grid,

T(t,r)=

and the direction is from the center to the edge of the grid (ranging from 0 m to 0.150 m). A temperature measurement test is
conducted when the ion thruster is operating under rated working conditions, with a working power of 5 kW. The temperatures
in the edge areas of the screen grid and the accelerator grid are measured by thermocouples, as shown in Fig. 6a. Ceramic screws
are designed to fix the thermocouples and ensure the insulation between the sensors and the thruster; a thin copper plate is used
as the heat conduction plate, and the sensors are installed on the copper plate to complete the measurement. According to the test
results, when the surface temperature distribution of the grids reaches thermal equilibrium, the temperatures in the edge areas
of the screen grid and the accelerator grid can reach up to 380 °C and 312 °C, respectively. Based on Eq. 10, it can be calculated
that the temperatures in the central areas of the screen grid and the accelerator grid are 407 °C and 335 °C, respectively. The
temperature distribution of the screen grid is shown in Fig. 6b. Due to the complexity of the fundamental solution, this paper
adopts a polynomial to describe the temperature distribution of the grids, which can be expressed as T'(r) = Ar*> + Br + C,
where A, B, and C are coefficients to be determined.

A
(b) 410-
405 Tl
4001 AN

395+ N

390 AN

Temperature /°C

385+ A

A}
380_I T T T T T T T T
0 002 004 006 0.08 0.1 0.12 0.14 0.186
R-length/m

Y

Source: Elaborated by the authors.

Figure 6. Temperature measurement test and calculated temperature distribution of the screen grid. (a) temperature
measurement test; (b) calculated temperature of the screen grid (operation time of the thruster is 1,500 s).

Thermal stress of the grids without edge fixed support

According to the equivalent mechanical properties and surface temperature distribution of the grids, the thermal stress and
thermal deformation under different fixed statuses of the grids can be analyzed. Before the grid is fixed, the previous thermal
treatment process is implemented. Therefore, it is necessary to consider the thermal stress of the grids without edge fixed support
first. With the assumption that the grids are well-distributed round boards, the grids can elongate freely on the X-Y plane and

(9O
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displacement in the Z direction or warping will not appear. Therefore, as shown in Eq. 11, the coordination equation of strain is

adopted to calculate thermal stress, where @ is the thermal stress function, and ¢ is the coefficient of thermal expansion:
V'O +aEVT =0 (11)

The stress function ® canbe expressed as @ = U — V', where U and prepresent the stress components in different directions.
Substituting T'(r) (in fitted form) into Eq. 11, then the stress component ¥ can be obtained by Eq. 12:
AaE , BaE ; CaE ,

ro+ r+ r
16 9 4

(12)

V= JZ %[Lr rT (r)drldr =

Similarly, based on the equation that U /or =0V /or, the stress component U can be obtained by Eq. 13, where b is the
radius of the grids:

AaE BaE , CaE
+ b” +

3 2

b3

U= I(:O%EU; rT(r)dr}dr =( b)r (13)

According to the two-dimensional radial thermal stress equation, the stress function ® can be expressed under polar

coordinates, and then the radial stress f' can be obtained by Eq. 14:

»? —r2)+B3LE(b—r) (14)

_la(U—V)+L82(U—V) _ AaE

/s r or P 06* 4

According to the equation for tangential stress f, and stress function @. In the same way, tangential stress f, can be
obtained by Eq. 15:

_O*(U-V) _AaE
o -

7 »? +r2)+¥(b+r)+CaE—aE(Ar2 +Br+C) (s)

Taking Egs. 11-15 into consideration, the direct stress of the grids can be obtained in both radial and tangential directions (Gao
et al. 2008). Finite element analysis is used to verify the calculation result, and f; is the resultant of radial stress and tangential
stress, which can be expressed as f; = 4/ f; 1S o+ /1 62 . Taking the screen grid as an example, the diameter of the model is
30 cm, and the thickness is 0.5 mm; the temperatures in the center area and the edge area are 407 °C and 380 °C, respectively.
Fig. 7a shows the comparison results of simulated stress and calculated thermal stress of the screen grid, and the radial length
ranges from 0 to 0.150 m.

According to Fig. 7a, the calculated maximum stress is in the center area of the grids, and the value reaches up to
1.512 x 10° Pa, while the stress in the middle zone of the grids is the smallest. Meanwhile, the finite element analysis results show
that the stress in the center of the grids is close to the theoretical results. However, the stresses in the edge area obtained by the
two methods are greatly different, and the calculated values are obviously larger than the simulated ones. The main reason is that
the theoretical model is a two-dimensional plane, of which the thickness can be neglected. However, the finite element model
is a three-dimensional model; although the thickness is considerably small, it can able to influence the results. In addition, with
an increase in the thickness of the model, thermal stress in the edge area tends to decrease. As shown in Fig. 7b, the variation

trend of the thermal deformation indicates that the tensile stress in the horizontal direction is the main cause of the deformation.
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Figure 7. Calculation and simulation results of thermal stress and thermal deformation. (a) Comparison of calculation
and simulations; (b) thermal deformation of the FEM model.

Thermal stress of the grids with edge fixed support

When the edge of the grids is fixed supported, bending stress and shear stress caused by thermal expansion will lead to structural
damage of the grids. The bending moment increases the structural deflection, especially for the structure of a circular plate with
fixed support. Tensile stress leads to the expansion of the circular structure at the edge. As the edge is fixed and supported, stress in
the fixed area is much greater than that in other areas; that is, the fastening components are subjected to severe yield stress. Shear
displacement caused by thermal stress results in a reduction in the rigidity of the whole structure. The schematic of stress on the
grids with edge fixed support is shown in Fig. 8. The initial structure of the grids can be treated as a flat plate, which bends under
the influence of thermal stress. As shown in Fig. 8, the compressive stress tends to increase the displacement in the Z direction.

Deformed grids assembly

Fixed support

L T M T h,

Source: Elaborated by the authors.

Figure 8. Thermal stress of the grids with edge fixed support.

It should be noted that the bending moment causes the deflection of the plate. According to the bending moment equation
shown in Eq. 16, where w and f are the deflection and stress of the structure, respectively, the corresponding bending moment
is M (x):

M(x)= L wfdA = .[:aET(r)hsrdr (16)

Assuming that all the edges of the grids are fixed and supported and that no rotation has occurred, it can be concluded that
the torsional moment is 0, that is N =0. Then, the deformation of the structure depends only on the influence of the bending

moment. According to the differential equation of deflection, which is shown in Eq. 17, where E is the bending rigidity:
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2
dw:_M(x) 17
dx’ E

The maximum deflection W, is taken into consideration. As the temperature in the center area is the highest, the deflection
in this area is the maximum. Substituting the fitted temperature distribution into Eq. 17, the maximum deflection W, can be

expressed as Eq. 18, and the inertia moment / can be expressed as [ = hb’ /12:

ML’  ahb® Ab* Bb Ch’

w, = =——( + + ) (18)
8EI 21 4 3 2

After the expression of the deflection is obtained, the maximum elongation caused by tensile stress should be calculated.
The maximum elongation is equal to the elongation brought by deflection. According to the study results by Gatewood (1957),

the maximum elongation caused by thermal stress AL can be expressed as Eq. 19, where L represents the diameter of the grids:

2.2
dw)zdx _ W,
dx 4L

1 ¢L
AL=—["( (19)
290
The shear displacement caused by shear stress should be considered. When a thermal expansion occurs in the grids with edge
fixed support, the edge area is influenced by opposite shear stress. With the assumption that the fixed areas of the grids only have
tangential stress, and since the grids are approximated as a flat plate (with a rectangular cross-section), the shear displacement
of the grid can be approximately replaced by the shear displacement of a truss. Based on Hooke’s law, as shown in Eq. 20, the
shear displacement is expressed as y, where 7 and G are shear stress and shear modulus, respectively, and A is the section of

the shear surface (Sun and Fang 2012):

_T_ 4aT (r)(1+ u) 20)
G AE

Substituting the coefficients of the grids, it can be calculated that the maximum deflection W, of the screen grid is 1.145 mm,
and the maximum radial prolongation AL is 0.008 mm. Meanwhile, the maximum deflection of the accelerator grid is 0.665 mm,
and the gap between the screen grid and the accelerator grid decreases to 0.480 mm when the ion thruster is operated in steady status.
To verify the accuracy of the calculation results, a thin plate FEM model with edge fixed support is built, and the size of the model is
the same as that of the actual grid structure, that is, the thickness is 0.5 mm and the radius is 150 mm. In addition, the mechanical
properties of the model are set as the equivalent elastic modulus of a flat plate without holes (shown in Table 1). The edge of the model
is set as a fixed support, meaning that the degrees of freedom at the edge of the grids are fixed, which is consistent with the fixed
installation method of the actual grid edge. The temperature boundaries are based on the previous calculation results. The thermal
deformation in the Z direction and X direction of the screen grid are shown in Fig. 9a and b. The maximum deformation of the screen
grid in the Z direction is 1.255 mm, and the maximum deformation of the screen grid in the X direction is 0.010 mm. Meanwhile,

the maximum deformation of the accelerator grid in the Z direction is 0.723 mm, which is in accordance with the theoretical results.

Hot grid gap test results

To verify the accuracy of the calculation results of the hot grid gap, a hot gap experiment is conducted in this paper. As shown
in Fig. 10a, an alumina ceramic probe with the largest diameter of 8 mm (height 2 mm) and a smallest diameter of 0.8 mm
(height 4 mm) is fabricated. There are three through-holes with a diameter of 1 mm on the probe, and the angle between each hole
is 120°. The probe is fixed to the screen grid by a thin steel wire, and the probe rod extends out of the accelerator grid. Meanwhile,

the probe is designed to have a small thermal mass to reduce the influence on the experimental results.
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(a) Z-deformation/m (b) X-deformation/mm
0. 0012554 Max . 010373 Max
0. 0011657 . 0088913
0. 0010761 . 0074098
0. 0009864 . 0059282
0. 00089673 . 0044467
0. 0008075 . 0029652
0. 00071738 . 0014836
0. 00062774 . 0736e-6
0. 00053804 . 0014795
0. 00044836 . 002961
0. 00035869 . 0044425
0. 00026902 . 0059241
0. 00017935 . 0074056
8. 9673e-5 . 0088872
0. Min -0. 010369 Min

Source: Elaborated by the authors.
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Figure 9. Thermal deformation of the screen grid. (a) Z-directional thermal deformation of the screen grid; (b)
X-directional thermal deformation of the screen grid.
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Source: Elaborated by the authors.

Figure 10. Structure and installation of the probes in the hot gap test. (a) structure of the probe;
(b) ceramics probe fixed to the screen grid.

A high-magnification AVT camera and an Mk-APO-CPN4.0/60 lens are used for the grid hot gap test, and the grid gap
variation can be obtained from the position change of the probe. In the test, the camera is covered with aluminium foil to prevent
heat radiation from the thruster to the camera and enable the camera to operate normally in a plasma environment (Jia ef al.
2012; Zhong et al. 2010).

To measure the grid gap variation, a thin steel wire is used to fix the probe on the screen grid. Compared with the screw
fixation method, the screw head holding the probe is inserted between the two grids and occupies about 0.28 mm of the grid
gap, which affects the measurement range of the grid gap. In the test, the 30 cm diameter ion thruster is operated under a 5 kW
rated condition without beam extraction (Sun et al. 2014). Then, based on the high magnification camera, two photographs are
captured, respectively, during the initial operation and stable operation (about 2 hours) of the thruster, respectively. By comparing
the positions of the probe before and after in the two images, the change in the grid gap can be obtained. Fig. 11a shows that the
probe is installed on the screen grid and the pinhead protrudes out of the aperture of the accelerator grid. In addition, Fig. 11b
shows the position of the pinhead after the thruster has been operating for 2 hours without beam extraction (the temperature
has reached equilibrium).

The test results show that the position change of the pinhead is in the range of 0.502 ~ 0.553 mm, and the measurements are
close to the theoretical results (which are calculated to be 0.480 mm). The comparison results show that the theoretical calculation
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Source: Elaborated by the authors.

Figure 11. Probe position in the hot gap test. (a) pin head extends out of the grid surface; (b) pin
head position after 2 hours of operating.

process is correct, and it can be used to estimate the thermal deformation of the grid gap variation of the ion thruster, with high
accuracy. Moreover, it should be noted that the grid gap is measured without beam extraction, while the theoretical analysis result
of the grid gap is obtained with beam extraction. According to previous thermal tests of the ion thrusters, under both with beam
extraction and no beam extraction conditions, the temperature differences at the edges of the grids are not significant. Therefore,
the theoretical calculation results can be approximately used to reflect the variation in grid gap when the thruster is operating

under beam extraction.

CONCLUSION

By using the material mechanics analysis method, the material properties of the grids of a 30 cm diameter ion thruster have
been equivalently treated and verified, and the equivalent error is estimated in this paper. In addition, the simulated thermal
deformation of the grids is verified by the grid hot gap test. The research results show that after the equivalent treatment, the
elastic modulus of the screen grid is 20.792 MPa with an equivalent coefficient of 0.741, and the elastic modulus of the accelerator
grid is 89.435 MPa with an equivalent coefficient of 0.192. The thermal deformation of the plate grid with edge unconstrained
is mainly caused by tensile stress in the horizontal direction; however, the deformation in the normal direction can be ignored.
For the edge-constrained plate grids, the maximum deflection appears in the center of the grids. The maximum deflection is
1.145 mm for the screen grid and 0.665 mm for the accelerator grid. In addition, the simulated grid gap variation is 0.480 mm.
The hot gap test results show that the grid gap changes from 0.502 mm to 0.553 mm when the thruster reaches thermal equilibrium,

and the test results are in agreement with the simulation results.
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