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0 Introduction

Calcium fluoride (CaF») optical components with their ultra-wide, ultra-high transmittance
window spanning from vacuum ultraviolet to mid-infrared wavelengths and extremely high laser
damage threshold (>15 J/ecm?)!!l. These properties have established them as the next-generation
solution for high-power lasers, extreme ultraviolet lithography systems, and space exploration!?],
However, their high brittleness and chemical inertness pose significant challenges for
near-zero-damage processing. Plasma-assisted processing alters the physical and chemical
properties of the material surface while preserving the integrity of the modified material's internal
structure. With advantages, such as good uniformity, high repeatability, short reaction time, and
environmental friendliness, it is increasingly being applied in auxiliary processing!®l. If plasma
modification technology can be applied to calcium fluoride, it will be of great significance to
improve the machinability of CaF, materials by changing the physical and chemical properties of
the material surface, reducing the lapping force and temperature during the lapping process,
reducing the wear of lapping tools, and improving the surface quality of the processed surface.

Plasma modification technology has been widely applied in recent years. For example,
Dezanet et al.l*l studied corona plasma-modified silicon carbide materials, resulting in a surface
modification layer with uneven concave-convex textures. Niranjan et al.’! researched surface
modification of different materials (tungsten, nickel, stainless steel, molybdenum, and copper).
Scanning electron microscopy revealed significant features such as erosion, cracks, bubbles, and
pits on the surface of the samples after irradiation. It is evident that the mechanism of
plasma-material interaction has not yet been clearly revealed. Combining plasma modification (to
expand the range of machinable ductile areas) with ultra-precision grinding has significant
potential. For instance, a method combining masks with localized magnetic fields to steer sheath
ions was proposed by Mussenbrock et alll. It utilizes ExB drifts to tailor the sheath and plasma
distribution, enabling controllable three-dimensional plasma etching applicable to
micrometer-scale processing, validated by both experiments and simulations. Nonetheless, plasma
magnetron modification technology has not yet been widely adopted. The fundamental reason lies
in the complexity of the atmospheric plasma flow field environment, which makes it challenging

to achieve uniform and precise control of plasma under atmospheric conditions through magnetic
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fields. Zhao et al[7] found that magnetic field strength (coil current) critically controls plasma
uniformity (peak 94% at 10 A, a 39% improvement), triggers electric field reversal and electron
temperature peak shifts, and that gas pressure impacts uniformity more than oxygen ratio. This
demonstrates that magnetic fields significantly enhance plasma density and uniformity for
improved etching processes. However, challenges persist in achieving uniform surface
modification due to material anisotropy, plasma ionization non-uniformity[ 8], and other
process-related factors[9]. Therefore, applying plasma technology in the field of ultra-precision
machining holds potential advantages for achieving high-efficiency, high-precision, and nearly

[0 proposed a

damage-free processing of hard and brittle components. For example, Dong et al.
CF4 plasma modified assisted polishing diamond machining method. The oxygen free radicals
generated by the plasma participate in the interface reaction through the diamond oxide and the
polishing plate surface, and promote the formation of the oxygen bridge bond. This process
improves the diamond removal rate, but at the same time accelerates the wear of the polishing
plate surface. Hu et al.l''l investigated the feasibility of modifying calcium fluoride optical
elements using water vapor plasma in a vacuum and found that a power of 25-30 W can achieve a
deeper surface modification layer. The efficiency of modifying the layer through
mechanochemical polishing with soft abrasives was significantly improved, resolving the conflict
between processing quality and efficiency inherent in traditional processing methods. However,
due to material anisotropy, the uniformity of the modified layer needs further enhancement.
Nishizawa et al.[12] developed a plasma-integrated chemical mechanical polishing machine that
efficiently combines plasma modification with chemical mechanical polishing, greatly improving
processing efficiency and surface quality. In experiments on single-crystal diamond processing, a
material removal rate of 667.7 nm/h was achieved. However, due to the non-uniformity of plasma
ionization, the potential for further improving surface accuracy is limited. Lyu et al.[13] developed
a processing equipment combining H>O plasma modification with low-pressure polishing,
achieving a plasma modification rate of 136 nm/h, high processing efficiency, and minimal
subsurface damage. Due to the soft and brittle nature, anisotropy, and easy cleavage of
single-crystal CaF. material, plasma-assisted mechanochemical lapping technology has not yet
been applied to CaF; optical components.

This study innovatively introduces a ring-shaped electromagnetic field to control atmospheric

plasma, achieving uniform and controllable expansion of the plasma, thereby enabling precise
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control over the modification area and depth of CaF,. A plasma modification-assisted
mechanochemical ultra-precision lapping technology is proposed for CaF, optical components,
and the effectiveness of non-magnetron homogenization modification is compared with that of
magnetron homogenization modification. The processing performance of three comparable
techniques, viz. mechanochemical lapping, plasma modification (non-homogenized)-assisted
lapping, and magnetron plasma modification (homogenized)-assisted lapping, is evaluated.
Furthermore, the mechanism of magnetron plasma modification and the physicochemical
properties of the modified CaF, layer are analyzed, clarifying the role of magnetron plasma
modification in enhancing the efficiency and quality of mechanochemical lapping, and revealing

the underlying mechanism of mechanochemical lapping.

1 Theoretical Analysis of Plasma Magnetron Effect and Design of Magnetron
Homogenization Device
1.1 Magnetically controlled plasma theory analysis

For a circular coil (ring coil), the core formula for magnetic induction intensity is given

below [14]:
 pNIR®
AR

)
Where, 1 is magnetic permeability (H/m), depends on the material inside the coil, N is the number
of turns in the coil, Iis the current (A), R is the average radius of the ring coil (m).

(1) Basic assumptions

Particle properties: Charged particle (charge q, mass m), initial velocity vO (perpendicular to
the coil plane).

Coil configuration: Toroidal coil (enclosing the torus) located in the z=0 plane, centered at
the origin, coil radius R (major radius), current I, number of turns N.

Magnetic field distribution: Magnetic flux density on the symmetry axis (z-axis).

Gradient effect of the non-uniform magnetic field: ['B (key effect)

(2) Derivation of the equation of motion

Since only forces from the magnetic field are exerted on the particle, the equation of motion

is derived from the Lorentz force formula:

dv B 5
mEfq(v ) 2
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Decomposed into Cartesian components:

av,
m 7; =q(vyBZ—vZBy)
dv

m 7; :q(Vsz_vaz)

dv,
m E =q(vay—vyBx)

€)

Due to the symmetry of the toroidal coil: Near the axis, B,~0,B,~0, B,exhibits a symmetric

distribution along the z-axis, but with a radial gradient:

0B,
B=B,(2)+ ( > r
or J,—o

”

oB. 10 oB)
5z ror T
- 3,quIR2rz
T4R 422

T

Near the axis (x, yTIR) , solve for the function of velocity as a function of time:

VZ
m E :q(VxBr_VyBr)zO
Axial movement (z direction)

z(f)=v 2o

0

Rotary motion (r-direction)

4

. B .
Define the rotational frequency w, = %, the set of equations can be reduced to:

{&'f—cogvx
.2
V,=—0gVy

The solution is the simple harmonic oscillation equation:
Vx(t):VO\ | COS ( wct+¢)
W (DF=vg, sin (@ t+0)

Integrating yields the trajectory to be obtained:

(=2

0
Q8

sin (@, t+d)

Voo

Y(t)=——cos (w.t+¢)

W

.. . . . . Vol mvyl
This is a circular motion with radius r;, = (3 = qTO
c z

(3) Gradient drift in non-uniform magnetic fields

Magnetic field gradient VB, causes drift :

“)

®)

(6)

O

®

€

(10)

(11)

(12)
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z

V2
V=t (BxB.) (13)
2qB;

0B,
0z

SubstituteVB, = fiB=B,:

_m (B 8BZ) »
However, the actual magnetic field gradient includes a radial component "/ Br, which must be

recalculated :

OB, 0B, 0B, 3u,NR’z
B =—2+—, PO S (15)
Oz~ ot or 2(R*z2)*?
Where, Z, 7 are the unit vector, and the corrected drift velocity is:
2
2 Bx By (16)
Vipg= .
B 26]33 z
Direction: Bx[1B, [ 2xt=¢(angular)
Drift speed:
B mv} 0B, 17
D~ 2gB, | ot (7

The overall motion of the ion = uniform linear motion along the z-axis (externally applied) +

cyclotron motion in the xy-plane (inherent) + azimuthal drift (magnetic field-induced).

Voo

x(t)=

- sin(w,£) +vptcos (6)
Vor
V(0=
wC

z(t)=v0 .t

cos(w,t) +vptsin () (18)

Where, 0 is the drift azimuth (determined by the direction of the current)

In summary, the theory of charged particle motion can serve as the computational logic and
selection basis for the parameters of toroidal electromagnetic coils (such as voltage, current,
material, number of turns, radius, etc.).

1.2 Magnetron Plasma Device Design

Based on the theoretical equations outlined above, a design model for a ring-shaped
electromagnetic coil structure was established. Oxygen-free copper was selected as the material
for the electromagnetic coil, with a single-turn length of 107 mm. After winding several turns, the
inner radius of the coil was 12 mm and the outer radius 17 mm; at this point, the total resistance
was 0.06 Q and the operating voltage was 60 V. Calculations show that the distribution of

magnetic flux density is as illustrated in Fig. 1, with a maximum magnetic flux density of 0.5 T.
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The magnetic flux density increases along the x and y directions until it reaches its maximum at

the coil edges, whilst the magnetic flux density is lower near the centreline of the z-axis (Fig. 2).

\
-
\

Magnetic flux density/T

Figure 2 Magnetic Field Intensity Distribution of a Ring-Shaped Electromagnetic Coil

The surface of the material is chemically modified using H>O plasma, with the introduction
of a toroidal electromagnetic field for precise regulation, thereby achieving controllable
modification area and depth. A frequency of 2.45 GHz (microwave frequency) is employed, where
the oscillating electric field in the resonant cavity accelerates free electrons in the gas, triggering
an ionization chain reaction. The output power of the microwave source ranges from 0 to 300 W
(Fig.3). A ring-shaped magnetron homogenisation device has been designed to achieve uniform
control of the plasma by adjusting the strength of the current (magnetic field). In addition, a

precision three-axis control system is used to control the movement of the plasma.

0

Resonant Cavity

Tuning Knob
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Figure 3 Schematic diagram of the structure of the plasma torch

1.3 Magnetic field effect analysis

A plasma magnetic field control model was established using COMSOL. The initial number
of ions in the plasma was set to 200. The ring-shaped electromagnetic coil was located on the
outer surface of the cylindrical chamber at the top, guiding ion movement radially outward. A
charged particle tracking model, governed by the continuity, momentum, and energy equations,
was employed to describe electromagnetic field interactions. The simulation spans 1.5 ps with a
time step of 0.01 ps. Furthermore, LAMMPS molecular dynamics simulations were employed to
model the motion of a plasma in a toroidal electromagnetic field. The system consists of positively
charged ions and negatively charged ions; the simulation begins with the particles located at the
top of a three-dimensional periodic boundary box, with each particle assigned a corresponding
charge (+1e or -1e). Precise calculations were performed using the Buckingham potential function
and the long-range Coulomb interaction algorithm. Electrostatic forces were efficiently handled
using the Fast Fourier Transform on a grid. The simulation results were visualised using OVITO

software (Fig. 4).

>3

-"‘.ool"-‘
h 80
$ 60
40
""" - 20
_ ) o

0f —~s0— o o0 |
(a) Comsol (b) Lammps

Figure 4 Magnetically controlled plasma simulation model

For a ring-shaped electromagnetic coil, the jet penetrates vertically through the central region
of the ring, causing particles to deflect outward due to the Lorentz force. According to the
left-hand rule, both positive and negative charges deflect outward, causing the distribution of
charged particles to continuously move outward. Molecular dynamics simulation results show that
the motion trajectories of Ar+ and O- reflect their outward divergent motion characteristics.
Molecular dynamics simulation results illustrate the circumferential motion trajectories of Ar* and

O (Fig. 5).
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Figure 5 Trajectories of magnetically controlled plasma in toroidal electromagnetic coils

1.3.1 Plasma distribution uniformity

In the experiments, an OES spectrometer was used to measure the full width at half
maximum (FWHM) of the plasma and the spectral peak intensities at points A (center), B
(divergence point), and C (edge). The results show that as the magnetic field strength increases,
the electron density at all measured locations first increases and then decreases. The peak electron
density reaches 1.25X10'%/m*® at a magnetic field strength of 0.2 T. It is noteworthy that at 0.2 T,
the difference in electron density among sites A, B, and C is smaller, indicating a more uniform
electron density distribution. This demonstrates that the magnetic field plays a homogenizing role
in plasma motion. The Lorentz force induced by the magnetic field alters the densities of electrons
and ions in the plasma, thereby increasing the probability of collisions between electrons and other
particles and raising the electron density. However, as the magnetic field continues to strengthen,
the electron density eventually decreases. This may be attributed to the magnetic field causing the
motion of electrons and ions to exceed the discharge boundary of the plasma, leading to an
increased particle dissipation rate. Nevertheless, increasing the magnetic field strength results in a
larger full width at half maximum of the plasma, which facilitates a shift in material modification

from primarily vertical to horizontal(Fig. 6-8).

1.4
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Electron density/x 10

Figure 6 Electronic density detection
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Figure 7. Effect of different magnetic field strengths on plasma distribution
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Figure 8 Effect of magnetic field strength on the full width at half maximum of the plasma

When an external magnetic field is strengthened and applied to a plasma jet, the intensity of
the plasma emission spectrum also changes accordingly. As the magnetic field strength increases,
particles are more tightly confined near the magnetic field lines. This confinement effect increases
the density of charged particles within the plasma, ultimately leading to enhanced radiation
intensity. Fig. 9 shows the relationship between the emission spectrum line intensity IB of Ar/H>O
under different magnetic field strengths B (IB) and the intensity ratio compared to zero magnetic
field (Io). The emission intensity first increases and then decreases with increasing magnetic field
strength, reaching a peak at 0.2 T (the specific threshold varies depending on the particle type)
before beginning to decay. Magnetic field strength indeed alters the intensity characteristics of
different emission spectral lines, and there exists an optimal magnetic field value that maximises
emission intensity. Notably, the optimal magnetic field strengths for Ar and H.O differ

significantly: approximately 0.3 T for Ar, while OH, O, and H require only 0.2 T.
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Figure 9 Spectral intensity ratio with/without magnetic field applied

1.3.2 Plasma Morphology
The key process parameters influencing plasma morphology include microwave power, gas
flow rate, and magnetic field strength. This study investigates the mechanisms through which

these parameters affect jet morphology via single-factor experiments (Fig. 10).

30W 15L/min 0.1T m 0.2T 30W 15L/min 0.3T
Different magnetic
field intensity

¥

¥

i

SL/tn 0.1T 60W 15L/n@n 0.1T
Figure 10 Plasma morphology corresponding to different process parameters

When the microwave power increases, the electric field provides higher energy input to the
gas molecules. A stronger electric field accelerates free electrons, allowing them to gain higher
kinetic energy. When these high-energy electrons collide with gas molecules, they more
effectively trigger ionization (electron avalanche), generating more electrons, ions, and free
radicals. The increase in power significantly expands the spatial region within the cavity that
exceeds the gas breakdown threshold. This means that areas previously insufficient to sustain
discharge can now also be ionized. As a result, the "core region" of the plasma jet (i.e., the

high-density, highly active plasma zone) extends slightly farther away from the microwave source
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or electrodes, which is visually manifested as an increase in the visible length of the jet. Due to the
intensified ionization process, the overall degree of ionization (ionization rate) within the jet also

increases, indicating a higher density of charged particles in the plasma (Fig. 11).

22 1 u Length/mm ol -
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Power/W
Figure 11 Effect of microwave power on plasma

Charged particles (electrons/ions) are subjected to the Lorentz force, causing them to perform
a circular motion around magnetic field lines. The difference in electron-ion motion generates a
radial electric field, driving the plasma to expand outward as a whole, gradually increasing its
width. The ionisation rate peak of plasma without a magnetic field can reach 10'' ¢cm=, and
increases to 105 cm™ with increasing magnetic field strength. Magnetised electrons efficiently
transmit energy along magnetic field lines, maintaining ionisation at a distance. Therefore, as the
magnetic field increases, the length of the plasma jet also increases from 10 mm to 20 mm. The
outer plasma mixes with the surrounding gas (such as air), emitting weak light (possibly
accompanied by an orange-purple glow, originating from excited H,O). When the magnetic field
strength reaches 0.3 T, the longitudinal flow effect of the plasma transitions to a coupled
longitudinal-transverse flow effect, with significant changes in flow characteristics. This is due to
the stronger ion perturbations induced by the strong magnetic field, which enhance the plasma's

dispersion properties (Figure 12).
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Figure 12 Effect of magnetic field strength on plasma
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When the gas flow rate increases, the transport kinetic energy of the carrier gas (argon)
enhances, promoting the outward expansion of the plasma channel. Meanwhile, the high-speed
flow carries more active particles (electrons, ions) toward radial diffusion, resulting in a
continuous increase in the transverse diameter of the jet. In the initial stage, the rising flow rate
extends the plasma jet length through enhanced convective heat transfer (up to 20 mm at
maximum). However, when the jet length reaches the energy transport limit, the heat exchange
between the plasma and the surrounding environment reaches equilibrium. Further increasing the
flow rate only maintains this length, leading to a steady state. The length of the plasma jet
continues to increase and eventually stabilizes at 20 mm. When the flow velocity becomes
excessively high, the aerodynamic shear force exceeds the plasma maintenance threshold, causing
the jet to break up and form discrete plasma packets. The high flow rate rapidly carries active
particles away from the energy coupling zone, leading to a sharp drop in electron temperature and

preventing the sustained ionization chain reaction(Fig.13-14).

Figure 13 Plasma ripples at different flow velocities
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Figure 14 Effect of gas flow rate on plasma

2 Plasma magnetron homogenisation modification efficiency
2.1 Theoretical analysis

A molecular dynamics model of a magnetron-driven plasma was developed to simulate the
atomic-scale mechanisms involved in the magnetron homogenisation modification of CaF; in an
H,O(g)/Ar plasma. The Coulomb-Buckingham potential function (Equation 18), which
comprehensively considers long-range Coulomb interactions and ionic crystal plasticity, was
employed. Prior to the simulation, an NVT ensemble simulation was first conducted to relax the
system, followed by a 200 ps plasma modification process simulation. The simulation parameters
are shown in Table 1. The plasma energy was derived from the predefined ion irradiation velocity

using the conversion equation (Equation 19).

Tij Cij | qqj

6
Pij Ly ker;j

E=1m)? (19)

Figure 15 Plasma magnetrn homost modification molecular dynamics model

Table 1 Potential function parameters in the molecular dynamics model

Buckingham A(eV) p(A) C(eV-A%
Ca-OH* 79785.2 0.12013 26.7875
F-OH* 3789.8 0.12013 25.1

Ca-F 1272.8 0.2997 -
F-F 9973.2 0.12013 17.0242

For a ring-shaped magnetron plasma, the magnetic field induces the plasma to generate
transverse bombardment velocity. At a magnetic field strength of 0.1 T, the Lorentz force acting on
the ions is relatively small, resulting in a small plasma diffusion area and the formation of an

uneven modified layer on the calcium fluoride surface. This is due to the higher ion energy in the
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central region of the plasma and the lower ion energy in the edge region. When the magnetic field
strength is increased to 0.2 T, the modified area increases, but the uniformity is poor, with uneven
edges. When the magnetic field strength is increased to 0.3 T, the modified area further increases,

and the uniformity is good(Fig. 16).

Figure 16 Area modified by ring-shaped magnetron plasma

After the magnetic field is increased, the lateral or circumferential motion velocities of OH*,
O, H, and Ar ions in the plasma increase, causing the induced modification layer to transition from
longitudinal modification to lateral modification. As a result, the plasma modification depth
decreases, but the modification uniformity increases. At a magnetic field strength of 0.1 T, the
vertical kinetic energy of charged particles is high. Additionally, the particle incidence angle
distribution is concentrated, further increasing the lattice penetration depth. Plasma modification is
dominated by physical bombardment, resulting in a relatively large modification layer depth. As
the magnetic field strength increases, the plasma modification depth gradually decreases. At a
magnetic field strength of 0.3 T, the higher magnetic field suppresses the formation of the
modification layer. This is because the higher magnetic field causes the plasma distribution to
disperse, weakening the vertical kinetic energy of the plasma and sharply reducing the lattice
penetration depth. It can also be seen from the simulation results that plasma modification consists

of plasma diffusion, oxidation and lattice distortion(Fig.17).
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Figure 17 Effect of magnetic field strength on the modification depth of ring-shaped magnetically
controlled plasma

2.2 Experimental analysis

A ring-shaped electromagnetic device is installed at the end of the plasma torch. By adjusting
the voltage and current, the magnetic field strength is controlled, thereby regulating the
morphology of the plasma jet. A high-resolution OES spectrometer is used to measure the plasma
emission spectrum. A Hall probe Gauss meter is employed to measure the magnetic field strength
in the plasma generation region, investigating the mechanisms by which magnetic field strength,
gas flow rate, and microwave power influence the plasma homogenisation -efficiency.
Magnetically controlled plasma modification experiments (Fig.18) are conducted to compare and
analyse the mechanisms by which the magnetic field affects modification thickness and
modification area. Specific parameters are listed in Table 2.

 MctienControl
-System

N @

Plasma toxl— C e
(- .
m Electfomagnetich®

device™

P13Stha™
CaF:

Figure 18 Plasma magnetron homogenisation modification experiment equipment
Table 2 Process parameter design

Parameters Value Unit
Voltage 6,12,24, 36,48 A\
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Current 0.25,0.5,1,1.5,2 A

Coil material Brass H62 -
Magnetic permeability 4mtx 107 H/m
number of turns in a coil 20, 40, 60, 80, 100 -
Radius R 12-17 mm
Initial velocity Vo 10, 30, 50 m/s
Configuration ring-shaped -

The modification process of CaF: is influenced by various factors. However, the primary
chemical modification effect is achieved through the strong oxidising properties of OH*, and the
concentration of OH* in the plasma is the most critical influencing factor. Consequently, the
spectral intensity of OH* in a plasma free from magnetic field influences was measured using
OES. Strong OH* signals were observed near the wavelengths A = 308 nm and A = 283 nm, along
with oxygen element spectral peaks at A = 777 nm and A = 845 nm, an H emission spectral peak at
656 nm, and CaF: spectral peaks at 750.39, 763.51, 772.38, 794.82, 801.48, and 826.45 nm(Fig.
19). The highest peak at 794.82 nm represents the emission spectrum of argon ions. It is worth
noting that when the gas flow rate in the plasma torch increases, the intensity of the Ar ion spectral
lines shows a significant increase. However, the intensities of the OH*, O, and H spectral peaks all
exhibit a trend of first increasing and then decreasing. The intensity of OH* increases with the
content of H>O(g), but an excessive supply of H,O(g) leads to a decrease in electron temperature
(Te), thereby quenching the already ionised ions. The OH* spectral peak intensity is maximised at

a gas flow rate of 15 L/min, ensuring the modification efficiency of the plasma on the CaF;

sample.
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Figure 19 Effect of different gas flow rates on OH* concentration
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2.2.1 Plasma modification area

Magnetically controlled plasma with no magnetic field, 0.15T, and 0.3T magnetic fields was
used to perform three round-trip scans on the CaF: surface, with each scan lasting 60 minutes. The
experimental results are shown in Fig. 20. The plasma-modified area without a magnetic field was
approximately 2.5 mm (Path 1), with an uneven modified region and unclear boundaries. Under a
0.15T magnetic field, the modified area was 3.5 mm (Path 2). Under a 0.3T magnetic field, the
plasma-modified area was 4.5 mm (Path 3), with the modification being more uniform and the
boundaries clearly visible. The modified area increased with the increase in magnetic field
strength. Therefore, the magnetic field has a good promotional effect on the lateral modification of
the plasma, and by reasonably controlling the magnetic field strength, the modified area of the

plasma can be controlled.

Figure 20 Mechanism of the effect of different magnetic field strengths on the modified area

2.2.2 Plasma modification depth

Calcium fluoride modified by plasma treatment was cut and prepared into samples using
precision wire cutting and end-face polishing methods. SEM was used to examine the
modification depth and uniformity of the modified layer thickness. As the H»,O(g) plasma
modification time increased, the modified layer thickness gradually increased, with the rate of
increase gradually decreasing. Once the modification layer depth reached 200 nm, it remained
largely unchanged. This is because the high-energy plasma bombardment removes the surface
modification layer. As the magnetic field strength increased, the modification thickness decreased,
indicating that the magnetic field reduced the plasma's longitudinal modification effect while

enhancing its lateral modification effect. From the subsurface morphology, it can also be observed
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that the magnetron plasma modification depth is shallower but more uniform at the bottom(Fig.

21).

Figure 21 Mechanism of the effect of magnetic field strength on the depth of plasma modification
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3 Magnetron plasma-assisted mechanochemical lapping technology

3.1 Experimental design concept

but more importantly, significantly reduces the brittleness of the modified layer, thereby forming a
ductile removal layer. Mechanical chemical lapping to remove the modified layer can achieve a
polishing effect on optical components. By precisely matching the scale and efficiency of plasma
modification with the performance of mechanical chemical lapping, the CaF, magnetron plasma
modification-mechanical chemical lapping synergistic processing technology can be realised,

enabling efficient, nearly damage-free processing and manufacturing of CaF> optical components.

Magnetron plasma modification not only avoids thermal cracking damage and etching pits,

The specific concept is illustrated in Fig. 22.
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Figure 22 Schematic diagram of plasma-assisted mechanical chemical lapping
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To investigate the effect of calcite on the grinding process of calcium fluoride modified layer,
an atomic thick oxide layer was established on the surface of calcium fluoride, and calcite abrasive
particles were simplified into circular calcium carbonate. Before simulation, the model relaxes for
a long time in a 300K NVT ensemble to reach a stable state. The simulation is divided into two
stages: contact process and scratch process, both of which are carried out under the NVE ensemble.
For the contact process, the abrasive approaches the calcium fluoride substrate at a constant speed
and is pressed into the substrate under a constant load. To compare the grinding efficiency under
different loads, the loads were set to 200nN. After reaching equilibrium, the calcium fluoride
substrate was moved back and forth along the Y-axis at a speed of 50m/s to simulate the
scratching process. Simulations were conducted using the open-source software Large scale
Atomic/Molecular Parallel Mass Simulator (Lammps) with a simulation time step of 1fs and a
grinding distance of 10nm. Visualization was achieved using the open visualization tool (Ovito)

(Fig. 23).

/ Oxide layer

IO IO IE I E IO IO IETEIE IO IO NI IE I IE IO IO VY,

o O oy e

Figure 23 Molecular dynamics model of mechanochemical lapping

Mechanochemical lapping experiments were conducted on the grinding discs of the
UNIPOL-1000D dual-disc pressure lapping and polishing machine. The mechanochemical lapping
tool formulation is shown in Table 3, and the lapping parameters are shown in Table 4. In this
experiment, the processing method selected was self-rotating planar lapping. The lapping tool was
adhered to the top surface of the lower disc using a special adhesive. The workbench was securely
magnetically attached to the lower disc to ensure that the lower disc would not slip due to friction
forces generated during the grinding process when the workbench rotated at a speed of Vm. The
CaF: workpiece was bonded to the bottom surface of the upper disc using paraffin wax. The upper

disc was clamped to the spindle via a pin, enabling it to rotate at a speed of Vz in tandem with the
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spindle. Simultaneously, the spindle applied a force along the negative Z-axis direction to the

upper disc. The experimental conditions involved H,O lubrication lapping (Fig. 24).

Table 3 Mechanochemical lapping tool formulation/wt.%

Calcite (CaCO3)  Epoxy resin KMnO4 MTHPA KH570 Lapping aid

68 20 8 1 0.25 2.75

Table 4 Mechanochemical lapping process parameters

Parameters Value
Sample tray speed/(rpm) 50
Spindle speed/rpm) 200
Load/kg 33
Eccentricity/mm 30
Lapping tool diameter/mm 80

Lapping conditions H,O lubrication

Figure 24 Magnetron plasma-assisted mechanical chemical lapping equipment

3.2 Process efficiency comparison
3.2.1 Plasma heat accumulation

Under conventional single-beam plasma treatment, the thermal accumulation on the
component surface exhibited a gradually increasing trend; after 10 minutes of modification, the
workpiece temperature was 87.5 °C, showing a Gaussian distribution of thermal accumulation. To
facilitate the measurement of the cumulative temperature on the upper surface of the workpiece, a
ring-shaped magnetic field was applied directly beneath the workpiece; as a result, the temperature
during ring-shaped magnetron plasma modification decreased significantly, falling to 58.2 °C after

10 minutes of modification. Charged particles drift along the EXB direction, altering the jet
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trajectory. As a result, the accumulated temperature on the component surface is significantly

reduced, and the temperature distribution is uniform (Fig. 25).

Figure 25 Surface temperature of materials processed by magnetron plasma

3.2.2 Analysis of surface quality of plasma-assisted mechanochemical lapping

As shown in Fig. 26, mechanical chemical lapping of the CaF, surface results in obvious
irregular scratches (caused by random oxidation with KMnQO4), accompanied by the shedding of
soft abrasive particles, leading to compression pits on the CaF, surface caused by the shedding.
When plasma-assisted mechanical chemical lapping is employed, the oxide layer and amorphous
layer generated by plasma modification are rapidly removed. The traces of the plasma-modified
layer being ground away are clearly visible, with plastic accumulation present on both sides of the
scratches. The ground surface still contains a significant amount of plasma-modified layer material,
confirming the ductile domain removal mechanism of the plasma-modified layer. The surface
ground using plasma magnetron homogenisation modification-assisted mechanical chemical
lapping is flatter, with no residual modified layer after lapping, and no material accumulation or
protrusions on either side of the traces, indicating that the abrasive lapping only removed the
modified layer without affecting the material itself. This has a significant impact on enhancing the
lapping robustness of the ductile domain, allowing for removal at slightly larger scales without
failure. After 120 minutes of mechanochemical grinding, the surface was successfully processed to
an ultra-smooth state, with its surface roughness Sa value reduced to 1.1 nm. However, when the
KMnOj4 content is low, the oxidation rate of the mechanical-chemical lapping tool is low, causing
a large amount of calcite abrasive to peel off from the tool. Conversely, when KMnOj4 content is
high, the oxidation rate of the mechanical-chemical lapping tool is high, and the lapping efficiency

of the calcite abrasive is insufficient to support the removal of the oxide layer(Fig. 27). With the
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increase in KMnO4 content, the surface roughness exhibits a trend of first decreasing and then
increasing. At lower concentrations, moderate chemical-mechanical synergistic effects enable
more uniform material removal, thereby improving surface quality. However, when KMnOQO4
exceeds a certain threshold, excessive oxidation leads to a mismatch in the abrasive removal
capability, exacerbating residual oxide layers and abrasive scratches, resulting in an increase in
surface roughness. This indicates that increasing the content of oxidants can enhance the rate of
chemical modification and significantly passivate scratches. Therefore, when the KMnO4 content
is 8 wt.%, the mechanochemical abrasive achieves an optimal balance between material removal
rate and surface roughness, which is considered the optimal ratio in this system. The lapping

surface roughness Sa can reach a minimum of 0.89 nm.
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Figure 26 Mechanochemical lapping morphology
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Figure 27 The influence of KMnO4 content on the removal rate and surface roughness of CaF.
The material removal rate of CaF, samples was investigated using the weightless method for
magnetron-controlled plasma-assisted lapping, plasma-assisted lapping (no magnetron-controlled),
and mechanical chemical lapping (Fig. 28). It can be seen that the material removal rate of CaF:

samples using the mechanical chemical lapping method was only 23 nm/min, which is a relatively
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low value and clearly does not meet the requirements for industrial lapping efficiency. After
plasma modification treatment, the material removal rate of CaF, components significantly
increased to 145 nm/min, indicating that plasma modification significantly enhances material
removal rate. After magnetron plasma modification treatment, the material removal rate of CaF»
components further increased to 158 nm/min, showing a slight improvement. This indicates that

magnetron plasma modification offers a greater advantage in enhancing material removal rate for

CaF,.
Mechanochemical lapping
_ _\ Plasma-assisted lapping(no magnetron) |
| Magnetron [
1 2 3 4

Lapping pressure/kg
(a)Measuring material removal rate using AFM height difference method, (b)Comparison of
different processing techniques.

Figure 28 Trend of material removal rate with lapping pressure

3.3 Mechanism of material removal in plasma-assisted mechanochemical milling

In ionic crystals, diffusing ions can only enter positions with the same charge, i.e., they
cannot enter positions adjacent to ions of the opposite charge. Ion diffusion can only occur
through vacancies, and the distribution of these vacancies also has its own unique characteristics.
Since separating a pair of oppositely charged ions significantly increases the electrostatic potential
energy, to maintain local charge balance, two types of defects with different charges must form
simultaneously: a cation vacancy and an anion vacancy. The disordered distribution of an equal
number of cation and anion vacancies is referred to as Schottky-type vacancies. Plasma treatment
(especially reactive gas plasma such as OH*) introduces a large number of active sites, defects
(vacancies, dislocations), and hanging bonds onto the material surface, thereby forming new
functional groups. This significantly increases the material's reaction energy (Fig. 29), making it
easier to react chemically with the oxidising agent KMnO4 in mechanical chemical lapping tools
(Equations 1-2). High-energy particle bombardment may cause phase transformations (such as
partial crystallisation or amorphisation) or lattice defects (dislocation proliferation, point defects)
in the surface layer of materials. As shown by XRD analysis results, a modified layer is formed on

the surface of calcium fluoride, transforming it into a polycrystalline state.
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Figure 29 Evolution of lattice structure
2MnO4 + 16H" + 10e- — 2Mn?** + 8H,0 @)
3CaF; + 4KMnO4 + 12H>0 — 3Ca(MnOg); + 2MnF> + 120, + 4KOH 2
Through molecular dynamics simulations of the reciprocating scratching process, we
conducted an in-depth investigation into the dynamic removal behavior of the oxide layer and the
evolution of subsurface damage. The study revealed that the removal of the oxide layer is an
accumulative and progressive process: in the initial stage, scratching primarily causes atomic
dislocation and migration within the oxide layer; as the number of scratching cycles increases,
some atoms of the oxide layer are removed, leading to a reduction in oxygen atom count.
Quantitative analysis indicates that after the fifth scratching cycle, nearly no oxygen atoms are
removed from the calcium fluoride surface; after the tenth cycle, 20% of the oxygen atoms in the
scratched area are removed; after the fifteenth cycle, 50% of the oxygen atoms are removed; and
after the twentieth cycle, the first oxide layer on the calcite surface is largely removed, exposing
the calcium fluoride substrate. More importantly, analysis of subsurface atomic configurations
confirmed that the energy during this grinding process is primarily dissipated through the breaking
of atomic bonds and plastic flow within the oxide layer itself, rather than being transmitted deeper

into the substrate. Consequently, the generation of subsurface damage such as dislocations and

microcracks was effectively prevented (Fig. 30).
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Figure 30 Evolution of surface morphology after lapping oxide layer with calcite abrasive

Figure 31 shows the X-ray photoelectron spectroscopy (XPS) spectrum of the CaF- material
after mechanochemical grinding. Distinct O 1s and Mn 2p characteristic signals were detected in
the spectrum, confirming that oxygen and manganese were introduced onto the sample surface
during the grinding process, resulting in the expected interfacial chemical reaction. The Ca 2p
orbitals exhibit a typical spin-orbit split bimodal structure, in which the Ca2p3/2 spectrum can be
fitted to two characteristic components. The main peak with a lower binding energy corresponds
to Ca*" in the Ca-F bonds of the CaF; matrix, while the secondary peak with a higher binding
energy corresponds to Ca?" in the Ca-O coordination environment of calcium-oxygen-containing
acid salts, demonstrating the formation of calcium-containing reaction products that are not
calcium fluoride on the surface. Peak separation of the Ols orbital revealed two types of oxygen
species, corresponding to lattice oxygen in oxygen-containing anions and oxygen bonded to the
metal in metal-oxygen bonds, respectively. This ruled out interference from physically adsorbed
oxygen and corroborated the occurrence of an oxidation reaction. The peak separation results for
the Mn 2p orbital show that the spectrum contains both a small number of characteristic peaks of
+7 valence Mn and a higher proportion of characteristic peaks of +2 valence Mn. This indicates
that the higher-valent Mn in KMnOs underwent a reduction reaction under mechanical activation,

with most of it being reduced to divalent Mn and participating in product formation. An analysis
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of the patterns of changes in the composition and valence states of the reaction system reveals that
the strong oxidizing agent KMnOs, under the combined effects of stress activation from
mechanical grinding and frictional heat, undergoes a solid-state chemical reaction with the
unsaturated chemical bonds on the CaF. surface—which have been broken by mechanical
action—to form calcium-containing oxygenate reaction products such as CaMnOs. The
chemically altered layer formed on the material surface by the above reaction synergizes with the
modified layer previously constructed through plasma modification. Together, they form a ductile,
removable layer on the CaF» substrate surface, with both hardness and shear strength significantly

lower than those of the base material.
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Figure 31 XPS analysis of CaF, sample.
4 Conclusions

1. A ring-shaped electromagnetic coil can induce transverse motion of plasma. By adjusting
the strength of the magnetic field, the uniform dispersion area of the plasma can be regulated.
Under the influence of the magnetic field, OH*, O, H, Ar ions, and electrons all diffuse outward,
with diffusion rates as follows: electrons > ions > radicals.

2. The developed magnetically controlled plasma modification device has increased the
effective uniform modification area from @2 mm to ¢@4.5 mm, with a maximum modification
depth of 200 nm. Compared to conventional plasma modification, magnetically controlled plasma
modification results in a more uniform modification region. The optimal magnetic field strength is
0.2-0.3 T; values below this are unfavourable for lateral modification, while values above are
unfavourable for forming the modification layer.

3. Magnetron plasma modification involves both physical bombardment and chemical
reactions. Physical bombardment generates de-bonding-type vacancies and Franck-type vacancies
on the CaF: surface. OH* is more likely to undergo chemical reactions at these vacancies, forming

Ca-OH bonds, which then stabilise through dehydrogenation reactions.
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4. Magnetron plasma modification enhances the shear strain of CaF,, improving the
efficiency of mechanical chemical lapping (158 nm/min). The surface roughness Sa achieved
through the synergistic effect of magnetron plasma and mechanical chemical lapping can reach
0.89 nm. It is evident that the application of magnetron plasma homogenisation modification in
ultra-precision machining offers potential advantages, and the uniformity of large-area plasma

could be further improved in the future.
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