H. Dennis Taylor, Optical Designer for T. Cooke & Sons

     by Peter Abrahams

   Harold Dennis Taylor was born 1862 in Huddersfield, attended St. Peter's School in York, and began the study of architecture. Circa 1880, he interrupted this to work at Thomas Cooke and Sons in York.  The founding Thomas Cooke had passed away in 1868, and his sons Thomas and Frederick had succeeded him, continuing to produce the finest quality instruments and telescopes in particular.  Taylor did not regret his lack of university education, but taught himself optical design, mostly from the works of Henry Coddington, who developed the formulae of George Airy.  Taylor later encouraged his son Wilfred to terminate his university education, and to acquire practical shop skills to enter a career as an optical designer.

   In 1883 or 1885 (various sources), at 21 or 23 years of age, Taylor received his first patent, for a photographic exposure meter.  His second patent was for an astronomical objective lens, and the third was for the hugely successful Cooke photographic lens.  He was granted about 50 patents for optical & other instruments, and Cooke purchased or paid royalties on many of them.

   In 1891, Taylor's address was 20 Bootham Terrace, York.  He married Charlotte Fernandes Barff of Portugal, and they had one daughter and two sons.  His well-known son was Edward Wilfred Taylor, 29 April 1891 - 01 November 1980, also a published optical designer. 

   In 1890, Taylor was testing refractors using autocollimated star images.  An optical flat was placed just in front of the objective under test, and an artificial star was placed at the focus.  Light from the star is transmitted backwards through the objective, reflected from the flat, and again through the objective, which focuses it to an eyepiece adjacent to the star.  This double pass test renders any aberrations twice as visible and is quite sensitive.  Wilfred Taylor (1922) notes that his father was the first to use the test in England, in 1890, and that an American company independently developed it about the same time.

   The Adjustment and Testing of Telescope Objectives was published in 1891, when Taylor was 29, and soon thereafter a German translation appeared.  ATTO was reprinted in 1896 with additions, & 1921, an expanded edition issued in 1946 and reprinted in 1983.  After 87 years, in 1978, it was still the basic reference on the star test, according to W.T. Welford in a chapter on the star test from Malacara, Optical Shop Testing.

   Taylor wrote this 60 page guide to the star test (and other topics), and included many improvements and additions to the test.  It was not the first text on the star test.  Adolf Steinheil had written an article in 1884 for Astronomische Nachrichten 2606, translated in The Sidereal Messenger 3:8 (Oct. 1884) 225-9. John Byrne described the method & the star images in a circa 1880 catalog, suggesting that astronomers test their own refractors.  However, Taylor published a thorough analysis and instructions for the test.  

   In ATTO, Taylor stresses that defects seen while using a telescope can be from any of the three parts of the system: the objective, the eyepiece, or the eye; and it is the eye which is most likely to be imperfect.  He writes, "the clearness of vision through a telescope depends....upon the way in which the observer applies his eye to it.  The observer who applies his eye eccentrically and capriciously.....will not get the best out of the instrument."  (p19)

   Taylor begins by discussing 'squaring-on', meaning aligning the optical axis of the telescope with that of the eyepiece.  A push pull cell is presented.  Achromatism is next; a fully achromatic objective will show color when combined with Ramsden & Huygens eyepieces.  The eye is far from achromatic, and Taylor shows where to find the eye's false color in the highly magnified image of a star.  When an objective or one of its elements is off center, or due to atmospheric dispersion, eccentric color effects are produced that can be neutralized by offsetting the eye from the optical axis, which takes advantage of the eye's achromatism.

   Astigmatism of a lens is similarly to be distinguished from that of the eye, and detection and remediation are discussed.

   Terrestrial telescopes, with erecting lens systems, have an objective that is overcorrected for color, to appear achromatic in use, and the eyepiece cannot be substituted with an astronomical eyepiece.

   The knife edge method of testing is the subject of a detailed chapter, but Taylor did not find it a useful test, for several reasons.  First, the telescope should usually be tested as a whole, objective and eyepiece together.  For example, Huyghenian and Ramsden eyepieces have positive spherical aberration, varying by the square of the f-ratio; and an objective lens should be slightly over-corrected to match.  Second, the Foucault test is more time consuming and less precise.  It is odd that Taylor overlooked the essential quality of the Foucault test, namely its diagnostic power of informing the maker where to work the surface.  His alliegance to algebraic methods of optical design (an important theme in his life), was precisely because it was diagnostic, it told you which way to go in applying corrections, as does the Foucault test, whereas the star test does not provide direction.

   Finally, ATTO contains many details on the care of objective lenses and especially the Photo-Visual lens.  

   In 1892, when Taylor was 30, came the introduction of Taylor's ambitious design, the Cooke Photo Visual telescope objective, patent 17,994/92; probably the first triplet apochromat, using new Schott glass.  These objectives could be used as photographic or visual telescopes, since the color correction extended across a wide range of colors.  They were made f18, although faster scopes were possible, f18 provided superior achromatism, a larger plate scale, and allowed fabrication of shallower spherical surfaces.  The design suffers from steep curves on the center element, a 5 inch negative center element was polished to .07 inch thick at mid-diameter.  Even at f18, the center element of this objective requires two concave surfaces of steep curvature, making this element very thick & limiting the aperture of the lens.

   As of 1894, the glass elements were as follows:  The outer element was biconvex and of Schott baryta light flint (O 543), index of refraction 1.564 for the D ray, reciprocal of dispersive power 50.6.  The center element was biconcave, of a new Schott borosilicate flint (a type of O 164), with an IR of 1.547 and reciprocal of dispersive power 50.2.   The inner element was a meniscus of a light silicate crown glass of lower dispersion than standard crown (Schott O 374), an IR of 1.511, reciprocal of dispersive power 60.4.  Both pairs of inner surfaces had matching profiles.  The rear surface had a radius of curvature roughly equal to twice the focal length  Dispersion was corrected by controlling the radii of the elements.  The air space between the second and third elements was critical and used to correct sphereochromatism.  The image plane was flat and free of coma over a few degrees.

   The lens is not particularly sensitive to squaring on, and can be squared using the rear concave surface in autocollimation.  Fabrication of the glass elements is not difficult, with three concave surfaces, and the two inner convex surfaces have the same curvature as the adjacent concave surface.  After the three concave surfaces were tested, defective figuring of the inner convex surfaces was detected by introducing liquid between the surfaces, if the defects disappear, then a fault is suspected in the concave surface under test.

    The P-V lens was fitted in a cell especially designed for this objective.  The steep curves needed for the center element meant that it had to be very precisely centered in its cell, for any lateral motion introduced significant coma.  A metal cell that would restrain the lens at a very cold temperature would expand with heat, and at a higher temperature would allow the lens to move unless it was restrained.  All refractors have this problem, but this objective has a tolerance for centering errors that is far tighter than others.  Temperature compensation is therefore necessary, and the cell design must factor the coefficients of expansion for the glasses and for the cell components.  Smaller photovisual objectives used a modification of the standard cell, and to center the elements there were three protrusions from the inner wall, one of which was spring loaded.

   It was probably Frederick Cooke who designed the cell used for larger objectives.  The inner wall used three equidistant small blocks to restrain the lens elements; two bronze blocks fixed to the bronze cell, and a third block made of two sliding bronze wedges.  Each wedge is carried on a thick strip of zinc, that is as wide as the cell is tall and lays against the inner wall of the cell, from one fixed block to one of the wedges.  Each zinc strip is attached at its end to a fixed block and free to move with its bronze wedge.  An increase in temperature causes expansion of the outer bronze cell, which would loosen the lens elements.  However, zinc has a much higher coefficient of expansion than does bronze, and the zinc strips expand even more, to force the wedges together, which widens the split block as one wedge rides against the other.  Compensation for temperature is controlled by the composition and dimensions of the zinc strips and by the angle at which the wedges are cut.  These are very precise assemblies, the glass and metal fitted to a few thousandths of an inch.  Cooke warned users that the screws in the outer case of the cell held the zinc strips in place and should not be turned.  During assembly or disassembly, any tilting of lens elements will cause them to be wedged, and the center element has a slightly rounded profile to prevent this.

   In the 1900 catalog of T. Cooke & Sons, P-Vs were available with apertures from 3 inches, at 20 pounds; to 15 inch at 800 pounds; and "special quotations will be given for larger sizes".  The photo visual objective is described as free from secondary spectrum and from spherochromism, as follows:

"total abolition of the secondary spectrum"

"...free from spherical aberration for all colours simultaneously"

"....largest possible field of good definition"

".....The curves are such that a ray parallel to the optic axis, traced through the margin of the objective, enters and leaves the flint lens at approximately equal angles....This condition secures freedom from optical effects of flexure" (this refers to any sagging of the thin flint element in the cell).

   The 1900 catalog includes testimonials from customers of the P-V, including The Observatory at the Cape of Good Hope, whose 8 inch P-V was used by David Gill.  Edward Crossley bought a 9 inch in 1895, to replace his 9.3 inch objective in the Cooke telescope he purchased in 1867.  Norman Lockyer wrote in 1898, after four years of use; he found the P-V lenses to be excellent collimators for spectroscopes, because all colors exited parallel.  He also used them for telescopic objectives for spectroscopy, which allowed focusing to both ends of the spectrum without a swing back.  P-Vs were used by Lockyer in spectroheliographs to image two monochromatic images, of  different wavelengths, on one plate.

   A catalog circa 1930 from Cooke, Troughton & Simms, carries the P-V model; 4 inch aperture for 40 pounds, to 12 inch at 720 pounds.  Since these are f18s, thus the 12 inch is 18 feet in length; and the catalog notes that lenses have been made up to f60 in focal ratio.  The objectives were fitted into the standard Cooke tubes, but the tube was then lined with non-reflective material; and a larger focuser was available, since the focuser could "be made to pass a field of view one inch less than the aperture of the object glass".  This catalog also lists telescopic doublet achromats to 26 inches aperture.

   Henry King notes that a photovisual objective is a compromise, that does not permit the most precise positional astronomy.  It is designed to allow the user to visually focus the instrument and insert a photographic plate without refocusing, but they did not replace instruments dedicated to astrometry.  Taylor also wrote about compromises, in the 1896 edition of ATTO, that since the P-V was most used with Huyghenian eyepieces, the color correction of the P-V was overcorrected to be fully achromatic when used with a Huyghenian eyepiece at a magnification of 50 times the aperture, or 200 on a 4 inch glass.  At lower powers than this, the telescope is undercorrected, at higher powers it is overcorrected.  These effects are very small but illustrate the compromises that are part of optical design.

   This lens was by far the best available during its time, and was a genuine advance in the technology of telescope objectives.  P-V telescopes were offered up to 15 inches aperture, but the largest known P-V models are two 12.5 inch aperture telescopes, one for Rio de Janeiro in 1894.  The other was made for Robert Ball at Cambridge Observatory, mounted in the Sheepshanks polar coude telescope designed by Howard Grubb, and used for astrometry.  This telescope was decommissioned and in 1947, the objective was moved to the Northumberland equatorial telescope, which had an identical focal length.  In 1988, it was replaced with a doublet by Jim Hysom of AE Optics.  Like all P-V lenses, it had a problem: every 20 years, it needed repolishing.

   There was a severe problem hidden in the objective.  The borosilicate glass used for the center element was a new innovation from Schott, and Taylor had not learned that some of the exotic elements in the glass were reactive and would chemically react to air, moisture, and pollution.  The glass inevitably loses its transparency with a very fine crazing or frost.  All three elements can be hazed.  All P-V lenses require reworking every 20 years, more or less, usually less.  The 12.5 inch objective for Cambridge retained an acceptable polish for about 25 years, and the center element had been repolished three times by the mid 1970s.  The second reworking, circa 1950, left the element quite thin and necessitated careful handling and reassembly.  The third polishing was in 1972 and the reworked lens was very difficult to align and maintain in centration.  Adding to the difficulties was the loss of orientation marks on the perimeter of the elements.  Other photo-visual objectives did not endure this long.  Norman Lockyer equipped his Solar Physics Observatory  with 6 P-V lenses of 3 to 12 inches aperture, and within 2 to 7 years, all were marked with a fine crystal growth on internal surfaces.  Lockyer notes that some lenses were kept in a well heated room, and those require close examination to detect the hazing.  Others were used under varying temperatures, though well ventilated, and the problem was severe.  The inner surfaces of the front and especially the back elements were the problem areas, and not the borosilicate center element.  Water vapor was believed to be the cause, glass absorbs water, which liberates the alkaline components in the glass, forming carbonates on the surface.  Lockyer notes that it is quite difficult to replace a lens in its cell with the proper centration, and therefore only one lens was disassembled.  Taylor's 1907 reply to Lockyer notes that in damp climates such as Calcutta, the crystallization has been found to corrode the polished glass surface.  From the 1907 JBAA, in a reply to Lockyer's problems, Taylor objects, that the lenses were older than Lockyer's text would indicate; "the objectives were put together....at least 12 months" before the telescope was mounted.  Taylor continues, that sulphuric acid treatment was successful, the lens retained it's polish during the treatment, and only in areas like Calcutta has the crystallization mandated a repolishing.

   Crossley's 9 inch objective, from 1895, was moved to New Zealand in 1907, and is now at Carter Observatory.  The lens was shipped back for repolishing to Cooke & Sons in 1914, and again in 1950-51 to Grubb Parsons.  It now has a new matte finish, and in addition has suffered from water seepage.  The inner lens is slightly hazed from deposits of alkali carbonate but is still polished.

   In the sequence of journal articles and catalogs during the first decade of this century, Lockyer first appears as an impressed consumer in the 1900 catalog, with a testimonial from 1898, and by 1907, he was writing for MNRAS that he'd had problems for seven years.  Taylor and Cooke defend the materials used, writing in many publications & speaking to many meetings.  Already in 1894, Taylor was writing that a year & a half of experiments allows Cooke to guarantee the permanence of the P-V objective.  He continues with the first publication of his idea that a tarnished lens surface transmits more light than a freshly polished one; claiming that even if some slight tarnishing were to take place over many years, as is typical for flint glasses, that would not necessarily have any ill effect.  (MNRAS 54:5, 1894)  It is possible that his work as a pioneer of lens coating had its genesis in problems with the P-V.

   Howard Grubb was quoted that 20 years experience was needed for claims of permanence.  In April 1894, 'The Observatory' printed a reply from Cooke & Sons, defending its use of the glass by mentioning consultations, experiments, and visits to Jena.  Both firms were rather strident and antagonistic.

   In the May 1894 issue of Astronomy & Astrophysics, during the third year of production of the P-V, an anonymous reviewer notes that the interior lens is 'slightly liable' to tarnishing, but that "Cooke & Sons guarantee the permanence of objectives".  Taylor replied to the article with a longer rebuttal, describing the haze on the glass as 'iridescent but perfectly transparent', a product of gas lamps, and that pure damp air has no effect on the glass.  In any case, the inner surfaces of the objective is 'hermetically sealed'.  A new melt of Schott glass will be modified to further perfect the lens.

   There are questions about the nature of the tarnish.  In the 1896, second edition of ATTO, chapter 15 is added, on care of objectives, and 'tarnish' is described as a 'transparent film of varnish' that viewed in reflection appears a dull grey brown or blue, and occurs on flint elements after a few years.  Tarnish is described as not a "dull milky film, visible by scattered light".  In 1896, Cooke & Sons had not yet seen any 'milky decomposition' in their glass; though they had "heard of it taking place with certain phosphate glasses in tropical countries".

   From the 1900 catalog: "nonwithstanding certain unsympathetic criticism which has proved too hasty.....Cooke & Sons can testify to the permanence of the glass."

   Jumping forward 80 years, the 1983 edition of ATTO reprinted the 1897 instructions for the P-V, noting in the 1983 preface that 'corrosive industrial atmospheres' can attack some of the glass types. 

   In retrospect, all known Cooke Photo-Visual triplets have become hazed to the extent that the objective is unusable.  The sequence of tarnish to haze is variable with humidity, temperature, and  time.  In response to these problems, Cooke issued cleaning instructions, offered factory service, tried & adopted new glasses as they became available, and very much tried to put the problems in the best possible light.

   Cooke & Sons described the tarnish as a controlled, predictable, beneficial process.  For example, in the 1921 article, "A New Anastigmatic...Telescope", p73, Taylor writes: "In the telescope described in the present paper about 40 per cent of the light is transmitted when the surfaces are freshly polished.  About five of the surfaces retain their polish, while the others tarnish and then transmit more light."

   In 1907, Taylor wrote his long defenses of the glass.  1907 also marked the 16th year of a very prolific writing career.   There followed  a 14 year gap, between 1907 and 1921, when there are no recorded papers from him.  This is certainly a loss, was it possibly caused by controversy?  Can we put ourselves into the offices of T. Cooke & Sons, a true leader in top quality optics, in 1900, having produced the finest telescope objective yet achieved; when these masterpieces started coming back to the factory with haze, and requiring re-polishing.  Objectives that had been in the damp or in cities came in first, and the total number returned must have been a good fraction of those sold.  In response, new instructions were issued, new experiments were made, new glasses were tried, and a quantity of corporate denials were issued.  This was followed by 14 years when Taylor did not publish; and many publications of the era are texts of speeches, so it is likely that he did little speaking as well.

   Jena made apochromatic doublets, and the U.S. made Hastings doublets, used glass that deteriorated similarly or worse.  Schott had deleted O 374, the borosilicate used in the center element, by 1907, because it was 'wanting in permanency'.  Taylor replaced it with O 599, and objectives made after 1907 had a third glass recommended by Schott.  Lockyer's problem objectives used the earlier formation, and those using 599 were the less hazed.

   Just after the P-V was introduced, Taylor published 'Telescope Objectives for Photographic Purposes' (MNRAS 53 (1893) 359-368).  A technical presentation of a coma free photographic objective, this paper is one of a massive amount of paper generated concerning the Paris Convention and the attempt to set a standard objective for the photographic sky survey.

   Introduced in 1893, The 'Cooke photographic lens' is a Taylor design and is probably the most successful and ubiquitous photographic lens.  Circa 1890, Taylor began development, based on the work of Coddington, using formulae to suggest experiments which caused him to correct distortion by taking a doublet and splitting one element, placing each half on either side of the other element.  He patented two configurations, a split positive element and a split negative element, but used the design with the negative between the two positive elements.  All Seidel aberrations and both axial & lateral color are corrected.  The first experimental models were of three achromatic doublets, then the design developed into three singlets, based on new Schott glasses, a barium crown and a very dispersive flint.  After many iterations of calculation & prototyping, Cooke introduced in 1893, the 'Cooke photographic lens'.  This was an original concept, a new development of the photographic triplet.  It came after a long period of little invention in photographic lens design and opened up a very productive avenue of innovation.  It is probably Taylor's most important invention, on account of its originality, versatility, and influence.

   The first patents were issued in 1893, patent numbers 1991/93 and 22,607/93 (US 568,052), for an f4 portrait lens with a 26 degree field, made with standard crown and flint glasses and equal air spaces.  In 1895 was issued patent 15,107/95 (US 568,052), covering a lens with a wider field and smaller aperture, made of high index barium crown and a lower index flint glasses, with air spaces narrow in front and wide at rear.  Variations included f7.7 with a 60 degree field and f5.6 with a 52 degree field.  These had flat fields but astigmatism and oblique spherical aberration were not well corrected.

   Further improvements were patented in 1905 & 1906.  In the various patents were ideas that were not developed, including a cemented doublet negative element and a split negative element with a central stop.

   Cooke did not attempt to branch into photographic equipment and manufacture was licensed to the small, young company Taylor, Taylor & Hobson in Leicester, while retaining the Cooke name on the lens.  The simple three element system was actually difficult to fabricate because the curvatures of the elements were severe.  In addition, the negative element was steep, thin in the middle, and required precise centration, which resulted in some early models being made with three centering screws for the negative element.  The early manufacture included 6 models of lenses, f4.5 to f10; the fast portrait lenses included one with adjustable air space to slightly diffuse the image; and the slower f8 and f10 lenses were used for process and copy photography.

   The name became a generic term for a class of lenses, and caused much confusion; TTH listed 'cooke lenses' that were unrelated to the Taylor design; and CTS wanted to advertise their entire product line as 'Cooke lenses'.   UK laws state that a surname may not be used as a trademark.

   Over 80 patents have been issued for this type of lens, but they vary in glass type and routine adjustments and are most are not original inventions.  Early models were made up to 12 inches in aperture.  Later models used various glasses, including mid 1920s designs using Schott ultra violet crown glass.  

   Taylor designed a 2.5 inch aperture, f2 objective with a 30 degree field, for celestial photography in 1917, using two cemented triplets and a field flattener, which was built by Taylor Hobson, and used at Mt. Wilson Observatory.  The flint glass was very dense with reduced transparency, and Taylor did not think they could be made larger than these.

   In 1897, John Franklin-Adams, who had an observatory in Argyllshire, commissioned Taylor to design a six inch aperture, f4 photographic objective, which was built & used 1898-9 to photograph the Milky Way.  E.E. Barnard visited Franklin-Adams in January  1900, spending 10 nights comparing his Petzval with the Cooke; after which the two visited Taylor and showed him the results.  The 6 inch gave a very wide field of 20 degrees by 20 degrees on a 10 inch by 10 inch plate, but examination of the celestial images motivated Taylor to recompute the lens and build a 4 inch aperture, f4.5 model, which was successfully used to photograph the solar eclipse of 28 May 1900 from Spain.  The six inch was refigured to the new calculations that were based on examination of photographs from Spain, and further photographs used to calculate a 10 inch lens.  A 10 inch aperture f4.5 weighing 100 pounds was built in a brass and aluminum cell.

   In 1902, Franklin-Adams commissioned from Cooke & Sons an English equatorial mount to carry four telescopes; two 6 inch visual telescopes, one 6 inch photographic telescope of 27 inch focal length, and the 10 inch camera.  The 10 inch used plates 15 inches by 15 inches, very successfully although the edges were not accurate enough for overlap.  The utilized area of the 6 inch plates was 10 inches by 10 inches (for accurate overlap), and both cameras gave 15 degree by 15 degree usable fields.

   Franklin-Adams designed and had built a full size model of this massive telescope.  It was used by him in England and then at the Royal Observatory at Cape Town.  It used a Repsold clock for drive in right ascension.  Franklin-Adams requested an identical 10 inch camera, but was told that no more glass remained from the melt used, and that a second melt would not necessarily produce the same focus and image scale.  In later decades, the mount was moved to Union Observatory, Johannesburg; and a third camera, an f9 of 10 inch aperture, was added.  Research proceeded, publication plans were ambitious, but it was decided by Franklin-Adams to "wait until better times in South Africa for a millionaire to help me with the cash".  And E.E. Barnard decided to purchase a 10 inch by Brashear rather than a Cooke triplet.

   In 1894, Taylor contributed an article on vision through the refractor.  He wrote that many visual users of telescopes focus at a different focal point than the calculated focus.  He discussed the depth of focus for visual use, relating it to the spurious disk at focus.  Colored details, for example of Jupiter, are easier to see in a reflector; because the effect of secondary spectrum is to reduce the amount of light available for defining purposes, even though luminosity is not lost.  (MNRAS 54 (1894) 67-84, also ATTO)

   Taylor continued in a second article that the loss in definition was because some of the light is forming a halo and is not contributing to the formation of a star image at focus, a spurious disc. plate 5  The article is a complex description of spectroscopic equipment devised to measure the light that was not reaching focus.  A P-V objective gave superior results.  (Memoirs of the R.A.S.  51 (1894) 77-86, also ATTO)

   In 1893, Taylor was made Optical Manager for Cooke.  In 1895, he joined the Board of Directors.

   Circa 1895, Taylor travelled to Jena and visited Ernst Abbe.  At the Schott glass works, he attempted to obtain a regular source of supply for some of their special optical glasses.  An important aspect of Taylor's work is its coincidence with the crucial developments in Jena glass circa 1890.  These new glasses gave great opportunities to the optical designers of the day, allowing them to remove secondary spectrum.  Abbe was the first to begin working on apochromats, producing doublets for use in telescopes.  Taylor's approach was different, and the triplets he designed used glass that was more stable than Abbe's, though time has shown that Taylor's lenses are not stable enough.

   In the June 1895 MNRAS, Taylor went out on a limb with a 12 page essay, "A Negative Optical Proof of the Absence of Seas in Mars."  He had the idea that if there were seas on Mars, the glint of sunlight reflected off their surface should be readily visible.  He learned that Professor Phillips, also of York, had published that idea in 1863, and "the fact that the very same idea should afterwards recur to me, living in the  same town, seems to suggest that there is something in ideas akin to certain epidemics."  Taylor provides a translation of Schiaparelli's writing on the subject, then launches into some involved calculations of the brightness of the reflected sun, with many variables.  Experiments were performed with bulbs of mercury, bulbs of speculum metal, and discs of paper to compare albedos of reflective surfaces to albedos of diffusing targets. 

   In 1896 was published the paper, "The Evolution of the Telescope, JBAA vol. 7, 1896.  Mentioned are Lipperhey, Galileo, Zucci's 1616 reflecting telescope, Campani, Huygens, Hevelius, and many others.

   Taylor is known for his work in the first developments of lens coatings.  He attempted to increase lens transmission by reducing reflectivity with a slight haze on the surface.  In 1894, he published a note (MNRAS 54:5, 1894) on his observation that some older lenses, with glass elements that had become slightly hazed, transmitted more light than a new polished lens.  He mentions some preliminary experiments which showed that local tarnishing of lenses resulted in increased transmission.  Taylor deduced that the tarnish had a lower index of refraction than the glass, which would reduce reflection and therefore increase transmission.  He experimented with a solution of sulphuretted hydrogen, and estimated that transmission through a single surface increased from 96.5 percent to 97.5 percent.  In 1904, Taylor patented a process using acids and other chemicals to tarnish glass for this purpose, patent 29,561/04.  The procedure was not feasible in batches, since the process took varying lengths of time, even with identical glass substrates.  However, these 'leached' optical elements were used until WWII, and a US Navy  schedule of binoculars from 1944 notes that some models use leached prisms.

   In 1906, Taylor's major written work, A System of Applied Optics, was published, followed later by a German translation.  This is a very dense, 300 page development of the algebraic formulae of Airy and Coddington into a system of optical design.  Coddington's work was published in 1829, and Taylor finds many shortcomings in it, but more to regret is the situation whereby almost nothing of import had been published in English since then.  Taylor's book appeared at a time when theoretical optics, at least in English, was behind the applied knowledge of fabricators, and the introduction describes the sorry state of British literature on optical design, and the far more advanced work in German, written by authors fluent in practical optical work and in mathematics.  Taylor's era was a time when the artistry of optical fabricators was being matched by the rigorous derivations of the theorists. Even Thomas Cooke, known as an artistic fabricator, used trigonometry and the formulae of Coddington as a check to his workmanship.  

   Once the mathematics behind lens design was understood, the production of a truly fine objective became much more routine, and the ambitious lens types such as the apochromat became possible.  It was not a short term, tidal change; but a century long, ongoing process. Taylor learned the trade from an old school firm and certainly was an apt student of the hands on school of design, where polishing is followed by testing and more polishing.  Taylor's method was to derive the formulae, assemble a prototype, test the performance, calculate the corrections needed, and make another prototype, until finished. 

   Taylor describes the genesis of this book in his efforts to design the Cooke triplet using Coddington's formulae, which use differential calculus to derive the behavior of infinitely narrow pencils of rays through the lens.  Taylor thought that more realistic rays were of a certain dimension in breadth, and that by devising a system that did not use calculus, he could predict the foci of broad pencils, both oblique and eccentric.  He began work in 1890, his eventual success included a new formula for coma, which directly led to the Cooke triplet, for which theory preceded practice; however, the use of these triplets revealed distortion and oblique achromatism, which was corrected by further theoretical work.

   Trigonometric ray tracing was newer but an established procedure at this time, and Taylor did not use it; explaining that he felt it was not instructive or analytical, that algebra led to principles and to an understanding of the tendencies of the various corrections, which understanding can lead to control of aberrations and the highest perfection of the lens.  However, Taylor admits that products such as microscope objectives might not be readily designed except by trigonometry.  Ray tracing immediately reveals differences in focus, he admits, but follows this by lamenting that this is a mechanical indicator that does not enlighten the designer.  These results "are empirical and uninstructive....barren of enlightenment"  Algebra is not so exact but establishes the principles on which corrections can be foretold.  

   Taylor notes that his main goal was to develop the theory behind second order corrections, though the final section of the book deals with the third and fourth orders, and is not entirely successful.  He claims that his methods can be used to derive formulae for third order corrections, and to some degree the fourth order; while the older methods of differentiation using infinitely narrow rays is very limited in its development.

   'A System of Applied Optics' was limited in influence by the publication of A.E. Conrady, 'Applied optics and optical design', in 1929, which largely superseded Taylor's ideas.

   In 1907, Taylor designed the built up 'optical square', which was also applied to rangefinders, an important and widely imitated innovation, due to the critical strategic import of rangefinders to the military.  Taylor developed the use of binocular viewing, the built up end reflector, and the swinging range prism, in these 'internal base rangefinders'.

   In 1908, his son Wilfred reluctantly left public school at age 17, following his father's wishes, to begin apprenticeship at Cooke & Sons.

   In 1921, after Taylor's 14 year long break from publication, he presented a paper of considerable originality, 'A New Anastigmatic Flat Field Telescope and its Application to Prismatic Binoculars. (Transactions of the Optical Society.  22 (1921) 63-74.)

He begins by noting some problems with standard binocular prisms, they "have a slight tendency to make the red image larger than the blue, to produce slight inward coma, slightly to flatten the images in just the same way as do excentricity corrections, and lastly to produce slight barrel-shaped or negative distortion of images of straight lines projected by the objective."

   Taylor examined Zeiss binoculars & found they had flattened the field at the expense of increased astigmatism.

   Circa 1919, Taylor was unsatisfied with the 'imperfect field corrections' of low power telescopes and attempted to adapt the Cooke triplet design for "securing a really flat and anastigmatic field of view".

   "...an astigmatic and flat field of view ....is highly desirable from an aesthetic point of view alone, and this becomes an ever stronger factor under the educative influence of improved standards of optical performance." (p67)

   His experiments at Cooke produced 10 power and then 7 power telescopes, with an apparent field of view of 52 to 56 degrees, and very well corrected.  The objective introduces inward coma, to neutralize the outward coma of the eyepiece.  The field element of the eyepiece is a 4 element negative lens.  In the discussion on Taylor's paper, L.C. Martin cited the April, 1918 MNRAS, where a paper by Conrady included an achromatic negative lens in front of the positive system of the eyepiece, with the goal of anastigmatic flattening of the field.  Taylor later found the paper and thought that Conrady was aware of the principle but proposed an unworkable eyepiece, using one cemented negative lens and one cemented eye lens.  This use of a negative element in an eyepiece is an idea from 1920 (or before) that was developed in the 1960s by Wright Scidmore, and then in the 1980s by Al Nagler.

   Taylor writes, "focussing for short distances is done by moving the objective outwards, and for varying eyesight it is done by screwing the eye lenses in or out," this is the same principle of construction as the Cooke photographic lenses.

   The eyepiece will "present to the eye an image.....slightly curved concave to the eye...19 inches radius....the average user of a binocular so focusses that the axial distance from his eye of the virtual image presented to his view is....about 20 inches....turning his eye to....the edge of the field he should not have to vary the focus of his eye....the radius of curvature of the anastigmatic image (is) about 20 inches, and concave towards the eye." (p69) 

   Taylor writes that the two telescopes were more perfected than any previous Cooke lens, and this was because he used a greater number of elements.  He discusses his visit to Zeiss in 1894, and "having a very interesting talk with Prof. Abbe on the subject of attaining greater perfection in the performance of optical instruments, and his emphatic declaration was that, as a general rule, one should never be afraid of adopting greater complexity in construction...." (p69)

   Taylor continues, he was not satisfied with the prism systems in use, because they almost always give images that have less coma or astigmatism, or a flatter field, on one side of the image than on the other.  This 'lob-sidedness' can be a result of prism misalignment, and the prisms need to be accurately set in several adjustments.  Lateral and angular movements of the prism will shift & tilt the optical axis.  The effects of this can be lost in a system of average quality, but a more perfected objective - eyepiece system will allow the prism problems to be visible.  (In the discussion after Taylor's paper, H.S. Ryland said that unequal astigmatism was found in 92 percent of the 4000 binoculars he examined.

Taylor wanted an erecting prism of one piece of glass, that would be placed in front of the objective.  This made the adjustments simpler, and simplified aberration correction by removing the prism from the converging cone of light.

   "The field of total reflection depends upon the refractive index.  For a power 7 telescope which requires 8 degrees of actual field the refractive index should not be less than 1.58 and a light flint, which is one of the most transparent of all glasses, should be employed.  For an objective of 1 inch aperture it is well known that the inside glass path involved in the usual double crossed prism is about 4 inches and the same applies to this new prism....." (p71).

   In the discussion after Taylor's paper, Instructor-Commander T.Y. Baker congratulated Taylor on his new erecting prism.  Baker described recent attempts to cement prisms and field lenses in binoculars (in 1921).

   T. Smith said Taylor's prism was achromatic because it meets the condition that the "bisector of the angle between the two refracting faces should be perpendicular to the roof edge."

   A final example of creativity found in this article concerns balsam lens cement, which was the best cement available but was not as permanent as would be hoped.  "Canada balsam....the ever recurrent balsam problem, the well-known difficulties of which I think I have succeeded in solving in a very simple and practical way, which, if confirmed by further experience, would in itself furnish material for a short paper.....getting rid of the brittleness..." (p72)

   Taylor wrote in an aside, that a microscope eyepiece is anastigmatic & provides a flat field, because microscope objectives provide anastigmatically flat images, so the eyepieces can be used with any magnification of objective.  Telescope eyepieces are overcorrected to neutralize the field curvature and astigmatism of the objective, and the overcorrection increases in inverse proportion to magnification.  Therefore, telescope eyepieces are not interchangeable in the same way; and some eyepieces don't work well in some systems.

   Taylor worked on eyepieces for other projects.  His patent 125,430 was an improved Kellner, using a triple eye lens and controlling placement of the exit pupil by varying the power of field lens in relation to focal length of the objective used.  These eyepieces gave a very flat field up to 50 degrees of field, and were low in distortion, coma, and spherical aberration of exit pupil.  Circa 1918, Taylor designed a 1-3-2 eyepiece similar to a Kellner.  This eyepiece had a singlet field lens of focal length roughly equal to the objective, used to collimate the principle rays and place the exit pupil; with this field lens the eyepiece had an apparent field of 65 degrees, and good correction & eye relief; it could also be made without the field lens.  The middle lens was a triplet with a crown glass center element; and the eye lens a doublet.  This was a successful eyepiece, patent 126,837.

   In 1923, Taylor presented a lengthy statement of his philosophy of optical design, in a talk to the Optical Society and published in their Transactions.  In 'Optical Designing as an Art', he relates in detail the process of designing the Cooke photographic lens, and uses the process to illustrate his philosophy.  The great success of German designers had resulted in the widespread adoption of their methods of trigonometrical ray tracing, a very laborious chore for the designer.  This method had taken the place of iterations of design - assembly of a prototype - shop testing - redesign.  Ray tracing does not give any indication of how to correct poor performance.

   ".... ray tracing methods are....unnecessary and superfluous for any designer who cares to master the ....much more philosophical and illuminating system of optics founded on Coddington and other workers of the British school."  The Algebraic System of Optics is "the source of creative inspiration by which all advances in optical constructions and inventions are rendered possible".

   Taylor grants that algebraic methods are not quantitatively accurate for all of the orders, and that ray tracing is more exact, but it is also purely mechanical and reveals nothing more than physical testing.  

   At the time, Abbe had instituted a policy at Zeiss that optical design must be completed via calculations, and that workshop trials were not to be used to correct a system.    This was likely a budgetary decision rather than a philosophical one, the multiple-prototype system was very time consuming.  However, this trigonometric ray tracing process took a huge amount of the designer's time, being a form of trial and error.  Taylor probably felt that conserving the time of the highly skilled designer was more important than saving workshop time.  The laborious nature of pre-computer lens design meant that in many situations, it was faster to use prototypes than to perform ray tracing.  Prototyping does not mean that lenses were ground and polished to a prescription, but that a large set of stock lenses could be used to approximate almost any design, for the purpose of making a rough working model.  An occasional lens would have to be fabricated.  A workman can assemble trial combinations more efficiently than a designer can perform ray tracing.

   "I have never done a particle of ray tracing, nor do I intend to do so without being more convinced than I am yet of its necessity, or even of its desireability.....if I had undertaken as many ray tracings .... working out the many new optical combinations.....not only would the combinations never have been completed, but I have grave doubts as to whether I should have been alive and addressing you tonight."

   Some British designers had made good use of the rigourous methods of ray tracing, and Taylor continues:

   "Mr. T. Smith with his high mathematical endowments is able to deal with such problems from a transcendental standpoint which enables him to draw deductions which I am afraid would entirely escape most of us, and I know that although, like the arrow in the song, I cannot follow him in his flight, yet he has something real in his mind which is beyond my grasp.  I have been unable to follow his formulae, partly because I cannot find any statement of what his symbols stand for."

   "I regard the work of optical designing to be much more analogous to the work of the sculptor than to that of the mechanical engineer.....the best optical designing as more of the nature of an art than the mere calculation and carrying out of a mathematically prescribed specification"

   "I cannot see any strong reason why we should neglect or discard our British system.....in favour of any continental system" .... "...encourage....optics of the British school....even if our efforts be prompted by no other than patriotic considerations"

   Ralph Cheshire spoke next, noting that Taylor had been asked to relate the story of the Cooke triplet and that "he had a patriotic duty to perform in the matter"  Other speakers noted that only the most skilled designers could utilize algebraic methods to good effect, and that most would have to rely on the slow, mechanical process of ray tracing.  Also noted was the division of opinion along national lines, and the loss of the internationalism of science.  

   In 1922, the business was succeeded by Cooke, Troughton, & Simms. 

   Taylor retired circa 1920 to Coxwold, Yorkshire, and to activities including gardening, natural history, photography, astronomy, and some involvement with optics.

   In 1923, he was awarded the Royal Photographic Society's Traill Taylor Medal

   In 1926 was published 'The Future of Photographic Astronomical Instruments'.  Taylor presented to the Optical Convention some new Cooke triplet lens designs using new Schott glasses that were transparent to violet & ultraviolet.  He discussed his ideas for an f2 reflecting telescope, using a concave ellipsoidal secondary or a Mangin secondary. 

   The Royal Photographic Society Progress Medal was give to Taylor in 1933.

   In 1934, the Physical Society of London awarded its Dudell Medal to Taylor.  A.O. Rankine, delivering a text to accompany the award, noted Taylor's recent work on a  'telescope in which he showed how it is possible to combine a large aperture and a large field of vision with freedom from aberrations'.  

   In June of 1938, Grubb Parsons assumed control of the astronomical instrument division of Cooke, Troughton & Simms.

   After a short illness, Taylor died on February 26, 1943 at 81 years.  The obituaries were brief and few, no doubt due to the war time conditions.  Immediately after the war, in 1945, Wilfred Taylor toured Zeiss and Leitz factories in Germany, and he continued at CTS until retirement in 1956 to a semi-active position.

   To sum up Taylor's career, he was responsible for: The most influential book on testing telescopes.  The P-V, the probably the first triplet apochromat, and one of the very finest telescopes ever made.  The Cooke triplet, possibly the most successful photographic lens design.  The first experiments in lens coating.  An important textbook, the System of Applied Optics.  Advances in eyepieces that are predecessors to modern eyepieces.  And a lifetime of competent design for the finest of manufacturers.
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