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A B S T R A C T   

Optical manufacturing plays an important role in various fields, such as optical lenses, telescopes, and laser 
optics. Generally, traditional optical manufacturing techniques are all subtractive processes based on the micro- 
shearing effect between the tool and surface protrusions. This paper reports a plasma-induced atom migration 
manufacturing (PAMM) process, which is a nonsubtractive finishing approach by which angstrom level surface 
roughness of fused silica has been successfully achieved. Inductively coupled plasma (ICP), which is charac
terized by high temperature and high radical density, is used as the tool of PAMM. After obtaining instantaneous 
plasma energy input on the fused silica surface, the peak site atoms migrate to the valley sites, thereby reducing 
the roughness. According to the energy minimization principle, this migration process continues until an ultra- 
smooth surface with reduced surface energy is formed. Atomic-scale molecular dynamics simulations were 
performed to clarify the microscopic mechanisms of PAMM, and experiments were conducted to verify its 
smoothing capability. The roughness of a ground silica surface was drastically reduced from Sa 391 nm to Sa 
0.16 nm. This study demonstrates the feasibility of the PAMM as an alternative approach for atomic-level surface 
manufacturing.   

1. Background 

At present, the base approach for optical manufacturing is computer- 
controlled optical surfacing (CCOS) technology [1]. Based on the pre
measurement of error information and the well-developed dwell time 
algorithm, CCOS enables selective and quantitative removal of surface 
components with low spatial frequency error. As mathematical models 
are adopted in CCOS, the polishing process exhibits a high degree of 
certainty. Currently, it has been widely used in optical manufacturing to 
improve the form accuracy [2]. In recent decades, some ultraprecision 
optical manufacturing technologies derived from CCOS have been pro
posed and commercially utilized, such as magnetorheological finishing 
(MRF) and ion beam finishing (IBF). 

MRF is carried out under the action of a directional magnetic field, 
and the magnetorheological fluid drives the polishing powders to abrade 
the surface and achieve material removal by the shear effect. MRF is 
capable of effectively removing subsurface damage induced by CCOS, 
reducing surface form error and achieving subnanometre surface 
roughness [3]. IBF technology uses inert gas ions to bombard the 
workpiece surface to transfer kinetic energy. With appropriate ion 

energy, the surface material can be removed by sputtering. Compared 
with CCOS and MRF, IBF technology has a more stable removal function 
[4,5]. Based on the control of ion energy and other parameters, atomic- 
scale material removal can be realized by IBF. However, IBF has a 
limited ability to improve high-frequency surface roughness. 

With the rapid development of manufacturing technologies, atomic 
and close-to-atomic scale manufacturing (ACSM), in which material 
removal, migration and addition occur, is becoming an attractive field 
[6,7]. The manufacturing of atomic surfaces is an important area for the 
development of ACSM. However, in conventional surface finishing ap
proaches, there are many constraints to achieve atomic-level surface 
roughness. The core constraint is that the minimum material removal 
volume of subtractive manufacturing approaches is much larger than 
that of atoms, which is the minimum constituent unit of the material. 
Therefore, it is difficult to achieve the efficient conversion of roughness 
from the nanometre level to the angstrom/subangstrom level. 

It could be easily understood from the calculation formula of 
roughness that the most fundamental approach to obtain a smooth 
surface is to reduce the height difference between the peak sites and the 
valley sites on the surface. Traditional polishing technology is usually 
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based on the shearing effect between the tool and surface protrusions, 
and surface smoothing is realized by selective removal of the pro
trusions. However, from the definition of surface finishing, material 
removal is not the necessary and sufficient condition to obtain a smooth 
surface. The surface can be definitely smoothed if the atoms on the peak 
sites can migrate to the valley sites. 

In 1990, IBM realized the migration manipulation of a single atom 
based on scanning tunnelling microscopy (STM) [8]. In this process, the 
tip of the probe captures and moves the target atoms and then places 
them in the target position. In recent years, this technology has also 
realized batch manufacturing of atomic structures [9]. Similarly, atomic 
manipulation technologies based on atomic force microscopy (AFM) 
[10] and scanning transmission electron microscopy (STEM) [11] have 
also been reported. These probe-based atomic manipulation technolo
gies realized ultraprecision manufacturing at the atomic scale. However, 
the application range of atomic manipulation technology is limited to 
the nanometre scale and cannot complete batch atomic migration at the 
micrometer or even millimetre scale. Therefore, probe-based atomic 
manipulation technologies present obstacles in the manufacturing of 
large-scale ultrasmooth surfaces. 

From the perspective of atomic interactions, the process of atomic 
migration is divided into the failure of atomic interactions, the move
ment of atoms and the reconstruction of atomic interactions. In STM 
atomic manipulation technology, these processes can be completed by 
adjusting the potential energy of the probe [8]. For the cross-scale 
migration of quantities of atoms, the key process is instantaneous en
ergy transfer on the surface. Energy beams can be used as a medium for 
this transmission; therefore, energy beam-induced atomic migration 
manufacturing technology is developing. According to the different 
energy sources, the energy beam can be divided into laser beam, elec
tron beam, ion beam and plasma beam. Since the 1980 s, laser beam- 
induced atomic migration manufacturing [12–14] has been gradually 
applied to surface polishing and damage recovery of optical, semi
conductor and metal components. Electron beam-induced atomic 
migration manufacturing [15–18] technology has been widely used in 
the surface polishing of metal components. This technology has been 
applied for production of components for use in many fields, such as 
artificial knee joint parts and surgical tools [19], metal dentures and thin 
osteotomy blades [20], 3D printing components [21], and metal moulds 
[22,23]. Ion beam-induced atomic migration manufacturing [24–26] 
technology is applied to precision optical elements and small metal 
parts. In the above process, the energy beam achieves the micromelting 
of the outermost layer on the workpiece surface, and the atoms migrate 
to obtain ultrasmooth surfaces with nanoscale or even subnanoscale 
roughness [27]. 

Plasma beam-induced atomic migration manufacturing research was 
first reported in 2015 [28]. After microplasma beam irradiation on the 
grey iron surface, the rough rusty surface became smooth. In recent 
years, arc plasma has made several advances in metal part polishing 
[29]. On the surface of SUS304 steel, the Ra roughness decreased from 
4.07 μm to 0.46 μm [30]. On the surface of AISI 304 stainless steel, the 
Ra roughness decreased from 5.11 μm to 0.41 ± 0.05 μm [31]. However, 
after arc plasma irradiation, there was no polishing effect on the 
FCD500-7 steel surface. Moreover, obvious ripples appear on the sur
faces of SKD61 and SUS420J2 steel, resulting in increased surface 
roughness [30]. This is because the arc plasma is a typical microarea 
discharge, so its temperature distribution is extremely uneven, and there 
is an obvious gas explosion in the arc area. In addition, the current 
machining accuracy of arc plasma can only reach the submicron level, 
and it is difficult to apply to optical components due to subsurface stress 
problems. 

This study introduces a surface atomic migration manufacturing 
technology based on inductively coupled plasma (ICP). ICP is a typical 
strong ionized and equilibrium plasma that exhibits the characteristics 
of high temperature and high particle concentration. Its temperature can 
be adjusted within the range of hundreds to thousands of degrees. 

Compared with an arc, an ICP can maintain a more uniform and stable 
glow discharge mode. Therefore, ICP is expected to serve as an effective 
medium for surface atomic migration at the millimetre scale. In this 
study, plasma-induced atomic migration manufacturing (PAMM) tech
nology was proposed for surface smoothing. The atomic migration 
mechanism in the PAMM process was studied by molecular dynamics 
simulation, and the core control factors were revealed. Then, based on 
the feasibility of the polishing experiment, the roughness and surface 
morphology evolution of PAMM were studied, and the ultimate rough
ness on the fused quartz component was explored. 

2. Principle and experimental setup of PAMM 

Fig. 1 (a) shows a schematic diagram of the PAMM polishing process 
based on ICP plasma. The critical process of PAMM is the instantaneous 
energy transfer to the workpiece surface by ICP, mainly through three 
modes: thermal convection, heat conduction and thermal radiation. 
Since the temperature of ICP plasma is high and the surface temperature 
of fused silica is low, the nonuniformity of temperature leads to the 
occurrence of thermal convection, so the heat is transmitted to the fused 
silica surface through gas. A large number of high-speed particles in ICP 
can directly collide with fused silica surface atoms to transmit energy. 
ICP is a strong ionization plasma that contains many excited atoms and 
molecules. The excited state particles release energy by radiation during 
the de-excitation process, and the surface atoms can absorb this energy. 

Fig. 1. a) Schematic diagram of PAMM polishing (the insert is the PAMM setup 
on the fused silica surface); b) schematic diagram of the PAMM smoothing 
process on the fused silica surface. 
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Based on these energy transfer pathways, the surface atoms absorb 
sufficient energy. Thus, the bonding between atoms is broken so that 
atomic migration can occur. The insert shows the experimental setup for 
PAMM polishing on the fused silica surface by ICP, which is mainly 
composed of an RF power supply, copper inductor coil, quartz torch 
tube, alumina ceramic sample table and three-axis CNC (computerized 
numerical control) motion system. The quartz torch tube is fixed at the 
centre of the induction coil and consists of two coaxial quartz tubes. The 
inner tube supplies ignition gas (Ar, 1.5 slm), and the outer tube supplies 
cooling gas (Ar, 18.5 slm) to prevent the fused quartz torch tube from 
melting at high temperature, simultaneously stabilizing the ICP plasma 
beam. Through the CNC motion platform, the fused silica sample can be 
surface-treated in a fixed and complete manner. 

The excited state particles release energy by radiation during the 
mechanism, including bond breaking, adsorption, movement and bond 
formation. After absorbing enough energy, the covalent bonds between 
Si/O atoms on the fused silica surface break to form free atoms or atomic 
clusters. These free atoms and clusters are adsorbed on the surface only 
by van der Waals interactions. According to the principle of energy 
minimization, free atoms or clusters migrate on the surface to find low- 
energy sites. When the free atoms and clusters in the high point position 
fill the low point position on the surface, the surface area of fused silica 
decreases; thus, the surface energy decreases. The above migration 
process continues until the surface reaches a stable low-energy state: 
that is, to obtain an ultrasmooth surface. Since the plasma energy input 
only acts on several surface layers of the material instantaneously, this 
process is equivalent to atomic rearrangement on the fused silica surface 
under ICP plasma irradiation. Finally, the atomic-scale ultrasmooth 
surface is obtained based on the “atomic migration effect”. 

In this study, 40 mm × 40 mm × 5 mm quartz samples were used to 
study the polishing mechanism and process of PAMM. Before the 
experiment, all samples were ultrasonically cleaned with ultrapure 
water and high purity ethyl alcohol (99.5%) and then dried with ni
trogen (99.999%). In this study, an ultra-precision balance (METTLER 
CC-3372–02) was used to measure the weight change of fused silica 
samples during PAMM. The free radical composition in ICP plasma was 
measured by an optical emission spectrometer (OES, Ocean Optics 
USB4000) with a wavelength resolution of 0.2 nm. The temperature 
distribution on the fused silica surface during PAMM was observed and 
recorded by a thermal imaging spectrometer (FLIR T660). The surface 
morphology was observed by laser scanning confocal microscopy 
(LSCM, Keyence VK-X1000), while the surface roughness was measured 
by scanning white light interferometry (SWLI, Taylor Hobson M112- 
4449–02 CCI HD) and atomic force microscopy (AFM, Bruker Edge). The 
profile and roughness distribution of the samples at the millimetre scale 
were measured by a stylus profiler (SURFCOM NEX 031 DX-12). 

The composition of free radicals in ICP plasma (RF power 1,500 W) 
was determined by emission spectroscopy, as shown in Fig. 2 (a). The 
optical fibre probe was fixed at a distance of approximately 200 mm 
from the torch centre, and the emission spectrum was recorded with a 
60 ms constant integration time for all collected data. The wavelength of 
the emission line represents the element type, and the emission intensity 
represents the number density of free radicals. Since the PAMM process 
uses pure Ar without adding any other elements as the reaction gas, 
many peaks with strong intensity corresponding to Ar excitation atoms 
can be detected as well as some weak peaks derived from ambient ni
trogen molecules. The broad spectrum is considered originated from 
bremsstrahlung radiation. 

The setup consists of an RF power supply (40.68 MHz), an impedance 
matcher, a copper inductance coil, a quartz torch, a water-cooling cir
culation system, and so forth. The quartz torch, which was fixed in the 
centre of the inductive coil, was composed of two coaxial quartz tubes; 
the ignition gas (Ar, 1.5 sccm) was supplied through the inner tube (ID: 
16 mm), and cooling gas (Ar, 18.5 sccm) was supplied through the outer 
tube (ID: 20 mm) to prevent the tube from melting and stabilize the 
plasma torch. Under the cooperation of the above components and parts, 

plasma was generated in the quartz torch. In the PAMM process, the 
sample was placed on a wafer holder made of high temperature resistant 
aluminium oxide ceramics. 

The temperature of the fused quartz surface at different RF powers 
was measured, and the results are shown in Fig. 2 (b). The research 
shows that the surface temperature has a linear relationship with RF 
power. By adjusting the RF power, the surface temperature of fused 
quartz can be roughly controlled from 600 to 1,400 ◦C. The insert shows 
the thermal image of fused quartz during PAMM. Since the temperature 
in the circular region below the plasma torch is the highest, the tem
perature in this region was recorded, and the average value was taken as 
the surface temperature. When the RF power was 1,500 W, the average 
temperature of the fused quartz surface was 1,200–1,300 ◦C. 

3. Theoretical research based on molecular dynamics 
simulation 

In this study, large-scale atomic/molecular parallel simulation 
(LAMMPS) [32] software was used to calculate and analyse the PAMM 
process of fused silica at the atomic scale based on molecular dynamics 
(MD) simulation. The simulation results were visualized in Visual Mo
lecular Dynamics (VMD) [33] and Open Visualization Tool (OVITO) 
[34] software. The interaction between atoms in covalently bonded 
molecules depends not only on the distance between atoms but also on 
the bonding direction between atoms. Therefore, the influences of 

Fig. 2. a) OES spectrum of ICP (1,500 W); b) variation in fused silica surface 
temperature with RF power during the PAMM process (the inset is the heatmap 
of the fused silica surface during the PAMM process). 
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surrounding atoms must be considered in calculating the interaction 
between atoms in fused silica. According to the concept of bond order (i. 
e., bond strength) in quantum mechanics, Tersoff proposed the Tersoff 
potential function [35] from basic quantum mechanics theory. The 
Tersoff potential function describes the relationship between bond order 
and the surrounding environment and proposes a Morse-type atomic 
interaction model, which can accurately describe the interaction be
tween covalent bonds. To obtain more accurate calculation results, the 
three-body Tersoff potential is applied to the complex covalent bond 
system in fused silica [36]. 

Fig. 3 (a) shows the initial height distribution model of the fused 
silica surface. In this study, a continuous rough surface composed of 
hemispherical bulges and pits is designed. The Sa roughness of the initial 
surface is 1.38 nm. The bottom of the model is 16.7 nm × 16.7 nm, 
which consists of 31,509Si atoms and 63,019O atoms, and the density is 
2.21 g/cm3. The microcanonical ensemble (NVE) is first used for 1 ns 
relaxation to balance the system, and then for 10 ns calculation. Since 
the reaction molecular dynamics simulation cannot complete the 
simulation calculation of plasma, we need to construct an equivalent 
model. 

As ICP transmits a large amount of energy to the fused silica surface, 
the atoms in the outer layer instantly obtain extremely high energy. 
Therefore, we construct the equivalent model shown in Fig. 3 (b), where 
the colour corresponds to the atomic “theoretical temperature” (i.e., the 
kinetic energy of a single atom). The outermost atoms (5 layers) on the 
whole surface of the equivalent model are high-energy atoms, and the 
subsequent simulation calculation is carried out. The corresponding ICP 
plasma energy density can be obtained by setting the theoretical tem
perature. The conversion Formula (1) shows: 

T − T0 =
2
∑

EK

dÂ⋅NÂ⋅KB
(1) 

T is the theoretical temperature set for each atom, and T0 is room 
temperature (300 K). EK is the kinetic energy of high-energy atoms 
compared with normal atoms. d is a spatial dimension (d = 3 in three- 
dimensional space). N represents the number of high-energy atoms. KB 
is the Boltzmann constant of 1.3806504 × 10-23 J/K. The extra energy of 
these high-energy atoms can be calculated by setting the theoretical 
temperature, which can be regarded as the energy transmitted by ICP 
plasma to the surface. 

Fig. 4 (a) shows the Y-direction height model of the fused quartz 
surface after 20 ns of PAMM at different ICP energy densities. After 

PAMM, the bulge and pit structures on the fused silica surface changed 
to varying degrees, and the height difference decreased significantly. 
Moreover, the surface morphology is directly related to the ICP energy 
density. While the ICP energy density is less than 73.18 eV/nm2, bulges 
and pits still exist. With the increase in ICP energy density, the height 
difference is gradually reduced, and the structures of bulges and pits are 
gradually blurred. As the ICP energy density reaches 73.18 eV/nm2, the 
bulges and pits on the fused silica surface almost completely disappear, 
forming a flat surface. When the ICP energy density is higher than 73.18 
eV/nm2, the bulges and pits in the initial surface model disappear, but 
irregular bulges are formed, affecting the smoothness of the surface. The 
PAMM effect of the fused quartz surface is closely related to the energy 
density of the ICP plasma. When the energy density is insufficient, the 
surface cannot obtain enough energy to complete the migration of atoms 
at all bulge positions. When the energy density is overloaded, the surface 
obtains excess energy and forms a new rough structure on the surface. 
Fig. 4 (b) shows the surface Sa roughness and temperature variation of 
fused silica corresponding to the ICP energy density. With increasing 
energy density, the Sa roughness shows the following trend: Sa first 
decreases gradually and then reaches the lowest value (less than 0.2 nm) 
in the range of 67.55–78.81 eV/nm2. With the continuous increase in 
energy density, Sa roughness increases instead. This is consistent with 
the configuration variation of the fused silica surface shown in Fig. 4(a). 
In addition, there is an approximately linear relationship between the 
surface temperature and the energy density of ICP plasma, which means 
that the total internal energy of the system directly corresponds to the 
energy transmitted by ICP plasma. 

To further analyse the variation in the surface structure of fused silica 
during PAMM, the Y-direction height model of the surface at an energy 
density of 73.18 eV/nm2 is displayed in Fig. 5 (a). With the continuous 
progress of PAMM, the bulges and pits on the fused silica surface 
gradually disappear, and finally, a smooth surface structure is formed. 
As shown in Fig. 5 (b), the Sa roughness of fused silica decreases 
continuously and tends to be stable after approximately 8 ns (less than 
0.2 nm). Root mean square deviation (RMSD) is the total displacement 
of all atoms in the system relative to the initial position. With the 
continuous progress of PAMM, the RMSD value increases and stabilizes 
after approximately 8 ns. Fig. 5 (c) shows the changes in surface tension 
and surface energy during PAMM. Because the fused silica surface is 
solid in the initial state, the surface energy and surface tension are 
extremely large. When the surface receives plasma energy from the 
micromelting state, the surface energy decreases greatly in an instant, 
and the interaction between the surface atoms is largely invalid. When 
the surface completely forms a micromelting state, the surface energy 
decreases slowly and stably, indicating that atomic migration on the 
fused silica surface is carried out stably and towards a trend of 
decreasing surface energy. Similarly, the surface tension exhibits a rapid 
and instantaneous reduction process. However, when the surface 
completely forms a micromelting state, the surface tension of fused silica 
increases slowly. Surface tension represents the force reducing the sur
face area for the micromolting state, so a gradual increase in surface 
tension corresponds to a gradual flattening of the surface structure. 

To analyse the atomic migration in the PAMM process in detail, the 
XZ cross section of fused silica is observed and calculated, as shown in 
Fig. 6 (a). Fig. 6 (b) shows the force vector of the outermost atom on this 
XZ section at the initial PAMM moment, namely, the moment when ICP 
acts on the surface. The four colours represent different vector di
rections. It can be found that the vector directions of atoms change ac
cording to position. For high point atoms, the vector direction is parallel 
to the surface tangent direction, and most atoms are forced along the 
tangent point to the low point position. For low point atoms, the vector 
direction points to the centre of the pit. For the atoms at the “moun
tainside” position, there are two vector directions. On the one hand, the 
vector directions of some atoms are along the tangent. On the other 
hand, the volume of the fused silica surface expands after receiving 
energy, and the vector directions of some atoms are perpendicular to the 

Fig. 3. Initial model of the fused silica surface. a) Height distribution model in 
the Y direction; b) equivalent temperature distribution model. 
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tangent direction, pointing to the centre of the pit. According to the 
results of vector analysis, the high point atom will migrate to the low 
point position, and the “mountainside” position atom and the low point 
atom will migrate to the pit centre position, which is consistent with our 
proposed atom migration discipline. Fig. 6 (c-d) shows the initial vector 
distribution on the fused quartz surface and the distribution after 10 ns 
of the PAMM process. When the ICP plasma acts on the surface at the 
initial time, the stress values at the high and low points are large, and the 
direction switches to the opposite. The stress distribution presents a 
stepped distribution from the high point to the low point. After PAMM, 
the distribution of surface stress is relatively disordered, and the 
magnitude of the stress value is significantly reduced, which indicates 
that the fused silica surface is in a relatively stable state. 

Fig. 7 (a) shows the specific process of atomic migration on the fused 

silica surface with a two-dimensional bulge-pit structure during PAMM. 
Consistent with the calculation results in Fig. 6 (b), the atoms at the high 
point migrate to the low point, and the atoms at the “mountainside” 
position and the low point gather to the centre of the pit. After 20 ns of 
PAMM, two-dimensional fused quartz forms an ultrasmooth surface 
structure. Fig. 7 (b) shows the change in Ra roughness on two- 
dimensional fused silica, which decreased continuously with PAMM 
from 1.384 nm to below 0.2 nm. Since the fused silica is amorphous at 
the initial time, the value of the first neighbour atoms exhibits an 
obvious peak, but there is no obvious peak at the positions of the second 
and third neighbour atoms in the radial distribution function (RDF) 
curve of Si-O. After PAMM, the peak value of the first neighbour atoms 
decreases, but the second neighbour atoms has an obvious peak. This 
means that ordered structures begin to appear on the fused silica surface, 

Fig. 4. a) Y-direction height model of the fused quartz surface after PAMM at different ICP energy densities; b) Sa roughness and surface temperature variation of 
fused silica versus ICP energy density. 

Fig. 5. Variation in the fused silica surface when the ICP energy density is 73.18 eV/nm2: (a) Y-direction height; b) Sa roughness and RSMD; c) Surface energy and 
surface tension. 
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and these ordered structures are obviously generated by atomic migra
tion. Fig. 7 (d) shows the 12-element ring-like structure formed on the 
surface after PAMM, where the blue arrow represents the instantaneous 
force vector of the atom. According to the vector direction, these ring 
structures tend to form stable Si-O-12 rings, which means that the atoms 
in the outer layer are rearranged and tend to form an orderly regular 
structure. The order enhancement in the PAMM process is in accordance 
with the principle of energy minimization. Therefore, the atomic 
migration process on the fused silica surface will continue after ICP 
irradiation until an ultrasmooth surface is formed. 

4. Experimental study of PAMM 

The above molecular dynamics studies have theoretically proven the 
feasibility of PAMM to obtain an ultrasmooth fused silica surface and 
revealed the mechanism and activity of PAMM at the microscale. Based 
on theoretical research, the process of polishing fused quartz by PAMM 
was also studied. Fig. 8 (a) shows the physically fused quartz images 
before and after PAMM polishing. When the PAMM time is 10 min, the 
polished fused silica surface has a circular transparent area corre
sponding to the size of the plasma spot after the PAMM process. Fig. 8 
(b) shows the boundary area of PAMM polishing. It can be found that the 
boundary between the polished and nonpolished areas is very clear, 
where the PAMM action area is obviously smooth. At the same time, a 

Fig. 6. a) Schematic diagram of the XZ cross-section of the fused silica surface; 
b) the initial force vector of the outermost atoms; the top view of the stress 
distribution of the fused silica when the ICP plasma intensity is 73.18 eV/nm2 c) 
at the initial time and d) after PAMM completion. 

Fig. 7. a) Variation in the two-dimensional fused silica surface during PAMM; 
b) Ra roughness changes versus time; c) RDF curves of Si-O before and after 
PAMM; d) 12-element ring-like structure observed on the surface after PAMM. 

Fig. 8. (a) Fused quartz samples before and after PAMM; (b) LSCM diagram of 
the ICP irradiation boundary; (c) LSCM diagram of black spots, bubbles and 
pores in the PAMM polishing boundary region; (d) schematic diagram of the 
evolution process of deep cracks in the PAMM process; (e) schematic diagram of 
the healing process of shallow cracks in the PAMM process. 
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large number of black spots can be observed in the polishing boundary 
area, which seems to be the transition state from grinding to polishing. 
Fig. 8(c) further magnifies these black sites. The polished boundary area 
contains a large number of microprotrusions and microhole structures. 
From the laser confocal height image, the black sites can be divided into 
two types of structures: bubbles and pores. Fig. 8 (e-f) shows the for
mation mechanism of bubbles and pores. Considering the hard and 
brittle characteristics of fused silica, there are a large number of cracks 
with different depths on the ground surface. For deeper cracks, the edge 
region of the crack first extends and is directly closed to form a bubble 
structure due to uneven heating. The thermal expansion of bubbles may 
cause the formation of the bubble structure shown in Fig. 8 (c). Shallow 
cracks are gradually filled under the action of atomic migration and 
finally achieve the effect of crack healing. However, the shallow cracks 
that have not been healed exhibit the micron-level pore structure shown 
in Fig. 8 (c). Thus, PAMM can not only eliminate the roughness of the 
fused silica surface, but also exerts a good healing effect on the surface 
cracks. 

There is no doubt that pores and bubbles on fused silica surfaces/ 
subsurface have an effect on optical properties. The appearance of pores 
represents the transition state of PAMM, which can be completely 
eliminated in principle. However, the appearance of bubbles is closely 
related to the process parameters of the PAMM and the flow efficiency of 
surface atoms. Therefore, in subsequent research, it will be necessary to 
further explore the bubble elimination strategy in subsequent research. 

To further study the variation in the surface morphology and 
roughness of fused silica during PAMM, the change process of the fused 
silica surface was analysed. Fig. 9 (a-b) shows the LSCM and AFM 
morphologies of the initial ground surface of fused silica. The ground 
surface is relatively rough, and the Sa roughness exceeds 450 nm. After 
10 min of PAMM treatment, the fused quartz surface became smooth, 
and the Sa roughness measured by AFM was 0.17 nm, as shown in Fig. 9 
(c-d). Fig. 9 (e) shows the surface roughness change versus time. After 1 
min of PAMM, the surface roughness was greatly reduced to below Sa 60 
nm. After PAMM for 8 min, the Sa roughness was further reduced and 
stabilized below 0.2 nm. It can be found that the PAMM not only 

achieves excellent subnanometre surface manufacturing accuracy, but 
also has outstanding roughness conversion efficiency. It is worth 
mentioning that the traditional optical manufacturing process often 
involves coarse abrasive mechanical polishing, fine abrasive mechanical 
polishing, MRF polishing and other auxiliary processes, such as cleaning 
and testing after grinding. In contrast, dry PAMM technology offers 
obvious advantages in polishing effect, roughness conversion efficiency 
and cost. 

Fig. 9 (f) shows the change of the sample weights during the PAMM 
process. According to the basic principle of PAMM, the polishing effect 
of PAMM is based on the migration of atoms from high positions to low 
positions rather than the removal of materials. After a 10 min PAMM 
process, the weight loss of the material was less than 0.01%. This minute 
weight loss may be due to the instantaneous evaporation effect of a small 
amount of the outermost atoms when ICP irradiation impinges on the 
sample surface. Moreover, the working gas flow of ICP may also result in 
very little atomic removal. 

In addition to the high-frequency roughness information, the low- 
frequency information of the surface also needs to be considered in 
optical manufacturing. In this study, AFM (5 μm), SWLI (400 μm) and 
stylus profilers (8 mm) were used to analyse the PAMM at different 
spatial frequencies. AFM is generally used to analyse the surface high 
spatial frequency roughness (HSFR). As shown in Fig. 10 (a) and (b), the 
effect of the PAMM on high-frequency roughness is obvious. In the SWLI 
image in Fig. 10 (b), it can be observed that the fused quartz has a 
continuous smooth surface after PAMM, corresponding to a decrease in 
the Sa roughness from 1.02 μm to 0.74 nm. It is worth noting that the 
PAMM-processed surface exhibits obvious fluctuations of 100 µm, and 
the specific formation mechanism is unclear. Considering the spot size of 
the plasma, the source of the 100 µm intermediate frequency error may 
be related to the surface shape error distribution of the initial ground 
surface. Fig. 10 also shows the surface profile and roughness curves 
before and after PAMM. After 10 min of PAMM, the Ra roughness of the 
fused silica surface decreased from 1.02 μm to 0.56 nm, reaching sub
nanometre roughness. However, it can also be found that there is an 
obvious millimetre-scale low-frequency fluctuation on the surface after 

Fig. 9. LSCM images a) and AFM images b) of the fused silica surface before PAMM polishing; LSCM images c) and AFM images d) of the fused silica surface after 
PAMM polishing; e) Sa roughness changes versus time (10 min) on the fused silica surface during PAMM; f) sample weight changes versus time during PAMM. 
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PAMM. During the PAMM process, due to the working gas flow effect of 
ICP plasma, the molten material on the surface may flow slightly. 
Whether the formation of low-frequency fluctuation is related to this 
remains to be further studied. 

From the above results, it can be determined that PAMM technology 
can produce an ultrasmooth surface on the ground fused quartz sample 
with high efficiency, but the mechanism of PAMM in the mid/low fre
quency region is not clear. On the one hand, it is necessary to continue to 
explore the influence of PAMM on the surface shape error of optical 
components. It is obvious that PAMM does not offer modification ability, 
so it is worthy of further study to determine whether the surface 
roughness can be converted to the angstrom scale without affecting the 
surface shape. On the other hand, under the premise of only considering 
the excellent polishing ability of PAMM, the combination of PAMM and 
other modification processes can be explored. 

Compared with the traditional “removal” polishing process, ultra
smooth surface manufacturing technology based on the energy beam- 
induced atom migration effect provides a new method for the trans
formation of ultraprecision optical manufacturing from the nanoscale to 
the angstrom scale. At present, PAMM technology still poses some en
gineering problems to be solved, such as the thermal stress problem 
under the action of ultrahigh temperature and the elimination of mid/ 
low frequency errors. However, its high-efficiency angstrom-scale sur
face creation ability still has good development opportunities and 
application prospects [27]. PAMM principles and methods are similar to 
those of other energy beam surface technologies, but also exhibit unique 
characteristics. Different from electron beam [22,37] and ion beam 
[24,38] induced atomic migration manufacturing processes with the 
requirements of a vacuum environment, the PAMM process has a 
simpler operation and lower cost. The fused quartz sample can be pol
ished directly in an atmospheric environment without limiting the 
sample size. Compared with laser polishing, less thermal stress is 
introduced and ablation particles are not generated. Compared with 
oxyhydrogen flame polishing, PAMM doesn’t have the problem of OH 

contamination. Compared with the wet process based on polishing so
lution and magnetorheological fluids, such as CCOS and MRF, the 
PAMM dry polishing process offers obvious advantages in efficiency and 
cost. In summary, this work carried out a preliminary study on PAMM 
from the aspects of molecular dynamics simulation and plasma polishing 
experiments, hoping to provide a new ideal for future atomic-level ultra- 
precision optical manufacturing. 

Although PAMM has demonstrated excellent surface smoothing 
capability, it is inapplicable for form error correction and the form ac
curacy may even deteriorate due to the thermal effect of ICP. Thus, the 
hybrid process combining PAMM with other figuring technologies such 
as MRF and CCOS will be developed in the future. 

5. Conclusions 

In this paper, molecular dynamics simulation and plasma polishing 
experiments are combined to study the polishing principle, process and 
characteristics of PAMM. The following conclusions can be drawn: ICP 
plasma exhibits the characteristics of high temperature, strong optical 
radiation and high ion concentration and is a method of inducing atomic 
migration comparable to the electron beam, ion beam and laser beam. 

1. ICP plasma has the characteristics of high temperature, strong opti
cal radiation and high ion concentration and is a method of inducing 
atomic migration comparable to the oxyhydrogen flame, electron 
beam, ion beam and laser beam.  

2. The energy density transmitted by ICP plasma to the fused silica 
surface has a decisive influence on the polishing effect of PAMM. 
When the energy density is insufficient, complete migration of sur
face atoms cannot be achieved. When the energy density is over
loaded, evaporation escape forms a new rough structure on the 
surface. Under the condition of an appropriate energy density, an 
ultrasmooth surface can finally be obtained. 

Fig. 10. Cross-scale analysis of fused silica surface before and after PAMM.  
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3. Molecular dynamics simulation and PAMM polishing experiments 
show that an ultrasmooth surface with Sa roughness less than 0.2 nm 
can be obtained by PAMM technology. For a ground fused silica 
surface, Sa can be reduced from 458.17 nm to 0.17 nm by application 
of the PAMM process for 8 min, which proves the effectiveness and 
efficiency of PAMM as well as its broad applicable roughness range.  

4. Although PAMM can efficiently obtain an ultrasmooth fused silica 
surface, it is ineffective with respect to the mid/low frequency error 
of the surface. The combination with other processing technologies 
with excellent shape control ability is the key breakthrough direction 
of the application of PAMM to optical manufacturing. 
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