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Abstract: Deterministic ion-beam figuring of high-precision optical surfaces requires stable and accurate-
ly controllable removal functions. To improve in-process control of the ion-beam removal function and

to establish a variable removal-function compensation model for fine-beam-diameter ion beams, a sys-
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tematic framework was developed for investigating, compensating, and optimizing removal-function
variability during machining. First, the practical instability of the removal function was analyzed theoret-
ically. Subsequently, the governing factors were derived and classified into direct effects (thermal accu-
mulation and energy distribution) and indirect effects (dwell time and lateral velocity). Dynamic remov-
al-function experiments were then performed to validate the influence of dwell time on the removal rate,
and tests using two beam diameters confirmed the generality of the observed behavior. Finally, a com-
pensation strategy and machining guidelines were proposed based on the effect of lateral velocity on the
removal rate. The results demonstrate that regulating dwell time and lateral velocity can significantly en-
hance the convergence rate in fine-beam-diameter machining of high-precision optical surfaces. In sub-
nanometer machining validation, a 0. 332 nm RMS figure error was achieved on a 100 mm ULE flat mir-
ror, satisfying practical requirements for stability, reliability, high precision, and controllability of fine-
beam-diameter ion-beam processing.

Key words: optical manufacturing; ion beam figuring; fine beam diameter; variable removal function;

dwell time; nonlinear compensation
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Tab.1 Parameter of ion beam source

Parameter Value
Aperture size 0.5 mm
Work distance 5 mm
Gas flow rate 5 scem
Neu. current 21 mA
Removal rate 1.7 nm/s
Beam power 1000 V
Acc. voltage 100 V

RF power 50 W
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Fig. 5 Results of dynamic removal function experiment

Tab. 2 Experimental result of dynamic removal function

e 9ER R kB

s M mE @K FWHM IR
AL
mm/s s/mm  nm/s mm  10°mm?®/min
1 0.198 5.051 0.768 1.241 8.05
2 0.494 2.024 0.733 1.258 7.88
3 0.79 1.266 0.703 1.269 7.69
4 1.186 0.843 0.675 1.286 7.58
5 1.779 0.562 0.640 1.291 7.24
6 2.47 0.405 0.615 1.297 7.03
7 2.964 0.337 0.591 1.295 6.74
8 7.509 0.133 0.535 1.305 6.19
9 12.054 0.083 0.509 1.311 5.95
10 17.983 0.056 0.484 1.335 5.87
11 24.998 0.040 0.462 1.339 5.63
12 30.037 0.033 0.444 1.284 4.98
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Fig.9 Flowchart of variable removal function compensation
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Tab.3 Experimental parameters of ion source

Gas flow Beam power Acceleration power

Radio frequency

Neutralization current Work distance

5.0 mL/min 1000V 100 V

58 W 22 mA 8 mm
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Fig. 11 Variable removal function compensation model experimental verification results
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