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Abstract

This work presents the deterministic hydrodynamic polishing system (HyDRa ( HyDRa-
dynamic Radial Polishing Tool) based on a polishing tool developed at the Instituto de 
Astronomía, UNAM. HyDRa is one of several modern deterministic polishing techniques 
�•�‘�Š�•�1 �Š�•�•�˜� �1 �•�˜�›�1 �Œ�˜�–�™�ž�•�Ž�›�1 �Œ�˜�—�•�›�˜�•�•�Ž�•�1 ���—�’�œ�‘�’�—�•�1 �˜�•�1 �Œ�˜�–�™�•�Ž�¡�1 �˜�™�•�’�Œ�Š�•�1 �œ�ž�›�•�Š�Œ�Ž�œ�ï�1 ���‘�Ž�1HyDRa 
system is based on a hydrodynamic polishing tool that generates a variable-density abra-
�œ�’�Ÿ�Ž�1���˜� �1�•�‘�Š�•�1�–�Š�”�Ž�œ�1�™�˜�œ�œ�’�‹�•�Ž�1�•�‘�Ž�1�™�›�˜�•�ž�Œ�•�’�˜�—�1�˜�•�1�‘�’�•�‘�,�š�ž�Š�•�’�•�¢�1�˜�™�•�’�Œ�Š�•�1�œ�ž�›�•�Š�Œ�Ž�œ�1�˜�•�1�•�’�Ÿ�Ž�›�œ�Ž�1
materials. The tool comprises several stacked operational stages that generate a graz-
� �’�—�•�1�Š�‹�›�Š�œ�’�Ÿ�Ž�1���˜� �1� �’�•�‘�1�Š�1�™�›�Ž�•�’�Œ�•�Š�‹�•�Ž�ð�1�£�Ž�›�˜�,�•�˜�›�Œ�Ž�1�Ž�›�˜�œ�’�˜�—�1�•�˜�˜�•�™�›�’�—�•�1�˜�—�1�•�‘�Ž�1� �˜�›�”�™�’�Ž�Œ�Ž�1�•�‘�Š�•�1
removes material. A recent innovation to the hydrodynamic polishing tool adds a switch -
ing capacity to the tool that allows the polishing action to be interrupted at will, without 
losing the stability of the operating parameters. This further increases the versatility and 
performance of the tool, since it is now possible to polish only the areas where the surface 
needs correction. Pulsed polishing also adds several techniques to this polishing method 
that further increase the system’s versatility.

Keywords: �1�•�Ž�•�Ž�›�–�’�—�’�œ�•�’�Œ�1�™�˜�•�’�œ�‘�’�—�•�ð�1���ž�’�•�1�“�Ž�•�1�™�˜�•�’�œ�‘�’�—�•�ð�1�Ÿ�˜�›�•�Ž�¡�1�™�˜�•�’�œ�‘�’�—�•�ð�1
pulsed polishing, simultaneous polishing with multiple tools

1. Introduction

���œ�1�•�‘�Ž�1�•�Ž�–�Š�—�•�1�•�˜�1�•�Š�‹�›�’�Œ�Š�•�Ž�1�•�Š�›�•�Ž�›�1�Š�—�•�1�’�—�Œ�›�Ž�Š�œ�’�—�•�•�¢�1�Œ�˜�–�™�•�Ž�¡�1�Š�œ�™�‘�Ž�›�’�Œ�1�˜�™�•�’�Œ�œ�1�‹�Ž�Œ�˜�–�Ž�œ�1�–�˜�›�Ž�1�Œ�˜�–-
mon, the need for deterministic polishing tools which can meet these demands has motivated 
the development of the hydrodynamic, polishing tool (HyDRa).

�i�������������7�K�H���$�X�W�K�R�U���V�������/�L�F�H�Q�V�H�H���,�Q�W�H�F�K�2�S�H�Q�����7�K�L�V���F�K�D�S�W�H�U���L�V���G�L�V�W�U�L�E�X�W�H�G���X�Q�G�H�U���W�K�H���W�H�U�P�V���R�I���W�K�H���&�U�H�D�W�L�Y�H

�&�R�P�P�R�Q�V���$�W�W�U�L�E�X�W�L�R�Q���/�L�F�H�Q�V�H�����K�W�W�S�������F�U�H�D�W�L�Y�H�F�R�P�P�R�Q�V���R�U�J���O�L�F�H�Q�V�H�V���E�\���������������Z�K�L�F�K���S�H�U�P�L�W�V���X�Q�U�H�V�W�U�L�F�W�H�G���X�V�H��
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Figure 1.�1���˜�˜�•�1 �’�—���ž�Ž�—�Œ�Ž�1 �•�ž�—�Œ�•�’�˜�—�ï�1 ���‘�Ž�1 �’�–�Š�•�Ž�1 �•�˜�1 �•�‘�Ž�1 �›�’�•�‘�•�1 �œ�‘�˜� �œ�1 �•�‘�Ž�1 �›�Ž�–�˜�Ÿ�Š�•�1 �•�ž�—�Œ�•�’�˜�—�1 �™�›�˜���•�Ž�1 �Ž�¡�•�›�Š�Œ�•�Ž�•�1 �•�›�˜�–�1 �•�‘�Ž�1
�’�—�•�Ž�›�•�Ž�›�˜�•�›�Š�–�1�•�˜�1�•�‘�Ž�1�•�Ž�•�•�ï�1���‘�’�œ�1�™�›�˜���•�Ž�1� �Š�œ�1�˜�‹�•�Š�’�—�Ž�•�1�‹�¢�1�˜�™�Ž�›�Š�•�’�—�•�1�•�‘�Ž�1�•�˜�˜�•�1�•�˜�›�1�X�1�œ�1�˜�—�1�Š�1���¡�Ž�•�1�™�˜�œ�’�•�’�˜�—�1�˜�Ÿ�Ž�›�1�•�‘�Ž�1� �˜�›�”�™�’�Ž�Œ�Ž�ï�1
DH�1�’�œ�1�•�‘�Ž�1�•�ž�•�•�1� �’�•�•�‘�1�Š�•�1�‘�Š�•�•�1�–�Š�¡�’�–�ž�–�1�û�����
���ü�1�˜�•�1�•�‘�Ž�1�›�Ž�–�˜�Ÿ�Š�•�1�•�ž�—�Œ�•�’�˜�—�ï�1���˜�˜�•�1�•�˜�˜�•�™�›�’�—�•�1�•�’�Š�–�Ž�•�Ž�›�œ�1�•�¢�™�’�Œ�Š�•�•�¢�1�›�Š�—�•�Ž�1�‹�Ž�•� �Ž�Ž�—�1
3 and 10 mm, depending on the particular tool.

The HyDRa polishing tool [ 1, �X] is a non-contact, zero-force hydrodynamic tool that rotationally 
�Š�Œ�Œ�Ž�•�Ž�›�Š�•�Ž�œ�1�Š�1�œ�•�ž�›�›�¢�1�Š�—�•�1�Š�’�›�1�–�’�¡�•�ž�›�Ž�1�Š�—�•�1�Ž�¡�™�Ž�•�œ�1�’�•�1�•�Š�—�•�Ž�—�•�’�Š�•�•�¢�1�˜�—�•�˜�1�•�‘�Ž�1� �˜�›�”�™�’�Ž�Œ�Ž�ï�1���•�1�Œ�˜�—�œ�’�œ�•�œ�1�˜�•�1
several operational stages: an abrasive suspension (water and polishing grit) is fed to the tool’s 
���›�œ�•�1�˜�™�Ž�›�Š�•�’�˜�—�Š�•�1�œ�•�Š�•�Ž�ð�1� �‘�Ž�›�Ž�1�’�•�1�’�œ�1�–�’�¡�Ž�•�1� �’�•�‘�1�Š�’�›�1�Š�•�1�Š�1�Œ�˜�—�•�›�˜�•�•�Ž�•�1�™�›�Ž�œ�œ�ž�›�Ž�1�’�—�1�˜�›�•�Ž�›�1�•�˜�1�™�›�˜�•�ž�Œ�Ž�1
a variable-density abrasive foam. This foam then enters the rotational acceleration chamber, 
� �‘�Ž�›�Ž�1�’�•�1�’�œ�1�œ�™�Ž�•�1�ž�™�1�•�˜�1�‘�’�•�‘�1�›�Ž�Ÿ�˜�•�ž�•�’�˜�—�œ�1�™�Ž�›�1�–�’�—�ž�•�Ž�1�û�������ü�ï�1���‘�Ž�1�›�˜�•�Š�•�’�˜�—�Š�•�1�Ž�—�Ž�›�•�¢�1�˜�•�1�•�‘�Ž�1���˜� �1
then turns into radial velocity in a nozzle that forms between the tool’s divergent output and 
the workpiece. In this way, the abrasive particles graze the workpiece in closely tangential 
�•�›�Š�“�Ž�Œ�•�˜�›�’�Ž�œ�ï�1���‘�ž�œ�ð�1�•�‘�Ž�1�™�˜�•�’�œ�‘�’�—�•�1�™�Š�›�•�’�Œ�•�Ž�œ�1�•�Ž�—�Ž�›�Š�•�Ž�1�Š�1�œ�‘�Ž�Š�›�’�—�•�1�Š�Œ�•�’�˜�—�1�•�‘�Š�•�1�›�Ž�–�˜�Ÿ�Ž�œ�1�–�Š�•�Ž�›�’�Š�•�1�’�—�1�Š�1
ductile removal process, as described in [3�þ�ï�1���‘�Ž�1�•�›�Š�•�1�•�Ž�—�Ž�›�Š�•�Ž�•�1�‹�¢�1�•�‘�’�œ�1�›�Š�•�’�Š�•�1���˜� �1�•�˜�›�–�œ�1�Š�1�Œ�Ž�—-
�•�›�Š�•�1�•�˜� �,�™�›�Ž�œ�œ�ž�›�Ž�1�£�˜�—�Ž�1�û�Ÿ�Š�Œ�ž�ž�–�ü�1�œ�ž�›�›�˜�ž�—�•�Ž�•�1�‹�¢�1�Š�1�‘�’�•�‘�,�™�›�Ž�œ�œ�ž�›�Ž�1�›�’�—�•�ï�1���œ�1�Š�1�›�Ž�œ�ž�•�•�ð�1�•�‘�Ž�1�•�˜�˜�•�1���˜�Š�•�œ�1
�˜�Ÿ�Ž�›�1�•�‘�Ž�1� �˜�›�”�™�’�Ž�Œ�Ž�ð�1�Ž�¡�Ž�›�•�’�—�•�1�—�˜�1�—�Ž�•�1�•�˜�›�Œ�Ž�1�˜�—�•�˜�1�’�•�1�ý4], since these regions cancel each other out. 
This poses many advantages in modern deterministic polishing, in particular the capability of 
polishing ultra-thin surfaces, such as semiconductor wafers and optical membranes.

���‘�Ž�1�
�¢�����Š�1�•�˜�˜�•�1�‹�Ž�•�˜�—�•�œ�1�•�˜�1�•�‘�Ž�1���ž�’�•�1�“�Ž�•�1�™�˜�•�’�œ�‘�’�—�•�1�û�������ü�1�•�Š�–�’�•�¢�ð�1�˜�›�’�•�’�—�Š�•�•�¢�1�•�Ž�Ÿ�Ž�•�˜�™�Ž�•�1�‹�¢�1���§�‘�—�•�Ž�1
et al. [5�þ�ï�1���•�•�‘�˜�ž�•�‘�1�
�¢�����Š�1�Š�•�œ�˜�1�Ž�¡�™�Ž�•�œ�1�Š�—�1�Š�‹�›�Š�œ�’�Ÿ�Ž�1�œ�ž�œ�™�Ž�—�œ�’�˜�—�1�˜�—�•�˜�1�•�‘�Ž�1�œ�ž�›�•�Š�Œ�Ž�1�•�˜�1�‹�Ž�1�™�˜�•�’�œ�‘�Ž�•�ð�1
�•�‘�Ž�›�Ž�1�Š�›�Ž�1�œ�Ž�Ÿ�Ž�›�Š�•�1�‹�Š�œ�’�Œ�1�˜�™�Ž�›�Š�•�’�˜�—�Š�•�1�™�›�’�—�Œ�’�™�•�Ž�œ�1�•�‘�Š�•�1�•�’���Ž�›�1�•�›�˜�–�1�•�‘�Ž�1�Œ�•�Š�œ�œ�’�Œ�1�������1�•�Ž�Œ�‘�—�’�š�ž�Ž�ï�1���‘�Ž�1
�������1 �–�Ž�•�‘�˜�•�ð�1�Š�—�•�1�–�˜�œ�•�1�˜�•�‘�Ž�›�1�™�˜�•�’�œ�‘�’�—�•�1�•�Ž�Œ�‘�—�’�š�ž�Ž�œ�ð�1�—�Ž�Ž�•�œ�1�•�˜�1�Š�™�™�•�¢�1�™�›�Ž�œ�œ�ž�›�Ž�1�˜�—�•�˜�1�•�‘�Ž�1� �˜�›�”-
�™�’�Ž�Œ�Ž�ð�1�’�—�1�˜�›�•�Ž�›�1�•�˜�1�›�Ž�–�˜�Ÿ�Ž�1�–�Š�•�Ž�›�’�Š�•�ï�1���—�1�œ�˜�–�Ž�1�Œ�Š�œ�Ž�œ�ð�1�Š�œ�1�’�—�1�•�‘�Ž�1�Œ�•�Š�œ�œ�’�Œ�1�������1�•�Ž�Œ�‘�—�’�š�ž�Ž�ð�1�•�‘�Ž�1�•�˜�›�Œ�Ž�1�•�‘�Š�•�1
�’�œ�1�Ž�¡�Ž�›�•�Ž�•�1�˜�—�•�˜�1�•�‘�Ž�1�–�Š�•�Ž�›�’�Š�•�1�Œ�Š�—�1�‹�Ž�1�–�’�—�’�–�’�£�Ž�•�1�‹�¢�1�ž�œ�’�—�•�1�Š�1�œ�–�Š�•�•�1�Œ�˜�—�•�Š�Œ�•�1�Š�›�Ž�Š�ò�1�œ�Ž�Ž�1�•�˜�›�1�Ž�¡�Š�–�™�•�Ž�1
[6], where the force on the workpiece is less than 1 N. This however, could represent a trade-
�˜���1�‹�Ž�•� �Ž�Ž�—�1�•�˜�˜�•�™�›�’�—�•�1�œ�’�£�Ž�1�Š�—�•�1�›�Ž�–�˜�Ÿ�Š�•�1�›�Š�•�Ž�ò�1�›�Ž�–�˜�Ÿ�Š�•�1�›�Š�•�Ž�œ�1�˜�•�1�À�V�ï�V�W�1�–�–3/h are common for 
�W�.�X�1�•�–�1���Ž�›�’�ž�–�1�˜�¡�’�•�Ž�1�™�˜�•�’�œ�‘�Ž�›�1�ý6�þ�ï�1���•�‘�Ž�›�1�•�Ž�•�Ž�›�–�’�—�’�œ�•�’�Œ�1�–�Ž�•�‘�˜�•�œ�ð�1�œ�ž�Œ�‘�1�Š�œ�1�’�˜�—�1�‹�Ž�Š�–�1���•�ž�›�’�—�•�1
�û�������ü�ð�1�Š�›�Ž�1�—�˜�—�,�Œ�˜�—�•�Š�Œ�•�ð�1�£�Ž�›�˜�,�•�˜�›�Œ�Ž�1�™�›�˜�Œ�Ž�œ�œ�Ž�œ�1�•�‘�Š�•�1�™�›�Ž�œ�Ž�—�•�1�›�Ž�–�˜�Ÿ�Š�•�1�›�Š�•�Ž�œ�1�˜�•�1�ž�™�1�•�˜�1�[�V�1�–�–3/min [ 7] 
without degrading the initial micro-roughness.

2. Polishing with HyDRa

This section describes the generalities of polishing with the  HyDRa system. A typical static  
removal footprint is shown in Figure 1.
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As can be seen, the removal takes place in a ~5 mm diameter region that has an M-shaped 
�•�Ž�˜�–�Ž�•�›�¢�ï�1 ���Ž�–�˜�Ÿ�Š�•�1 �’�—�1 �•�‘�Ž�1 �Œ�Ž�—�•�›�Š�•�1 �›�Ž�•�’�˜�—�1 �’�œ�1 �Š�‹�˜�ž�•�1 �X�V�–�1 �•�˜� �Ž�›�1 �•�‘�Š�—�1 �•�‘�Ž�1 �™�Ž�›�’�™�‘�Ž�›�Š�•�1 �›�Ž�•�’�˜�—�ï�1
Removal is a function of slurry density ( �•) and accelerating air pressure (PT�ü�ð�1�œ�•�ž�›�›�¢�1���˜� �ð�1�’�ï�Ž�ï�ð�1
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all tool parameters are controlled with high precision, as described in Section 4.

2.1. The HyDRa polishing rig
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tion), as the block-diagram of Figure 2 illustrates.
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and polishing of any surface geometry. Since feedback control keeps all polishing param-
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the removal is accomplished with nanometric accuracy due to a load cell that regulates tool 
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density controlled polishing suspension to the HyDRa slurry supply system. It also captures 
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sity is continuously monitored by means of a photodensitometer and controlled by means of 
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A pump is continually recirculating the polisher in the container, and a derivation supplies 
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polishes in shallow immersion so that an air-lock for the return system is formed. The HyDRa 
tool accelerates an abrasive foam, composed of a variable-density suspension of slurry and 
air created by means of an air control system that regulates the foaming and propelling air 
pressures using electromechanic air regulators, pressure sensors and control electronics. All 
polishing parameters are acquired with a data acquisition card, and controlled and visual -
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how much material needs to be removed. The slurry is fed to the tool at controlled pressures 
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be polished, as described above. Tool height is controlled by the feedback variable provided 
by the load cell, �œ�˜�1�•�‘�Š�•�1�•�‘�Ž�1�������1�Œ�Š�—�1�Š�•�“�ž�œ�•�1�•�˜�˜�• height in order to polish with zero force, as 
is discussed below.

2.2. Zero-force polishing
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force on the work surface, while maintaining considerable removal rates (~10 mm3/h). The 
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of HyDRa on the workpiece presents negative values at the footprint’s center and is circum-
�œ�Œ�›�’�‹�Ž�•�1�‹�¢�1�Š�—�1�Š�—�—�ž�•�Š�›�ð�1�™�˜�œ�’�•�’�Ÿ�Ž�,�™�›�Ž�œ�œ�ž�›�Ž�1�›�Ž�•�’�˜�—�ï�1���’�•�‘�1�•�‘�’�œ�ð�1�•�‘�Ž�1�•�˜�›�Œ�Ž�1�˜�—�1�•�‘�Ž�1� �˜�›�”�™�’�Ž�Œ�Ž�1�Œ�Š�—�1�‹�Ž�1
�Š�•�“�ž�œ�•�Ž�•�1�•�˜�1�—�Ž�•�1�£�Ž�›�˜�,�•�˜�›�Œ�Ž�ï�1���—�1Figure 3a, footprint pressure vs. distance from the center of the 
�•�˜�˜�•�1�’�œ�1�™�•�˜�4�Ž�•�ï�1���‘�’�œ�1� �Š�œ�1�˜�‹�•�Š�’�—�Ž�•�1�‹�¢�1�–�Ž�Š�—�œ�1�˜�•�1�Š�1�V�ï�Z�\�1�–�–�1�•�’�Š�–�Ž�•�Ž�›�1�˜�›�’���Œ�Ž�1�Œ�˜�—�—�Ž�Œ�•�Ž�•�1�•�˜�1�Š�1�™�›�Ž�œ-
sure sensor over which the tool footprint was radially scanned. As can be seen, a low pressure 
zone forms at the central part of the footprint and, as the radius increases, the gauge pressure 
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As the tool moves away from the workpiece, the vacuum has a tendency to increase, as the 
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through a load cell, the support force Fh counterbalances the tool weight mg and the remaining 
forces to zero, while maintaining the tool in a static position.

The load cell value Fh is then used as feedback for the control system to maintain zero force on 
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that develops between the workpiece and the HyDRa tool. As the tool further approaches 
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hundred µm from the workpiece, the vacuum and thrust forces balance each other out to zero. 
Here the surface can be polished without being deformed by the tool.
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such is given by the empirical Morse potential of diatomic molecules  U (z) �7=�7B�9  (1 �º  e    (�º�… (z�º z  
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B is the dissociation potential and zm is the separation at which the minimum of the potential is 
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applied by the HyDRa tool as a function of distance Z from the work surface for accelerating pressures PT�1�½�1�X�V�ð�1�Y�V�ð�1�Z�V�1�Š�—�•�1
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right inset, the restitution spring constant is shown to be related to P T�ï�1���‘�Ž�—�1�Š�—�1�Ž�¡�•�Ž�›�—�Š�•�1�‘�˜�•�•�’�—�•�1�•�˜�›�Œ�Ž�1Fh is applied to the 
tool and pushes it against the workpiece, the vacuum force Fv has a tendency to decrease as the thrust force Fe is increased.
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reached, which constitutes a stable equilibrium separation. A force can be readily obtained from 
this potential by calculating its gradient:  F (z) �7=�7�º�:  

d
 ___ 

dz
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cise. It can be noted that, as the accelerating pressure PT increases, so does the depth of the poten-
tial well and thus the amplitude of the forces involved, as given by the parameter B. However, 
the minimum of the potential is found roughly at a constant separation z m�1�˜�•�1�Š�›�˜�ž�—�•�1�Y�Z�V�1�•�–�ï�1
At this distance, the force derived from the potential is zero (since the derivative of the potential 
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minimum of the potential by a square law (Hooke’s law) a restitution spring constant �”�1�½�1�X�…�� can 
be obtained, which measures the force with which the stable position is restituted. The values 
of k are also given in Table 1. As indicated in the inset in Figure 3b, k is a linear function of the 
accelerating pressure PT.
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from 1 to 600 mm3/h. This section presents measurements of static and volumetric removal 
rates for a medium removal-rate tool with a nozzle diameter of 3.8 mm. Several polisher grits 
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The measurements were performed by scan-sliding the tool over the sample at a constant 
speed and a corresponding zero-force tool height. The resulting cavity was measured inter-
ferometrically, and both the volume of removed material and the depth of the cavity were 
�Œ�Š�•�Œ�ž�•�Š�•�Ž�•�ï�1���’�•�‘�1�•�‘�Ž�œ�Ž�1�–�Ž�Š�œ�ž�›�Ž�–�Ž�—�•�œ�1�•�‘�Ž�1�œ�•�Š�•�’�Œ�1�›�Ž�–�˜�Ÿ�Š�•�1�›�Š�•�Ž�1DS (depth/time) and the volu -
metric removal rate DV�1� �Ž�›�Ž�1�•�‘�Ž�—�1�Œ�Š�•�Œ�ž�•�Š�•�Ž�•�ï�1���Ž�1�™�Ž�›�•�˜�›�–�Ž�•�1�•�‘�Ž�œ�Ž�1�–�Ž�Š�œ�ž�›�Ž�–�Ž�—�•�œ�1�Š�•�1�•�’���Ž�›�Ž�—�•�1
operational conditions of accelerating pressure (PT�ü�1�Š�—�•�1�œ�•�ž�›�›�¢�1���˜� �1�ûfp). In all cases, the rela-
tive density of the slurry was kept at 1.09. In Figure 4, the test results are shown. In all three 
�™�Š�—�Ž�•�œ�ð�1�•�‘�Ž�1�•�Ž�•�•�1�Ÿ�Ž�›�•�’�Œ�Š�•�1�Š�¡�’�œ�1DV is related to DS as DV = DS* A, where A is the tool footprint area. 
���Š�Œ�‘�1�™�•�˜�•�1�’�—�•�’�Œ�Š�•�Ž�œ�1�•�‘�Ž�1�•�Ž�™�Ž�—�•�Ž�—�Œ�Ž�1�˜�•�1�›�Ž�–�˜�Ÿ�Š�•�1�˜�—�1�•�‘�Ž�1�Š�Œ�Œ�Ž�•�Ž�›�Š�•�’�—�•�1�™�›�Ž�œ�œ�ž�›�Ž�1PT. The top left 
�™�Š�—�Ž�•�ð�1� �‘�Ž�›�Ž�1���Ž�›�’�ž�–�1�˜�¡�’�•�Ž�1� �Š�œ�1�ž�œ�Ž�•�ð�1�œ�•�ž�›�›�¢�1���˜� �1fp values of 3, 5 and 7 ml/s on window glass 
were tested. These are indicated as numbers on the curve.

  P  T    (PSI)  B�1�1�û���1�–�–�ü  �…�1�1�û�W�&�–�–�ü   z  m  �1�1�û�–�–�ü  k�1�1�û���&�–�–�ü

50 10 1.36 0.36 40

40 7.5 1.36 0.34 �X�]�ï�]

30 5.1 1.36 0.34 18.9

�X�V 3 1.36 0.34 11.1

Table 1.�1���’�4�’�—�•�1�Œ�ž�›�Ÿ�Ž�1�™�Š�›�Š�–�Ž�•�Ž�›�œ�ï
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erating pressure of 50 PSI. The solid line is the DS polynomial obtained previously, multiplied 
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Removal was so large that it was impossible to measure it reliably with an interferometer, so 
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Figure 4. Volumetric removal rate D V as a function of accelerating pressure (PT�ü�1�•�˜�›�1�Ÿ�Š�›�’�˜�ž�œ�1�™�˜�•�’�œ�‘�Ž�›�1�•�¢�™�Ž�œ�ñ�1�W�1�•�–�1�Œ�Ž�›�’�ž�–�1
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abrasive particle is 3 to 5 orders of magnitude lower than the particle’s volume. The kinetic 
energy as well as the grazing incidence associated with both the cerium and alumina par-
ticles, creates stresses that are not large enough to produce permanent dents. Resulting typi-
�Œ�Š�•�1�–�’�Œ�›�˜�,�›�˜�ž�•�‘�—�Ž�œ�œ�Ž�œ�1�˜�•�1�X�ð�1�X�Z�ð�1�Š�—�•�1�Y�W�1�—�–�ð�1�•�˜�›�1�•�›�’�•�1�œ�’�£�Ž�œ�1�˜�•�1�W�ð�1�[�ð�1�Š�—�•�1�W�X�1�•�–�ð�1�›�Ž�œ�™�Ž�Œ�•�’�Ÿ�Ž�•�¢�ð�1�Š�›�Ž�1
around three orders of magnitude smaller than the particle sizes. These tests demonstrate that 
independently of grit size and material, as well as substrate hardness, behavior of removal as 
a function of accelerating tool pressure is comparable, which indicates that the same mate-
rial removal process discussed above is taking place. The scaling parameter is an indicator of 
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HyDRa tools present this same relationship of removal as a function of PT and grit size for 
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Opaline on borosilicate glass, are common.

2.4. Software
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proportional to the dwell time. This dwell time can be controlled either by the speed of the 
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the pulses when operated in pulsed mode.
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to go from error maps to machine coordinates in four steps:
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annular surfaces.
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polishing time, and speed at each point, among several others.

3. Surface shape:�1���‘�Ž�1�œ�‘�Š�™�Ž�1�˜�•�1�•�‘�Ž�1�œ�ž�›�•�Š�Œ�Ž�ð�1�Œ�ž�›�›�Ž�—�•�•�¢�1�Š�—�¢�1�˜�—�,�1�˜�›�1�˜���,�Š�¡�’�œ�1�Œ�˜�—�’�Œ�1�œ�Ž�Œ�•�’�˜�—�ð�1�’�œ�1�•�Ž-
���—�Ž�•�1�’�—�1�•�‘�’�œ�1� �’�—�•�˜� �ï�1���‘�Ž�1�X�,���1�‹�Š�œ�Ž�1�•�›�Š�“�Ž�Œ�•�˜�›�¢�1�’�œ�1�™�›�˜�“�Ž�Œ�•�Ž�•�1�˜�—�•�˜�1�•�‘�’�œ�1�Y�,���1�œ�ž�›�•�Š�Œ�Ž�ï�1���—�1�Š�•�•�’�•�’�˜�—�1
�•�˜�1�•�‘�Ž�1�Y�,���1�•�›�Š�“�Ž�Œ�•�˜�›�¢�1�•�‘�Ž�1�—�˜�›�–�Š�•�1�Ÿ�Ž�Œ�•�˜�›�1�•�˜�1�•�‘�Ž�1�œ�ž�›�•�Š�Œ�Ž�1�Š�•�1�Ž�Š�Œ�‘�1�™�˜�œ�’�•�’�˜�—�1�’�œ�1�Œ�Š�•�Œ�ž�•�Š�•�Ž�•�ð�1�œ�˜�1�•�‘�Š�•�1
�•�‘�Ž�1�������1�–�Š�¢�1�˜�›�’�Ž�—�•�1�•�‘�Ž�1�
�¢�����Š�1�•�˜�˜�•�1�—�˜�›�–�Š�•�1�•�˜�1�•�‘�Ž�1�œ�ž�›�•�Š�Œ�Ž�1�Š�•�˜�—�•�1�•�‘�Ž�1�•�›�Š�“�Ž�Œ�•�˜�›�¢�ï

4. Machine coordinates:  A set of alignment tools facilitates the transformation of surface co-
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3. Pulsed polishing

Due to its hydrodynamic properties, the original HyDRa tool [ 1] does not allow the mod -
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zero amount of material that can be removed with the tool. This poses problems for several 
operational applications, such as zonal corrections, multi-head or tessellated polishing, and 
edge problems. A new HyDRa tool design (patent pending) [ �X] overcomes these problems, by 
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is not simple to switch most of the tool’s operational parameters during use, since this causes 
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tion, the region must be approached with the tool biased, leaving behind an unwanted track 
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pulses as narrow as 10 ms, can be achieved with this new tool. This is accomplished by means 

Figure 5. HyTPT software main interface showing all four steps.
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of an overdriven electro-valve which is installed in, or close to, the tool. This allows the use of 
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3.1. Linearity

A pulsed HyDRa tool with a 7 mm footprint has been developed and tested for linearity. 
Figure 6a shows the results of erosion vs. dwell-time. Pulse width was varied at constant 
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increments, overlapping 35 times at each tool footprint diameter. The erosion was measured 
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primarily due to errors produced by the subtraction of the base reference during interfero -
gram reduction. A removal resolution of 0.1 nm/ms can be seen from the data. Noticeable 
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time, which can be improved by using faster actuators.

3.2. Pulsing the polishing process

3.2.1. Pulse width modulation polishing (PWM)

It is now possible to control the duration of a pulse as a fraction of the time it takes the tool to 
travel a distance of one footprint diameter.
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  h�7=�7 D  V  �9Y�:/�:VS  
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period T), V�1�’�œ�1�•�‘�Ž�1�������1�Ÿ�Ž�•�˜�Œ�’�•�¢�ð�1�Š�—�•�1S is the raster step size. The period of the switching 

Figure 6.�1�û�Š�ü�1���›�˜�œ�’�˜�—�1�Ÿ�œ�ï�1�™�ž�•�œ�Ž�,� �’�•�•�‘�1�’�—�1�Š�1�•�’�—�Ž�Š�›�’�•�¢�1�•�Ž�œ�•�ï�1�û�‹�ü�1���Ž�œ�™�˜�—�œ�Ž�1�•�ž�—�Œ�•�’�˜�—�1�˜�•�1�•�‘�Ž�1�•�˜�˜�•�1�•�˜�›�1�™�ž�•�œ�Ž�•�1�˜�™�Ž�›�Š�•�’�˜�—�1�Š�•�1�Œ�˜�—�œ�•�Š�—�•�1
�•�˜�˜�•�1�Ÿ�Ž�•�˜�Œ�’�•�¢�ï�1���‘�Ž�1�•�˜�˜�•�1� �Š�œ�1�œ� �’�•�Œ�‘�Ž�•�1�’�—�1�Š�1�������1�–�˜�•�Ž�ð�1� �’�•�‘�1�Š�1�[�V�–�1�•�ž�•�¢�1�Œ�¢�Œ�•�Ž�1�Š�—�•�1�W�V�V�1�–�œ�1�˜�—�&�˜���1�œ� �’�•�Œ�‘�’�—�•�1�•�’�–�Ž�œ�ï�1���‘�Ž�1
�›�Š�œ�•�Ž�›�1�™�Š�4�Ž�›�—�1�ž�œ�Ž�•�1�•�˜�1�•�Ž�—�Ž�›�Š�•�Ž�1�•�‘�’�œ�1�œ�ž�›�•�Š�Œ�Ž�1�’�œ�1�™�Ž�›�™�Ž�—�•�’�Œ�ž�•�Š�›�1�•�˜�1�•�‘�Ž�1�œ�ž�›�•�Š�Œ�Ž�1�™�›�˜�•�ž�Œ�Ž�•�1�’�—�1�•�‘�Ž�1���•�ž�›�Ž�ï�1���’�¡�Ž�•�1�œ�’�£�Ž�1�’�œ�1�•�’�–�’�•�Ž�•�1�‹�¢�1
footprint size. Tool velocity was chosen so the pulses could be resolved independently.
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signal is T = D/V, where D is the tool footprint diameter. In the time it takes to cross a tool foot -
print, there is a single pulse whose width can be varied from zero to the entire footprint diam -
eter. The depth of the removed material �‘�1�½�1�†�˜ is proportional to the dwell time � �̃ð�1�•�Ž���—�Ž�•�1
by �˜�1�½�1�����&���ð with a proportionality constant �†�1�½�1��V/SD�ï�1���‘�Ž�—�1Y = 1, which is the continuous 
mode, tool removal (dwell time) h�1�’�œ�1�Œ�˜�—�•�›�˜�•�•�Ž�•�1�‹�¢�1�������1�Ÿ�Ž�•�˜�Œ�’�•�¢�ï�1���‘�Ž�—�1Y < 1, which is the 
pulsed mode, h is controlled by means of switching the slurry supply and keeping the tool 
velocity constant. The continuous mode is limited to removals greater than h{min} = DV Y/V{max}S. 
In order to obtain a lower removal, the pulsed mode must be employed.
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is useful for determining the response function of the pulsed tool ( Figure 6b). A fringed 
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responds to the tool footprint diameter, which is the limiting polishing element size ( �™�˜�¡�Ž�•�ð 
or polishing element).

3.2.2. Zonal polishing
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approached with the tool turned on, leaving behind unwanted tracks, as well as approach 
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the HyDRa tool fully operational with Y = 0, until it enters the dampening region. Here 
velocity is smoothly incremented to the value needed inside the region while at the same 
�•�’�–�Ž�ð�1�•�‘�Ž�1�•�Ž�œ�’�›�Ž�•�1�•� �Ž�•�•�1�•�’�–�Ž�1�’�œ�1�Œ�˜�—�•�›�˜�•�•�Ž�•�1�‹�¢�1�–�Ž�Š�—�œ�1�˜�•�1�������ï�1���‘�Ž�1� �’�•�•�‘�1 �˜�•�1�•�‘�Ž�1�•�Š�–�™�Ž�—-
�’�—�•�1�›�Ž�•�’�˜�—�1�’�œ�1�•�Ž�•�Ž�›�–�’�—�Ž�•�1�‹�¢�1�•�‘�Ž�1�������1�Š�Œ�Œ�Ž�•�Ž�›�Š�•�’�˜�—�1�Š�—�•�1�•�Ž�Œ�Ž�•�Ž�›�Š�•�’�˜�—�1�Œ�Š�™�Š�‹�’�•�’�•�’�Ž�œ�ï�1���—�œ�’�•�Ž�1�•�‘�Ž�1
region to be corrected, either a pulsed or continuous polishing can be used in order to 
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3.2.3. Pixel polishing
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consists of stepping the tool at discrete positions with respect to each other, covering the 
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the necessary time in order to achieve the desired removal for each position. This method can 
also be useful when very localized zonal polishing is needed. This allows the tool to either 
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3.2.4. Tessellated polishing
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polishing the surface with several HyDRa tools. These tools can be mounted on indepen-
dent polishing robots, where each robot tackles a certain section of the surface. Alternatively, 
several tools can be mounted on a single robot arm, as described below. This method poses 
several problems, such as obtaining smooth seams between sections, approaching each sec-
tion without leaving marks, and avoiding collisions as two tools concurrently approach the 
boundary between sections. In order to obtain a seamless interface between two independent 
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3.2.5. Polishing run interrupt
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the surface and continue polishing at a later time.

3.2.6. Edge problem

As in other polishing methods, the HyDRa tool tends to leave a small (one footprint diam -
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incremented as the tool approaches the edge, reducing dwell-time. This is counterintuitive 
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alleviate this problem, since dwell-time can be controlled without having to increment tool 
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prepare for a direction change.

3.2.7. Convergence

Another advantage of being able to pulse the tool is a quicker convergence towards the 
desired surface [10]. As pointed out in [ 11�þ�ð�1�•�‘�Ž�1�Ž�¡�’�œ�•�Ž�—�Œ�Ž�1�˜�•�1�Š�1�–�’�—�’�–�ž�–�1�Š�–�˜�ž�—�•�1�•�‘�Š�•�1� �’�•�•�1�‹�Ž�1
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be removed in each run, whereas, by being able to pulse the tool, hmin can be made zero, allow-
�’�—�•�1�•�˜�›�1�Š�1�–�Š�¡�’�–�ž�–�1�Ÿ�Š�•�ž�Ž�1�˜�•�1f, further increasing the polishing convergence rate.

3.3. Multiple-head polishing

Since HyDRa tools can now be pulsed, several polishing heads can be mounted onto a com-
mon arm which moves at a constant velocity over the surface. Dwell time is then controlled 
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conforming capabilities of HyDRa, in that it is not necessary to employ a positioning device to 
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stage, which permits zero-force polishing while freely following the local sag and tilt of the 
surface. Another advantage of this type of polishing is that one single slurry supply system can 
be used for all the tools, simplifying the system and considerably reducing the costs. Polishing 
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several polishing runs can be implemented into a single sweep, reducing polishing time.

By polishing with several tools, each tool is essentially given a section of the surface and the 
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3.3.1. Linear
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machine, it is possible to cover an area by sweeping the arm in the x�1�Š�—�•�1�¢�1�•�’�›�Ž�Œ�•�’�˜�—�œ�ï�1���Š�Œ�‘�1
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into account for this method, particularly due to the edge problem that arises when polishing 
circular or non-rectangular surfaces. There will always be a tool that needs to either enter or 
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advantage of their self-conforming capability, as they approach the edge of the workpiece, 
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3.3.2. Matrix
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same as the linear case, but adding M rows. This is equivalent to carrying out M polishing 
runs in a single iteration.

3.3.3. Spiral
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of spiral which is possible to solve for. By calculus of variations a spiral curve parameter -
ized by the (increasing) radial coordinate, given in polar coordinates ( �›�ð�1�Œ) results in:  �Œ (r) �7=�7 

�Æ 
________

 4�9 k   �X  �º 1�:/�: r   �X    �º arctan ( �Æ 
________

 4�9  (kr)    �X  �º 1  ) ,�9r�7>�71�:/�:�Xk. �1���—�1�Ž�¡�Š�–�™�•�Ž�1�˜�•�1�•�‘�’�œ�1�’�œ�1�œ�‘�˜� �—�1�’�—�1Figure 8, where HyDRa tools 
are mounted at equal separations along a spiral arm and may move along it to span equal 
areas, as the surface under it rotates.
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may be candidates for deterministic polishing, provided that the uncertainty of key polishing 
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since it limits the precision of the error maps that can be obtained. This requires the knowl -
edge of a series of polishing parameters such as tool velocity, pressure and height as well as 
slurry type, temperature, etc. Most of these parameters remain constant during the time peri -
ods required for polishing small optics, i.e. a few minutes. If larger, meter-class surfaces need 
to be polished, it is important to control and keep all parameters constant during an entire 
polishing run, which can represent over 10 h. Thus, a very stable and precise process control 
of the process is required.

The HyDRa tool removal function is based mainly on four independent operating parameters: 
propelling air pressure, grit mass concentration, height of the tool over the surface to be pol-
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surfaces, the errors contributed by each of these factors must be taken into account and pre-
�Œ�’�œ�Ž�•�¢�1�Œ�˜�—�•�›�˜�•�•�Ž�•�1�•�˜�1�W�–�1�•�˜�›�1�•�‘�Ž�1�Ž�—�•�’�›�Ž�1�•�Ž�—�•�•�‘�1�˜�•�1�•�‘�Ž�1�™�˜�•�’�œ�‘�’�—�•�1�›�ž�—�1�û�˜�Ÿ�Ž�›�1�W�V�V�1�‘�ü�ï�1���’�–�ž�•�•�Š�—�Ž�˜�ž�œ�•�¢�ð�1
�–�Ž�•�›�˜�•�˜�•�¢�1�’�œ�1�Œ�›�ž�Œ�’�Š�•�1�•�˜�›�1�•�Ž�•�Ž�›�–�’�—�’�—�•�1�•�‘�Ž�1�œ�ž�›�•�Š�Œ�Ž���œ�1���—�Š�•�1�š�ž�Š�•�’�•�¢�ð�1�œ�’�—�Œ�Ž�1�’�•�1�•�’�Œ�•�Š�•�Ž�œ�1�•�‘�Ž�1�•�’�–�’�•�1�˜�•�1�•�‘�Ž�1
precision of the error maps that can be obtained.
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���˜�1�–�Š�¡�’�–�’�£�Ž�1�™�˜�•�’�œ�‘�’�—�•�1�™�Ž�›�•�˜�›�–�Š�—�Œ�Ž�ð�1�Š�—�1�Š�‹�›�Š�œ�’�Ÿ�Ž�1�•�˜�Š�–�1�’�œ�1�Œ�›�Ž�Š�•�Ž�•�1�’�—�1�•�‘�Ž�1�•�˜�˜�•���œ�1���›�œ�•�1�œ�•�Š�•�Ž�ï�1���‘�’�œ�1
raises the velocity of the polishing particles, improving the removal of material. This foam is 
�™�›�˜�•�ž�Œ�Ž�•�1�‹�¢�1�Œ�˜�–�‹�’�—�’�—�•�1�Š�1�Œ�˜�—�œ�•�Š�—�•�1���˜� �1f (a few ml/s) slurry, with air that is kept at a constant 
pressure Pp�ï�1 ���‘�’�œ�1���ž�’�•�1 �’�œ�1�•�‘�Ž�—�1�Š�Œ�Œ�Ž�•�Ž�›�Š�•�Ž�•�1 � �’�•�‘�1 �™�›�Ž�œ�œ�ž�›�’�£�Ž�•�1 �Š�’�›�1 �Š�•�1 �Š�1�™�›�˜�™�Ž�•�•�’�—�•�1�™�›�Ž�œ�œ�ž�›�Ž�1PT, 
�’�—�1�˜�—�Ž�1�˜�›�1�–�˜�›�Ž�1�Œ�¢�•�’�—�•�›�’�Œ�Š�•�1�Œ�Š�Ÿ�’�•�’�Ž�œ�ï�1���‘�Ž�1�›�Ž�œ�ž�•�•�’�—�•�1�Š�‹�›�Š�œ�’�Ÿ�Ž�1�•�˜�Š�–�1�’�œ�1�•�‘�Ž�—�1�Ž�¡�™�Ž�•�•�Ž�•�1�•�‘�›�˜�ž�•�‘�1�•�‘�Ž�1
�•�˜�˜�•���œ�1�—�˜�£�£�•�Ž�ð�1� �‘�Ž�›�Ž�1�Š�1�Ÿ�˜�›�•�Ž�¡�1�’�œ�1�™�›�˜�•�ž�Œ�Ž�•�1�•�‘�Š�•�1�•�Ž�Ÿ�Ž�•�˜�™�œ�1�’�—�•�˜�1�Š�1�›�Š�•�’�Š�•�1���˜� �ð�1�Š�—�•�1�•�Ž�—�Ž�›�Š�•�Ž�œ�1�Š�1
�•�›�Š�£�’�—�•�ð�1�ž�—�’�•�˜�›�–�1�›�Ž�–�˜�Ÿ�Š�•�1�•�˜�˜�•�™�›�’�—�•�ï�1���1�›�Ž�•�Š�•�’�˜�—�1�˜�•�1�œ�•�ž�›�›�¢�1���˜� �1f to slurry pressure Pp�1�Ž�¡�’�œ�•�œ�1�•�˜�›�1
each value of accelerating pressure PT. This, in addition, depends on the tool’s physical char -
acteristics, such as its overall dimensions, the geometry of the acceleration chamber(s), as well 
�Š�œ�1�•�‘�Ž�1�—�˜�£�£�•�Ž�1�œ�‘�Š�™�Ž�ï�1���‘�’�œ�1�›�Ž�•�Š�•�’�˜�—�1�Ž�œ�•�Š�‹�•�’�œ�‘�Ž�œ�1�Š�—�1�˜�™�Ž�›�Š�•�’�˜�—�Š�•�1�•�’�Š�•�›�Š�–�1�•�‘�Š�•�1�•�Ž���—�Ž�œ�1�•�˜�˜�•�1�‹�’�Š�œ�ï�1
In this section, the control of f is chosen, although it is possible to select to control for either f 
or Pp. The removal D of HyDRa mainly depends on four independent operating parameters: 
propelling air pressure PT�ð grit mass concentration �•i�ð�1�œ�•�ž�›�›�¢�1���˜� �1f, and distance of the tool 
over the workpiece Z. In order for deterministically polished surfaces to be obtained, the 
errors contributed by each of these parameters must be taken into account and controlled.

���‘�Ž�1�›�Ž�–�˜�Ÿ�Š�•�1�›�Š�•�Ž�œ�ð�1�Š�œ�1�•�Ž�•�Ž�›�–�’�—�Ž�•�1�‹�¢�1�Š�1�œ�Ž�›�’�Ž�œ�1�˜�•�1�’�—�•�Ž�™�Ž�—�•�Ž�—�•�1�Ž�¡�™�Ž�›�’�–�Ž�—�•�œ�ð�1� �‘�Ž�›�Ž�1�•�‘�Ž�1�™�˜�•�’�œ�‘-
ing parameters varied, are shown in Figure 9.

To generalize the analysis, all parameters X are normalized around their operational val -
ues as  x�:/�: x ¯    �ï�1���’�•�‘�1�•�‘�’�œ�ð�1�•�‘�Ž�1�›�Ž�•�Š�•�’�Ÿ�Ž�1�Ÿ�Š�›�’�Š�•�’�˜�—�1�˜�•�1�Ž�Š�Œ�‘�1�™�Š�›�Š�–�Ž�•�Ž�›�ð�1�•�Ž���—�Ž�•�1�Š�œ�1 � X�7=�7  
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  )   , is computed. The ratio between the relative variations of removal rate and the rela-
tive variations of each polishing parameter is given in the upper-left corner of the graphs. 
Here the operational value for the relative density is 80 g/l. As can be seen, removal rate var-
�’�Ž�œ�1�Š�œ�1�W�ï�W�^�1�•�’�–�Ž�œ�1�•�‘�Ž�1���ž�Œ�•�ž�Š�•�’�˜�—�œ�1�’�—�1�•�‘�Ž�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�ï�1���‘�Ž�1�›�Ž�•�Š�•�’�˜�—�œ�‘�’�™�1�‹�Ž�•� �Ž�Ž�—�1�•�‘�Ž�1�›�Ž�–�˜�Ÿ�Š�•�1
�›�Š�•�Ž�1 �Š�—�•�1 �•�‘�Ž�1 �›�Ž�œ�•�1 �˜�•�1 �•�‘�Ž�1 �™�Š�›�Š�–�Ž�•�Ž�›�œ�1 �Œ�Š�—�1 �‹�Ž�1 �•�Ž�•�Ž�›�–�’�—�Ž�•�1 �œ�’�–�’�•�Š�›�•�¢�ð�1 � �‘�Ž�›�Ž�1 �•�‘�Ž�1 ���ž�Œ�•�ž�Š�•�’�˜�—�œ�1
around the operation point of each parameter are taken into account. The sensitivities on 
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propelling pressure PT�1�û�1�ž�™�™�Ž�›�,�›�’�•�‘�•�ü�ð�1�œ�•�ž�›�›�¢�1���˜� �1f (lower-left) and tool height z (lower-right) 
�Š�›�Ž�1�X�ð�1�V�ï�Y�1�Š�—�•�1�V�ï�^�ð�1�›�Ž�œ�™�Ž�Œ�•�’�Ÿ�Ž�•�¢�ï�1���—�1�•�‘�’�œ�1�•�Ž�œ�•�ð�1�•�‘�Ž�1�˜�™�Ž�›�Š�•�’�˜�—�1�™�˜�’�—�•�œ�1� �Ž�›�Ž�1�Z�V�1�������ð�1�[�1�–�•�&�œ�1�Š�—�•�1�Z�V�V�1
� �–�ð�1�›�Ž�œ�™�Ž�Œ�•�’�Ÿ�Ž�•�¢�ï�1���—�1�˜�™�•�’�–�ž�–�1�Ÿ�Š�•�ž�Ž�1�˜�•�1�œ�•�ž�›�›�¢�1���˜� �1�û�Š�›�˜�ž�—�•�1�[�1�–�•�&�œ�ü�ð�1�•�˜�›�1� �‘�’�Œ�‘�1�•�‘�Ž�1�›�Ž�–�˜�Ÿ�Š�•�1
�›�Š�•�Ž�1�’�œ�1�–�Š�¡�’�–�’�£�Ž�•�1�Š�—�•�1� �‘�’�Œ�‘�1�’�œ�1�Œ�‘�˜�œ�Ž�—�1�•�˜�1�˜�™�Ž�›�Š�•�Ž�1�•�‘�Ž�1�
�¢�����Š�1�•�˜�˜�•�œ�ð�1�Œ�Š�—�1�‹�Ž�1�•�˜�ž�—�•�ï�1���Ž�–�˜�Ÿ�Š�•�1
�˜�—�•�¢�1�•�Ž�Œ�›�Ž�Š�œ�Ž�œ�1�œ�•�’�•�‘�•�•�¢�1�•�˜�›�1�‘�’�•�‘�Ž�›�1�˜�›�1�•�˜� �Ž�›�1���˜� �1�›�Š�•�Ž�œ�1�Š�›�˜�ž�—�•�1�•�‘�’�œ�1�Ÿ�Š�•�ž�Ž�ï�1���‘�’�œ�1�’�œ�1�œ�‘�˜� �—�1�’�—�1�•�‘�Ž�1
lower left panel of Figure 9.

In the case of tool height z, load cell force Fc can be used instead, since, as shown in [4] tool 
�•�˜�›�Œ�Ž�1�’�œ�1�Š�—�1�Š�™�™�›�˜�¡�’�–�Š�•�Ž�1�•�’�—�Ž�Š�›�1�•�ž�—�Œ�•�’�˜�—�1�˜�•�1�•�’�œ�•�Š�—�Œ�Ž�1� �‘�Ž�—�1�Œ�•�˜�œ�Ž�1�•�˜�1�•�‘�Ž�1�˜�™�Ž�›�Š�•�’�˜�—�1�™�˜�’�—�•�ð�1�•�’�Ÿ�Ž�—�1
that z + K Fc, with K~10 � m/N, and hence �ˆ�£�1�½�1�ˆ��c..

If we assume that each of these four variables is statistically independent, the total error can 
�‹�Ž�1�Š�•�•�Ž�•�1�’�—�1�š�ž�Š�•�›�Š�•�ž�›�Ž�ï�1���˜�›�1�Ž�¡�Š�–�™�•�Ž�ð�1�’�•�1�Ž�Š�Œ�‘�1�™�Š�›�Š�–�Ž�•�Ž�›�1�’�œ�1�Œ�˜�—�•�›�˜�•�•�Ž�•�1�•�˜�1�Å�W�–�1�™�›�Ž�Œ�’�œ�’�˜�—�ð�1�•�‘�Ž�—�1
the total error �ˆDT is   � D  
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case. This means that if 500 nm of material are removed in one polishing run, considering that 
�•�‘�Ž�1�™�Š�›�Š�–�Ž�•�Ž�›�œ�1�Š�›�Ž�1�Œ�˜�—�•�›�˜�•�•�Ž�•�1�•�˜�1�W�–�ð�1�•�‘�Ž�1�•�˜�•�Š�•�1�œ�ž�›�•�Š�Œ�Ž�1�Ž�›�›�˜�›�1�›�Ž�œ�ž�•�•�œ�1�’�—�1�W�X�ï�[�1�—�–�1�������1�û�•�&�[�V�ü�ï�1���‘�’�œ�1
�Œ�˜�—�œ�•�’�•�ž�•�Ž�œ�1�Š�1�X�ï�[�–�1�•�Ž�Ÿ�Ž�•�1�˜�•�1�—�˜�—�•�Ž�•�Ž�›�–�’�—�’�œ�–�1�û�’�ï�Ž�ï�ð�1�_�]�ï�[�–�1�•�Ž�•�Ž�›�–�’�—�’�œ�–�ü�ï

Figure 9. Normalized removal rate  D�:/�: D ¯    (dimensionless) with reference to the normalized value of certain polishing 
�™�Š�›�Š�–�Ž�•�Ž�›�œ�1�û�–�Š�œ�œ�1�Œ�˜�—�Œ�Ž�—�•�›�Š�•�’�˜�—�1�•i, propelling pressure PT�ð�1�œ�•�ž�›�›�¢�1���˜� �1�•�1�Š�—�•�1�•�˜�˜�•�1�‘�Ž�’�•�‘�•�1�£�ü�ï�1���‘�Ž�1�œ�Ž�—�œ�’�•�’�Ÿ�’�•�¢�1�˜�•�1�›�Ž�–�˜�Ÿ�Š�•�1�•�˜�1
each parameter is indicated in the upper left corner of each graph.
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As mentioned before, in order to deterministically polish large surfaces it is imperative that 
�›�Ž�–�˜�Ÿ�Š�•�1�›�Š�•�Ž�1�›�Ž�–�Š�’�—�œ�1�œ�•�Š�‹�•�Ž�1�˜�Ÿ�Ž�›�1�Ž�¡�•�Ž�—�•�Ž�•�1�•�’�–�Ž�1�™�Ž�›�’�˜�•�œ�ï�1���Ž�1�™�˜�•�’�œ�‘�Ž�•�1�Š�—�1�^�Z�,�Œ�–�1�‘�¢�™�Ž�›�‹�˜�•�’�Œ�1
�™�›�’�–�Š�›�¢�1�–�’�›�›�˜�›�1�•�˜�1�•�&�W�V�1�������ð�1�V�ï�]�1�•�1�����1�’�—�1�˜�›�•�Ž�›�1�•�˜�1�™�›�˜�Ÿ�Ž�1�•�‘�Š�•�1�
�¢�����Š�1�Œ�˜�ž�•�•�1�•�Ž�•�Ž�›�–�’�—�’�œ�•�’�Œ�Š�•�•�¢�1
tackle meter-class optics. The polishing process is described in [�W�X�þ�ï�1���›�˜�–�1�•�‘�Ž�1�Ž�›�›�˜�›�1�–�Š�™�œ�1�•�‘�Š�•�1
were acquired during the iterations, the level of determinism of the process could be calcu-
�•�Š�•�Ž�•�ï�1���›�˜�–�1�Ž�Š�Œ�‘�1�–�Š�™�1� �Ž�1�Œ�˜�–�™�ž�•�Ž�•�1�Š�1�•�˜�˜�•�1�•�›�Š�“�Ž�Œ�•�˜�›�¢�1� �’�•�‘�1�•�’�œ�•�’�—�Œ�•�1�•� �Ž�•�•�1�•�’�–�Ž�œ�ï�1���‘�Ž�1�Š�–�˜�ž�—�•�1�˜�•�1
removed material was calculated by subtracting the previous error map from the measured 
one. Then, from the obtained result after polishing, the removed material for each iteration 
� �Š�œ�1�•�Ž�•�Ž�›�–�’�—�Ž�•�1�Š�—�•�1�™�•�˜�4�Ž�•�1�Š�œ�1�Š�1�•�ž�—�Œ�•�’�˜�—�1�˜�•�1�•� �Ž�•�•�1�•�’�–�Ž�ï�1���Ž�•�Ž�›�1�•�˜�1Figure 10. A linear relation 
�’�œ�1�Ž�¡�™�Ž�Œ�•�Ž�•�1�Š�—�•�1�•�‘�Ž�1�•�Ž�Ÿ�’�Š�•�’�˜�—�1�•�›�˜�–�1�•�‘�’�œ�1�›�Ž�™�›�Ž�œ�Ž�—�•�œ�1�•�‘�Ž�1�•�Ž�Ÿ�Ž�•�1�˜�•�1�•�Ž�•�Ž�›�–�’�—�’�œ�–�ð�1Figure 11. This 
�Ž�¡�™�Ž�›�’�–�Ž�—�•�1� �Š�œ�1�ž�œ�Ž�•�ž�•�1�•�˜�1�Ž�Ÿ�Š�•�ž�Š�•�Ž�1�•�‘�Ž�1�’�–�™�˜�›�•�Š�—�Œ�Ž�1�˜�•�1�•�‘�Ž�1�œ�•�Š�‹�’�•�’�•�¢�1�˜�•�1�Ž�Š�Œ�‘�1�™�Š�›�Š�–�Ž�•�Ž�›�1�’�—�1�•�‘�Ž�1
�•�Ž�Ÿ�Ž�•�1�˜�•�1�•�Ž�•�Ž�›�–�’�—�’�œ�–�1�•�˜�›�1�™�›�˜�•�˜�—�•�Ž�•�1�•�’�–�Ž�1�™�Ž�›�’�˜�•�œ�ï�1���—�1�•�‘�Ž�1���•�ž�›�Ž�ð�1�Š�1�•�Š�›�•�Ž�›�1�Ž�›�›�˜�›�1�Œ�Š�—�1�‹�Ž�1�—�˜�•�’�Œ�Ž�•�1
�•�˜�›�1�œ�‘�˜�›�•�Ž�›�1�•� �Ž�•�•�,�•�’�–�Ž�œ�1�•�‘�Š�—�1�•�˜�›�1�•�˜�—�•�Ž�›�1�˜�—�Ž�œ�ï�1���‘�’�œ�1�’�œ�1�•�ž�Ž�1�•�˜�1�������1�Ž�›�›�˜�›�œ�1� �‘�Ž�—�1�•�‘�Ž�1�•�˜�˜�•�1�‘�Š�œ�1�•�˜�1�‹�Ž�1
quickly accelerated to obtain short dwell-times. As the mirror is progressively corrected, the 
surface is smoother and these changes tend to decrease.
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Three components in the power spectral density (PSD) of the residual surface errors that are 
related to the footprint diameter of the tool DH�1�Ž�¡�’�œ�•�1�•�˜�›�1�Š�—�¢�1�•�’�Ÿ�Ž�—�1�™�˜�•�’�œ�‘�’�—�•�1�–�Ž�•�‘�˜�•�ï�1���—�1�•�‘�Ž�1�•�˜� �1
frequency domain (L >> DH�ü�ð�1�•�‘�Ž�1�œ�ž�›�•�Š�Œ�Ž�1�Ž�›�›�˜�›�œ�1�û�˜�™�•�’�Œ�Š�•�1���•�ž�›�Ž�ü�1�Š�›�Ž�1�Š�1�•�ž�—�Œ�•�’�˜�—�1�˜�•�1�•�‘�Ž�1�œ�•�Š�‹�’�•�’�•�¢�1�˜�•�1�•�‘�Ž�1
polishing parameters during the polishing run, while at the high-frequency domain ( L�1�À�À�1DH�ü�ð 
the physics of the polishing process determine surface quality (micro-roughness). In the case of 
mid-spatial frequencies (L~DH) surface quality depends on the geometry and overlap of the pol-
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Figure 10. An 84 cm mirror with a 1 cm thick faceplate that was polished using the HyDRa system. (a) Picture of the 
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process can be noted. (c) Mirror surface after HyDRa polishing. The polishing process entirely removed the print-
through by polishing with the zero-force, error-map based process described in this chapter. Low-order Zernikes have 
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The PSD is discussed using the results obtained while polishing four 50 mm etalon plates to 
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to determine mid- and high-spatial frequencies, respectively. In Figure 11a�ð�1�•�‘�Ž�1�X�,�•�’�–�Ž�—�œ�’�˜�—�Š�•�1
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in this section the physics of the HyDRa tool are described, emphasis will be made on the PSD 
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it is crucial to achieve a very high stability of the operational parameters, refer to [ 13]. Figure 12b 
shows one of four etalon plates that were polished.
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these measurements, we calculated the error maps to compute a dwell-time based raster pat-
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and tool height was controlled to achieve zero-force on the workpiece. RMS surface qualities 
between 3.6 and 6.8 nm were obtained after two 15 min polishing runs. The low frequency 
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7 mm footprint on a 40 mm sample. To minimize these mid-spatial frequencies, the tool was 
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the PSD. However, no evident peaks that could have been related to grooves left by a raster 
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noted. This peak adds a very small fraction of a nm to the total 1.5 nm RMS of the mid-fre-
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Although the PSD decreases in this region, it apparently stabilizes at frequencies >103 mm �º�W 
or sizes smaller than 1 µm. This number is related to the grit size that was used in this test. 
To sustain a decreasing PSD tendency and thus, smaller values of the high-frequency RMS, 
the use of smaller grit sizes is suggested. Integrating the high-frequency domain of the PSD to 
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roughness obtained with the HyDRa process (3 nm) is comparable to the roughness reported 
�’�—�1�Œ�ž�›�›�Ž�—�•�1�������1�•�’�•�Ž�›�Š�•�ž�›�Ž�1�ý5].
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Figure 12.�1�û�Š�ü�1�X�,���1 �™�˜� �Ž�›�1�œ�™�Ž�Œ�•�›�Š�•�1�•�Ž�—�œ�’�•�¢�1�������X as a function of linear spatial frequency obtained with HyDRa on an 
etalon plate. (b) One of four etalon plates prior and after HyDRa polishing. The wrapped phase of the surface before 
(left) and after (right) polishing is shown in the upper images. Unwrapped phases of the original and polished surface, 
respectively (lower images). The inscribed green circle delimits the plate’s usable region. Of the 50 mm plate diameter, 
�˜�—�•�¢�1�•�‘�Ž�1�Œ�Ž�—�•�›�Š�•�1�Z�V�1�–�–�1� �Ž�›�Ž�1�™�˜�•�’�œ�‘�Ž�•�ð�1�œ�’�—�Œ�Ž�1�•�‘�Ž�1�Ž�¡�•�Ž�›�’�˜�›�1 �›�’�—�•�1�’�œ�1�ž�œ�Ž�•�1�•�˜�›�1 �–�˜�ž�—�•�’�—�•�1�•�‘�Ž�1�™�•�Š�•�Ž�œ�ï�1���‘�’�œ�1�Š�›�Ž�Š�1�’�œ�1�’�—�•�’�Œ�Š�•�Ž�•�1
within the light-colored circle.
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