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ABSTRACT 

 
WEAVE is the new wide field multi-object and integral field survey facility for the prime focus of the 4.2 m William 
Herschel Telescope. WEAVE fiber-fed spectrograph offers two resolutions, R ~ 5000 and 20,000.  The dual-beam 
spectrograph has two cameras: the blue one optimized for the wavelength interval of 366 - 606 nm and the red one for 
579 - 959 nm. Each camera is formed by eight lenses, one aspherical and seven spherical.  The lenses of the red camera 
are identical to the lenses of the blue camera only differentiated by the anti-reflection coating wavelength range. The 
diameter of the largest surface is 320 mm while of the smallest is 195 mm. INAOE, as a member of the collaboration is 
responsible of the manufacturing of the 14 spherical lenses and the collimator mirror. Here, we describe the main 
characteristics of WEAVE high precision cameras lenses, the manufacturing challenges giving the combination of 
OHARA® glasses properties, dimensions and specifications. We discuss the solutions developed to achieve the very 
demanding specifications. 
 
Keywords: optical fabrication and testing, polishing, astronomy, ground-based telescope, multi-object spectroscopy, 
optical design. 
 
 
 

1. INTRODUCTION 
 
WEAVE. is the new prime focus survey facility of the 4.2-m William Herschel Telescope (WHT). Within a field of view 
of 2° it will position fibers to record spectra of up to 1,000 stars and galaxies in a single exposure [1,2]. This huge leap in 
observing efficiency will allow astronomers to tackle several astrophysical problems [3].  

The WEAVE spectrograph unit is a dual-beam and dual-resolution system with an interchangeable fiber slit input. 
A dichroic beam splitter divides the beam into a blue arm and red arms. The collimated beam in each beam is dispersed 
by a volume phase holographic (VPH) grating [4], see Figure 1. The spectrograph has two cameras, the blue one 
optimized for 366 - 606 nm and the red one for 579 - 959 nm wavelength intervals, respectively. Each camera is formed 
by eight lenses, one aspherical and seven spherical.  The lenses of the red camera are identical to the lenses of the blue 
camera only differentiated by the anti-reflection coating wavelength range. A detailed description of the instrument 
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Table 1. Main parameters of the camera lenses  
 

Element OHARA 
Glass 

RoC left 
surface 
(mm) 

RoC right 
surface 
(mm) 

Diameter 
(mm -0.1) 

Central 
thickness 

(mm +/- 0.1) 

Clear aperture 
left/right surface 

(mm) 
Lens 2 PBL1Y CX 1179.25 

+/- 0.16 
CX 285.16 
+/- 0.01 

304 62.2 298.0 / 301.0 

Lens 3 S-FPL51 CX 317.75 
+/- 0.01 

CX 1705.64 
+/- 0.32 

320 59.7 316.0 / 313.0 

Lens 4 PBL1Y CC 1177.02 
+/- 0.15 

CC 285.09 
+/- 0.01 

320 32.0 310.0 / 292.0 

Lens 5 S-FPL51 CX 360.69 
+/- 0.01 

CX 616.09 
+/- 0.04 

298 59.6 296.0 / 296.0 

Lens 6 PBM2Y CX 508.50 
+/- 0.01 

CX 794.19 
+/- 0.01 

160 82.3 255.0 / 234.0 

Lens 7 PBM2Y Infinite CC 410.63 
+/- 0.01 

238 73.8 222.0 / 182.0 

Lens 8 S-LAL9 CC 237.29 
+/- 0.01 

Infinite 195 20.0 172.0 / 168.6 

 

 
 

Table 2. Glass properties considered during manufacturing. 
 

 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Element OHARA 
Glass 

Acid 
resistance 

Abrasion Specific 
Gravity 

Lens 2 PBL1Y 1.0 124 2.95 
Lens 3 S-FPL51 52.1 449 3.62 
Lens 4 PBL1Y 1.0 124 2.95 
Lens 5 S-FPL51 52.1 449 3.62 
Lens 6 PBM2Y 1.0 140 3.61 
Lens 7 PBM2Y 1.0 140 3.61 
Lens 8 S-LAL9 52 88 3.63 
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Table 3. Main properties of OHARA® glasses for WEAVE optics. 

 S-FPL51 S-LAL9 PBL1Y PBM2Y Properties 
Nd 1.497 1.691 1.54814 1.62004 Index of refraction 
Vd 81.6 54.8 45.7 36.3 Abbe number 

Thermal properties 
StP (ºC) - 606 361 385 Strain point 
AP (ºC) - 630 396 418 Annealing point 
Tg (ºC) 458 653 406 436 Transformation temperature 

At (ºC) 489 679 453 470 Yield point 
SP (ºC) - 707 567 580 Softening point 

Expansion coefficients (10-7/ºC) 
-30 ~ +70ºC 131 61 93 86 Linear coefficients of thermal 

expansion +100 ~ +300ºC 155 74 106 97 
k (W/mK) 0.78 0.895 0.951 0.814 Thermal conductivity 

Mechanical properties 
E (108 N/m2) 727 1075 613 571 Young modulus 
G (108 N/m2) 280 418 252 234 Modulus of rigidity 
σ 0.2999 0.287 0.217 0.223 Poisson ration 
Hk [Class] 350 [4] 660 [7] 420 [4] 420 [4] Knoop hardness 
Aa 449 88 124 140 Abrasion 
d 3.62 3.63 2.95 3.61 Specific gravity 

β (nm/cm/105 Pa) 0.74 1.85 2.94 - Photoelastic constant 

Chemical properties 

RW (P) 1 2 2 2 
Water resistance (Powder 

method). 

RA(P) 4 5 1 1 
Acid resistance (Powder 

method). 
 
W(S) 

 
1 

 
2 

 
2 

 
1 

Weathering resistance (Surface 
method) 

SR 52.1 52 1 1 Acid resistance (ISO method) 

PR 4 4 1.1 2 Phosphate resistance 
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Figure 4. Blue Camera Lens 4 blank. See Table 4. 

 

 
 

Figure 5. Red Camera Lens 6 blank. See Table 4. 

 
3. MANUFACTURING PROCESS 

 
Before starting the manufacturing process for each lens, a finite element analysis (FEA) in static mode was carried out to 
study the tensions and displacements of the mounting bases and the blank [8]. The goal of the simulations was to 
guarantee the integrity of the lens glass. To illustrate the process, we will describe Lens 4 manufacturing all along the 
paper. In Figure 6a we show the mesh defined for the FEA for this lens: the mesh includes a 325 mm diameter baseplate 
of the machine and the blank itself. The simulations include gravity and weight of the polishing tool as a static weight 
placed at several points in the blank surface. Considering only the effect of gravity, the maximum displacement in Z 
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direction (vertical) was 12 μm, see Figure 6b. The effect of gravity gives a considerable deformation at the borders of the 
lens, the displacements becomes high due to the 21.54 kg weight and the thickness of 88.25 mm of the glass. 
Nevertheless, the centrifugal force present on the polishing machine is enough to discard this effect, considering the 
weight and the thickness of the blank, and also doing the analogy with the design of a rotatory pump or a turbine, where 
centrifugal force helps the fluid to flow away from axis of rotation. 
 

 
 

  
 
 

Figure 6. 3D model for Lens 4. Top: mesh considering the baseplate and the blank. The blank is shown in blue. Bottom: displacements 
in Z direction (vertical) where the maximum values are 12 μm at the borders. 

a) 

b) 
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3.1 Blocking 
 
The polishing machine is a Strasbaugh® model 6DA-DC-4. It consists in a rotating axis to hold the blank and an 
overarm that holds the grinding/polishing tool.  The blank of Lens 4 was placed over an aluminium plate that match its 
diameter of 325 mm.  The blocking of the blank was carried out using wax and tape as shown in Figure 7. With these 
steps the blank was ready for the grinding and polishing process. 
 
3.2 Curve generation 
 
The curve generation machine is a Strasbaugh® model 7-DR, that consists in a rotating axis to hold the blank and an axis 
holding a diamond cup tool, see Figure 8. The cup tool selected for this process has an external diameter of 200 mm. The 
inclination angle of the cup tool is calculated using the following formula: 
 = sin 	  ,                                                             (1) 

 
where  is the inclination angle of the diamond cup tool, D is the diameter of the cup, in this case the external diameter 
and r is the radius of curvature of the lens. The speeds used in this process was 20 rpm and 1200 rpm, for the blank axis 
and cup axis, respectively.  
 
 

 

Figure 7. Blocking process of Lens 4.  Diameter of 325 mm. 

 

Aluminum baseplate 

Wax and tape 

Glass 
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Figure 8. Curve generation process. The 200 mm diameter diamond cup is on top of Lens 4.   

 
3.3 Grinding and polishing 
 
The polishing and grinding processes were carried out in the Strasbaugh® 6DA-DC-4 machine. In this machine a 
rotating axis holds the lens and an oscillating arm holds a glass tool maintaining loose abrasive between both surfaces. 
Microgrit® WCA (Aluminum oxide) was used in the grinding process with stages of 40, 25, 15 and 5 microns as average 
particle size (APS). In the middle of the process a visual inspection was carried out to verify the smoothness of every 
stage. Figure 9 shows a moment during the grinding process; the lens and the glass tool can be appreciated. The speeds 
used were 10 rpm for the rotating axis and 4 rpm for the overarm. This process last about a week per surface. 

The polishing process was carried out using a pitch polishing tool (pitch #450 Universal Photonics Inc.), see Figure 
10. The polishing compound selected was Hastilite® RS (Cerium oxide) 0.5 microns APS. All grinding abrasives and 
polishing compounds are from Universal Photonics Inc. The polishing process last about a month per surface, depending 
on the glass characteristics, as explained below. 

PBL1Y has a well behavior during polishing, in other words, a fast grinding time, approximately 30 minutes per 
abrasive stage and easy correction of the figure during polishing process i.e. irregularity doesn´t change during polishing   
at a low material removal rate. However, its low abrasion value of 124, see Table 3, was indicative that it was going to 
be time consuming to reach the RoC for fast surfaces. This was the case for Lens 4 with a CC RoC of 285.09 mm and 
320 mm diameter. The RoC was corrected at a rate of 0.01 mm per hour while the irregularity value remains under 
specification.  

PBM2Y has the particularity of thermal effects during polishing due to the friction between the glass and tool. This 
might be due to the material composition and/or the glass fabrication process as this effect hasn´t been observed in a 
similar glass Schott® F2. Nevertheless, PBM2Y offers advantages over F2 as better transmission in the blue wavelength 
interval. The effect was also present during optical testing, as the irregularity figure varied with the room temperature: 
we measured 2 fringes of irregularity at 20 °C but 3 fringes at 22 °C. Therefore, we carried out the irregularity 
measurement 24 hr. after the polishing process ended, at a room temperature of 20 °C +/- 0.4. Stains were common to 
appear under humid conditions and became worse when relative humidity was about 80%. To avoid this problem a room 
dehumidifier was used at INAOE optical testing laboratory 

S-LAL9 has the highest specific gravity of 3.63 and the lowest abrasion value of 88. The combination of these 
properties difficulted to accomplish the CC 237.29 mm RoC of Lens 8: The RoC correction was performed at the same 
rate as Lens 4 i.e. 0.01mm per hour. Due to its acid resistance of 5, see Table 3, stains appeared during polishing and 
became worse when a polished surface was in contact with the aluminum baseplate under humid conditions. The stains 
appeared even in a clean and dry environment while the lens was covered with a high quality protective coat (Pre-cote 
#33 from Universal Photonics®).  
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S-FPL51 was the most difficult to polish. This is due to its low index of refraction of 1.497, the high abrasion value 
of 449 and low Knoop hardness of 350, similar to a crystal, see Table 3. It presented thermal effects during polishing as 
in the case of PBM2Y but with a worse thermal effect during testing.  Several scratches appeared during the grinding 
process. Due to is abrasion value - the highest of WEAVE glasses- the material removal rate was high, approximately 
0.05 mm per hour, measured in thickness. To avoid scratches during grinding, 9T microns abrasive was used instead of 
the usual 5 microns. Hastilite® RS was used during the first two hours of polishing providing a low removal rate while 
diminishing small scratches. In the rest of the process Baikalox® 0.05 microns polishing compound was used to obtained 
the final figure correction with a low removal rate without compromising the thickness of the lens. 

 
 

 
 

Figure 9. Grinding process for left surface of Lens 4. Note the glass 
tool over the workpiece. 

 

 
 

Figure 10. Polishing process. Note the pitch tool over the workpiece. 
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4. OPTICAL TESTING

4.1 Irregularity measurements 

Irregularity measurements were particularized for each surface. The irregularity measurements were carried out using a 
Zygo® Fizeau type interferometer. We accomplish a full aperture interferometry test for the concave surfaces of lenses 4, 
7 and 8, using a f/0.65 reference sphere (PV=λ/20, λ=632.8 nm Zygo® Corp.), as illustrated in Figure 11.  

Figure 11.  Experimental set-up to measure irregularity of concave surfaces.  A reference sphere that produce a f/0.65 beam 
illuminates the complete surface under test. 

Newton interferometer was used to test the convex and flat surfaces. Eight reference surfaces were designed and 
fabricated at INAOE for testing the convex surfaces of lenses 2, 3, 5 and 6.  A detailed description of the design and 
characteristics of these reference test plates is given by Hidalgo et al. [9].  A reference flat (Edmund Optics® 304.8 mm 
diameter, PV= λ/20) was used to test flat surfaces of lenses 7 and 8.  Given the diameters of the lenses the   convex and 
flat surfaces were tested by sub-apertures.  The irregularity of the complete aperture was obtained by applying the sub-
aperture stitching technique [10].  Figure 12 shows the Newton interferometer set-up used to test convex and flat 
surfaces. 

 Figure 12. Left: Newton interferometer test set-up. Right: Lens 6 sub-aperture measurement. 
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4.2 Interferogram analysis 

For concaves surfaces a phase shifting Fizeau-type interferometer   was used. The interferograms obtained with the set-
up described were analyzed using Durango® software (Diffraction International Inc.). In this configuration nine 
interferograms were obtained in one stepping capture by using a piezoelectric placed at the reference sphere mount. 
Figure 13 and 14 show the interferograms and its irregularity values for Lens 4 right and Lens 8 left surfaces, 
respectively.  

Figure 13. Irregularity obtained for Lens 4 right surface. 

Figure 14. Irregularity obtained in Lens 8 left surface. 

For convex surfaces a sub-aperture stitching method [10] was applied.  Nine sub-apertures, a central one and eight 
located at the edge of the surface were obtained. Each individual subaperture interferogram was analyzed using 
Durango® interferometry software as well. The complete aperture analysis of the nine subapertures is performed using a 
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software developed at INAOE.   Figures 15 and 16 show the interferograms and irregularity values obtained for the left 
surfaces of Lens 2 and Lens 6. 

Figure 15. Subaperture Stitching analysis of Lens 2 left surface. 

Figure 16. Subaperture Stitching analysis of Lens 6 left surface. 

5. RESULTS

We present the parameters measurements for the Red arm lenses finished at the time of writing this paper.  In Table 5 a 
summary of Lens 2 manufacturing results is presented, Table 6 is the summary corresponding to Lens 4, Table 7 the 
results for Lens 6, Table 8 the results for Lens 7 and Table 9 the measurements of Lens 8. The first and second columns 
correspond to each parameter and its specified value. In the third column, we report the values measured and in the 
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fourth the instrument and/or method used for the measurement.  Figures 17 and 18 shows lenses 4 and 8 during the final 
packing processes, respectively.  

Table 5. Specifications and final measurements of Lens 2. 

Red camera Lens 2 summary 

NOVA Reference 03038 

Part Name Red camera Lens 2 

Glass Ohara PBL1Y ID 427717

Parameter Specification Measurement Measurement Instrument or method 

Left surface Test plate Left surface 

RoC (mm) 
CX 

1179.259+/-
0.01687 

1179.336 - Via test plate RoC (Oriel slide 
optical bench +/- 0.01 mm) 

Irr in clear aperture 2 fr 0.0545 0.479 Newton interferometer Subaperture 
stitching 

MIL 13830 SD 40/20 - 20/10 Visual inspection vs. calibrated 
reference (Brysen optical 7641896)

Protective chamfer 
(mm) 0.5-1.5 x 45° - 1.3 Mitutoyo Caliper +/-0.01 mm 

Right surface Test plate Right surface 

RoC (mm) 
CX 

285.164+/-
0.0088 

285.161 - Via test plate RoC (slide optical 
bench +/- 0.005mm) 

Irr in clear aperture 2 fr 0.2816 1.254 Newton interferometer Subaperture 
stitching 

MIL 13830 SD 40/20 - 10/10 Visual inspection vs. calibrated 
reference (Brysen optical 7641896)

Protective chamfer 0.5-1.5 x 45° - 1.3 Mitutoyo Caliper +/-0.01 mm 

Lens Lens 

Edge diameter 
(mm) 304 +0.0/-0.1 303.96 Mitutoyo Caliper +/-0.01 mm 

Central thickness 
(mm) 62.254+/-0.1 62.08 Mitutoyo Height Caliper +/- 0.01 

mm 

Wedge (arcmin) 2 0.167 Mitutoyo Dial Indicator +/-0.001 
mm 
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Table 6. Specifications and final measurements of Lens 4. 

Red camera Lens 4 summary 

NOVA Reference 03044 

Part Name Red camera Lens 4 

Glass Ohara PBL1Y 427933

Parameter Specification Measurement Instrument or method 

Left surface Left surface 

RoC (mm) CC 1177.026 +/-
0.15 1176.97 Oriel Slide optical bench (+/- 0.01mm), 

five measurements average 

Irr in clear aperture 2 fr 0.3872 Zygo Mark II interferometer full aperture 
(Reference sphere f/0.65, PV=λ/20) 

MIL 13830 SD 40/20 10/10 Visual inspection vs. calibrated reference 
(Brysen optical 7641896) 

Protective chamfer 
(mm) 1-2 x 45° 1.2 Mitutoyo Caliper +/-0.01 mm 

Right surface Right surface 

RoC (mm) CC 285.091+/-0.01 285.105 
Zygo Mark II interferometer (slide optical 
bench +/- 0.005mm), five measurements 

average 

Irr in clear aperture 2 fr 0.4626 Zygo Mark II interferometer full aperture 
(Reference sphere f/0.65, PV=λ/20) 

MIL 13830 SD 40/20 10/5 Visual inspection vs. calibrated reference 
(Brysen optical 7641896) 

Protective chamfer 1-2 x 45° 1.2 Mitutoyo Caliper +/-0.01 mm 

Lens Lens 

Edge diameter (mm) 320 +0.0/-0.1 319.99 Mitutoyo Caliper +/-0.01 mm 

Central thickness 
(mm) 32+/-0.1 32.01 Mitutoyo Height Caliper +/- 0.01 mm 

Wedge (arcmin) 2 0.159 Mitutoyo Dial Indicator +/-0.001 mm 
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Table 7. Specifications and final measurements of Lens 6. 

Red camera Lens 6 summary 
NOVA 

Reference 03050 

Part Name Red camera Lens 6 

Glass Ohara PBM2Y ID 427505

Parameter Specification Measurement Measurement Instrument or method 

Left surface Test plate Left surface 

RoC (mm) CX 508.5018+/-
0.01 508.501 - Via test plate RoC (slide 

optical bench +/- 0.005mm) 

Irr in clear 
aperture 2 fr 0.1721 0.8242 Newton interferometer 

Subaperture stitching 

MIL 13830 SD 40/20 - 20/10 
Visual inspection vs. 

calibrated reference (Brysen 
optical 7641896) 

Protective 
chamfer (mm) 1-2 x 45° - 1.3 Mitutoyo Caliper +/-0.01 mm 

Right surface Test plate Right surface 

RoC (mm) CX 794.1924+/-
0.01 794.133 - Via test plate RoC (slide 

optical bench +/- 0.005mm) 

Irr in clear 
aperture 2 fr 0.2692 1.1031 Newton interferometer 

Subaperture stitching 

MIL 13830 SD 40/20 - 10/10 
Visual inspection vs. 

calibrated reference (Brysen 
optical 7641896) 

Protective 
chamfer 1-2 x 45° - 1.3 Mitutoyo Caliper +/-0.01 mm 

Lens Lens 

Edge diameter 
(mm) 260 +0.0/-0.1 259.99 Mitutoyo Caliper +/-0.01 mm 

Central thickness 
(mm) 82.3+/-0.1 81.66 Mitutoyo Height Caliper +/- 

0.01 mm 

Wedge (arcmin) 2 0.198 Mitutoyo Dial Indicator +/-
0.001 mm 
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Table 8. Specifications and final measurements of Lens 7. 

Red camera Lens 7 summary 

NOVA Reference 03053 

Part Name Red camera Lens 7 

Glass Ohara PBM2Y 427508

Parameter Specification Measurement Instrument or method 

Left surface Left surface 

RoC (mm) Infinite - Edmund optics Ø152mm reference 
flat (PV=λ/20) 

Irr in clear aperture 2 fr 0.7576 Newton interferometer Subaperture 
stitching 

MIL 13830 SD 40/20 20/20 Visual inspection vs. calibrated 
reference (Brysen optical 7641896) 

Protective chamfer 
(mm) 1-2 x 45° 1.3 Mitutoyo Caliper +/-0.01 mm 

Right surface Right surface 

RoC (mm) CC 410.631+/-0.01 410.634 Zygo interferometer (slide 
optical bench +/- 0.005mm) 

Irr in clear aperture 2 fr 0.2923 Zygo interferometer / Full 
aperture 

MIL 13830 SD 40/20 10/10 Visual inspection vs. calibrated 
reference (Brysen optical 7641896) 

Protective chamfer 1-2 x 45° 1.2 Mitutoyo Caliper +/-0.01 mm 

Lens Lens 

Edge diameter 
(mm) 238 +0.0/-0.1 237.98 Mitutoyo Caliper +/-0.01 mm 

Central thickness 
(mm) 73.76+/-0.1 73.74 Mitutoyo Height Caliper +/- 0.01 

mm 

Wedge (arcmin) 2 0.217 Mitutoyo Dial Indicator +/-0.001 
mm 
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Table 9. Specifications and final measurements of Lens 8. 

Red camera Lens 8 summary 

NOVA Reference 03056 

Part Name Red camera Lens 8 

Glass Ohara S-LAL9 427739 

Parameter Specification Measurement Instrument or method 

Left surface Left surface 

RoC (mm) CC 237.288 237.282 Interferometer / Slide optical bench (+/- 
0.005mm),  

Irr in clear aperture 2 fr 0.3948 Zygo interferometer / full aperture 

MIL 13830 SD 40/20 20/10 Visual inspection vs. calibrated 
reference (Brysen optical 7641896) 

Protective chamfer 
(mm) 1-2 x 45° 1.2 Mitutoyo Caliper +/-0.01 mm 

Right surface Right surface 

RoC (mm) Infinite - Edmund optics reference flat 
(Ø=203.2mm) 

Irr in clear aperture 2 fr 0.4828 Newton interferometer / full aperture 

MIL 13830 SD 40/20 20/10 Visual inspection vs. calibrated 
reference   (Brysen optical 7641896) 

Protective chamfer 1-2 x 45° 1.2 Mitutoyo Caliper +/-0.01 mm 

Lens Lens 

Edge diameter 
(mm) 195 +0.0/-0.1 194.98 Mitutoyo Caliper (+/-0.01 mm) 

Central thickness 
(mm) 20 +/-0.1 19.94 Mitutoyo Height Caliper (+/- 0.01 mm) 

Wedge (arcmin) 2 0.26 Mitutoyo Dial Indicator (+/-0.001 mm) 
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Figure 17.  Red Camera Lens 4. 

Figure 18.  Red Camera Lens 8. 
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6.- CONCLUSIONS 

The manufacturing process of WEAVE camera lenses represents a challenge as it is unique optics.  The specifications 
were very demanding given the diameters of the lenses and the glasses properties. Additionally, the geometry of the 
bevels in lenses 7 and 8 and the thickness in lenses, 4, 6 and 7 required extreme care. FEA simulations were carried out 
to ensure the manufacturability within acceptable time and risks. The different processes and solutions involved in the 
manufacturing were   described. The methodology to measure the   optical parameters was presented. The data summary 
of   each lens   prove that the lenses fulfill all the requirements showing INAOE capabilities to manufacture very high 
quality unique elements.   Regarding the, red arm Lens 4, 6, 7 and 8 are already in NOVA. Lens 2 is completely finished 
and packed. Lens 3 and 5 are in stand by for centering.  Regarding the blue arm Lens 2 was polished at CIO. The 
manufacturing of the other 7 lenses is in progress at INAOE.  
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