Telescopes for solar research; from Scheiner's Helioscopium to De la Rue's Photoheliograph.
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   Early telescopes used for solar observation were usually standard instruments, equipped with a filter or used in projection mode.  The occasional exceptions were telescopes designed or modified for viewing, drawing, or photographing the sun.
   Thomas Harriot made the first recorded telescopic observation of the sun, on 08 December 1610, written in an unpublished notebook and not studied for over a century.  (Galileo began viewing the sun in July or August of 1610, but did not record his observations until later.)
   Harriot wrote, "Decemb. 8 mane ho. That altitude of the sonne being 7 or 8 degrees. It being a frost & a mist. I saw the sonne in this manner. Instrument 10/1 B. I saw it twise of thrise. once with the right ey & other time with the left. In the space of a minutes time. after the sonne was too cleare" 

   The sun rose over the river Thames from Harriot's home in Syon, and viewing through the morning mist allowed Harriot to use a telescope for solar use.  He continued to produce nearly 200 drawings of sunspots, made from 1610 to 1612.
   Harriot fabricated, collected, distributed, and used many telescopes.  John Shirley's 1983 biography of Thomas Hariot indicates some significant milestones in the development of the telescope attained by Harriot & his lens grinder, Christopher Tooke; but no hints on the instrument used by Harriot to observe the sun.

   The first publication of telescopic solar observing was by Johannes Fabricius: De Maculis in Sole Observatis (On the Spots Observed in the Sun) is dated in the dedication 13 June, 1611, and was published a few months later, although it was not known to other observers until later.  Fabricius viewed the sun directly through his telescope, and concluded from the motion of the sunspots that the Sun was rotating.

   The most important early solar observer was Galileo Galilei.  He was not the first, nor the most thorough, but his insight & method made him the early leader in this field.  We have no images or descriptions of the telescopes used by Galileo for solar observation.  However, from his letters and drawings we can deduce the qualities of those telescopes.  He began solar observations in early 1611, displayed the sun through the telescope to an audience in Rome in April 1611, and noted the rotation of the sun on its axis by September 1611, in a reply to a letter from Christoph Scheiner.

   Galileo's early observations were direct observations of the sun through the telescope at sunset.  He does not describe the procedure, but notes that "when we look at the brilliant solar disk through the telescope, it appears much brighter than the field which surrounds it...''  (letter of 04 May 1612, p92 Drake)  He describes sunspots, "the smallest of them... when observed through the telescope, can scarcely be perceived, and only with fatigue and injury to the eyes." (letter of 14 August 1612, p115 Drake)  He mentions viewing at sunset, and it can be further deduced that he viewed at sunset from notes on clouds, and from the quickly increasing rate of observing reports after he adopted projection methods & could observe all day.  The alternate time of dawn is noted to be behind a hill from Galileo's viewpoints (Young).

   Galileo adopted the method of telescopic projection onto a screen, no doubt as soon as he learned about it, from Benedetto Castelli circa May 1612.  Castelli (1578-1643) taught mathematics in Rome, and made important studies in photometry, thermal absorption of colors, vision & perception, the camera obscura, and telescope diaphragms as stops (anticipating Hevelius' more thorough analysis).  Castelli was a student of Galileo, and wrote to him on projection techniques for observing the sun, including solar drawings made by projection onto a circle of standard diameter.  This is not only safer than viewing with the eye, but it significantly augments a scientific approach to solar observing, by allowing two viewers to see the same image and by permitting an accurate tracing of the image to be made.  Castelli had begun keeping an accurate record of the movement of sunspots, at some point beginning a collaboration with Galileo, and had marked the disk into 15 parts, progressive measurements showing that the movement of sunspots was proportional to the versed sine (one minus the cosine) of their equal arcs.  These accurate measurements allowed Galileo to end a controversy by demonstrating that sunspots were at or near the solar surface.

   Galileo corresponded with solar observer Christoph Scheiner (who wrote using a pseudonym and through an intermediary), and these three letters constitute Galileo's published works on the sun.  The 'Istoria e Dimostrazioni intorno alle Macchie Solari e loro Accidenti' (History and Demonstrations concerning Solar Spots and their Properties) was published in 1613, and translated into English in 1957 by Stillman Drake (Discoveries and Opinions of Galileo, Garden City, NY: Doubleday, 1957, pp. 89-144).  Galileo explains his observing technique in a letter of 14 August 1612:

   "...the method of drawing the spots with complete accuracy....was discovered....by...Benedetto Castelli....Direct the telescope upon the sun....Having focused and steadied it, expose a flat white sheet of paper about a foot from the concave lens; upon this will fall a circular image of the sun's disk....The more the paper is moved away from the tube, the larger this image will become, and the better the spots will be depicted....In order to picture them accurately,I first describe on the paper a circle of the size that best suits me, and then by moving the paper towards or away from the tube I find the exact place where the image of the sun is enlarged to the measure of the circle I have drawn....if the paper is oblique, the section will be oval and not circular, and therefore will not perfectly fit the circumference drawn on the paper.  By tilting the paper the proper position is easily found....But one must work dextrously, following the movement of the sun and frequently moving the telescope, which must be kept directly on the sun.  The correct position may be recognized by looking in the convex lens, where one may see a little luminous circle that is concentric with this lens when the tube is properly pointed toward the sun......Next one must note that the spots come from the telescope inverted, and reversed from their positions on the sun; that is, from left to right and from top to bottom; for the rays intersect one another inside the tube before coming through the concave lens.  But since we draw them on the side of the paper facing the sun, we have the picture opposite to our sight, so that the right-to-left reversal is already effected....if we merely turn the paper upside down...we have then only to look through the transparency of the paper against the light, and the spots will be seen precisely as if we were looking directly at the sun."   (Drake translation of 'Letters on Sunspots', p115)

   There are clues to the telescope used for these projection sessions.  Galileo states in a letter to Welser that the entire diameter of the sun is in a projected image.  A Galilean telescope used in projection is limited in field by the clear aperture of the eye lens.  Of the Florence telescopes, the 14 power instrument would project a field of about one half degree, and the 21 power telescope would project almost an entire degree of field.  The sun being one half degree in diameter, it would be difficult to project it with the 14 power telescope.  (Young)

   Galileo's rapid progression in the field of solar observation was spurred by competition from Christoph Scheiner (1573-1650), a German professor of mathematics and Jesuit.  Scheiner is generally thought to have been the first to construct and use a Keplerian telescope, with two convex lenses for an eyepiece, used visually and for projection, circa 1617 (1614 in other sources), although Schyrle de Rheita also claimed to have been first.  Scheiner later built a terrestrial telescope with three convex lenses for Duke Maximilian of Tirol, and is cited as the first to build an erect image telescope (McColly), although here Schyrle de Rheita is a likely predecessor.  For his early solar observations, he used blue or green glass filters, observing at sunrise and sunset or through clouds, and quickly scanning the sun from the edge to the center.  (Letter of 12 Nov. 1611, Shea).  (In the 19th century, Alexander Humboldt is quoted as saying, that these colored glass filters had long been used by 'Belgian pilots', and the use of filters was described by Petrus Apianus in the 'Astronomicum Caesareum' of 1540.) (Kippenhahn).

   Scheiner constructed his telescope in early 1611, and by March of 1611 he had observed sunspots and noted their motion.  The first published account of his observations is from January 1612, the 'Tres epistolae de maculis solaribus' (Three letters on Solar Spots), addressed to and published by Mark Welser, a civil officer, who published three more letters in September 1612, 'De Maculis Solaribus et Stellis circa Iovis Errantibus Accuratior Disquisition' (A More Accurate Disquisition Concerning Solar Spots and Stars Wandering around Jupiter).  These observations were made with eight different telescopes, the first sighting of sunspots made him suspect a defect in the telescope, but the nature & sequence of the telescopes are not discussed.

   Scheiner continued sunspot observations for over 15 years.  He conceived and built several designs of telescopes for solar projection, which he called the 'heliotropii telioscopici', contracted to helioscope, described in his major publication, 'Rosa Ursina sive sol' of 1630.  ('The Rose of Orsini', Scheiner's patron was the Orsini family, whose crest had a rose & a bear.)  The helioscope was the first known equatorially mounted telescope, although earlier equatorial instruments were used in China and by Tycho Brahe.  Several variations of the helioscope are illustrated in Rosa Ursina.  The simplest tracked the sun by sliding on the floor (and illustrates a Galilean optical system, although Scheiner typically used a Keplerian telescope).  Another mounts the drawing easel in a framework and slides on a rail.  The fully developed helioscope is on an equatorial mount with a circle graduated into 24 hours for right ascension, and a graduated sector for declination.  All of these instruments are built to maintain the drawing easel perpendicular to the telescope for accurate projection.

   These instruments were used to compile a series of sunspot drawings, combined to create single images showing the path of a sunspot across the surface.  These beautiful montages unfortunately confuse any complex patterns of spots & render impossible any numerical counts; it would seem likely that they are an attempt to save paper as much as a graphic tool.  Most of the drawings date from 1625-1627, allowing the study of sunspot cycles to be traced to that date.  About 15 years after the publication of Rosa Ursina, the sun entered the Maunder Minimum, and without spots to observe, the science stalled and Scheiners work was not superceded for a century.

   Scheiner accurately interpreted his observations to indicate a revolving sun inclined to the ecliptic by seven degrees, a thesis adopted by Galileo, much to Scheiner's irritation.  At the time of the 'Three Letters', he also believed that sunspots were small planets in orbit around the sun, in keeping with classical concepts about the perfection of the sun, an idea refuted by Galileo.  By the time Scheiner wrote the Rosa Ursina, he realized that sunspots form, transfigure, and subside on or near the surface of the Sun, and that the perfection of the Sun was not as classically conceived.

   Rosa Ursina is much more than a book on the sun.  It includes schematic designs for telescopes and an extraordinary series of illustrations of the correlation between the optics of the eye and the optics of instruments.  Scheiner published further books on visual optics and atmospheric optics.  None of these have been translated into English.  The 'Oculus sive fundamentum opticum', of 1619 and 1652, probably the first formal work about visual optics & anatomy, includes detailed observations of the pupil during accomodation (forward movement & dilation); and the refractive powers of the lens and the aqueous & vitreous humour.  (Southall)  (Portions of 'Oculus' were translated into German by Moritz von Rohr.)

   Johannes Hevelius (1611-1687) was a wealthy brewer and a motivated instrumentalist.  He used his resources to develop his solar telescopes, described in two works, first the Selenographia of 1647, which is titled after the moon but includes an appendix on sunspots and a chapter on solar observing; and second the Machina Coelestis, part one of 1673, Hevelius' elaborate text on his instruments and techniques.

   He viewed a solar eclipse in 1630 and another on 01 June 1639, began observing sunspots in 1642, and measured the solar parallax at 40 arc sec (although 8.8 arc seconds is the accurate figure.) (Macpike)  In the appendix to Selenographia, Hevelius presents a value for the mean period of solar rotation of 27 days, based on sunspot observations.

   These observations were made with his first helioscope, a modification of Scheiner's instrument, as described in 'Selenographia', p98, & illustrated on plate 50.  An outer wall was pierced and a socket was mounted to hold a sphere.  The ball was fitted with a telescope that could swivel and thereby track an object across the sky.  The room was darkened and the telescopic image was projected onto a moveable easel.  This surface was held vertically on a bench, the height of which was set to an appropriate level using threaded knobs that engaged threaded vertical supports.  The easel would track the sun by being slowly slid across the horizontal rest by an assistant, and the telescope was linked to the easel so that they moved as a unit.  The paper mounted on the easel was not perpendicular to the optical axis of the telescope, and the projected image was therefore an oval that changed shape from morning to afternoon.  Following the motion of sunspots over time was complicated by the need to correct for projection.  Hevelius calculated the angle between the ecliptic and the vertical easel, and derived a table of values for correction of measurements.
   In the Machina Coelestis, published 26 years later, Hevelius described the difficulties in drawing a moving object, and presented an improved helioscope with an easel that was mounted directly onto an extension of the telescope and thus maintained in a perpendicular orientation to the direction of the sun.  The drawing easel was attached to the framework via a screw driven rack.  Coarse movement of the easel was accomplished by sliding it on a horizontal support, and fine tracking was assisted by a pair of screws below the easel.  A rod of appropriate length was used to steady the table.  The eyepiece is not described, but Hevelius was using Huygens eyepieces at least by the early 1660s.

   In the illustration to the Machina, the assistant is Ismael Boulliau, a visiting astronomer who during the eclipse of 1661, was asked for advice on facilitating the tracking the sun without adding vibrations, and advised Hevelius on the modifications that moved the easel off the bench and more directly attached it to the telescope.  A spherical mount permits equatorial motion, but Hevelius did not use the helioscope in an equatorial manner; he tracked hourly movement by sliding the easel on a flat table, and then added a screw for altitude adjustment. (Prince p35)  While an equatorial would have solved many problems, the firm surface for drawing provided by this arrangement, would be difficult to add to an equatorial mount.

   This elaborate setup was used most notably during the transit of Mercury on 03 May, 1661.  Published calculations predicted a transit between 1 May and 11 May.  Hevelius planned 11 days of continuous observation, if need be.  The third day was partly cloudy, and at 14:00 the sun appeared for just a few seconds, with a spot; then at 16:30, the sun reappeared & the spot had moved.  Clouds parted again at 17:00 and 19:30.  The image of the sun was 80 mm on the easel, and Mercury was about 1mm in diameter.  Hevelius used his drawings to estimate times of first & last contact and deduced the elements of Mercury's orbit.  He measured Mercury's apparent diameter at 12 arc seconds - close to the actual value of almost 13 arc seconds and much more accurate than Gassendi & Riccioli's contemporary measurements of 28 & 25 arc sec.  (Volkoff)

   In the Selenographia are 26 drawings  (pp500-524, chapter 5, and the Appendix) which accurately show the penumbra of sunspots, and their changes in shape with rotation of sun.  Hevelius' meticulous work circa 1642-1645 allowed later researchers to refine their determination of the calendrical extent of the Maunder minimum.

   Robert Hooke was a leading developer of instruments during the 1600s, but it remains for the historian to sort through the conflicting claims & counterclaims to determine whether a particular idea from Hooke was anticipated, conceived, invented, built, or actually used.  Hooke displayed a solar telescope at a meeting of the Royal Society, and presented a variety of specialized solar instruments in his remarkable booklet from 1676, 'A Description of Helioscopes', but the text is a series of proposals more than a record of experiments, and by the time it was published, Hooke was off on another tangent.

   In February of 1667, Hooke displayed a box housing an objective of six feet focus and two internal mirrors to contract the optical path into a shortened telescope.  Glass flats of low reflectivity were used to adapt the instrument into a helioscope.  In January of 1675, Hooke read a lecture about helioscopes & shortening tubes to the Royal Society, and over the next few months several helioscopes were constructed & demonstrated at Society meetings.  (Simpson, citing Birch)

   Objectives for helioscopes could be lenses or mirrors; and the mirrors, whether plane or concave, could be of clear or dark glass.  Metal mirrors were also described.  Among reflectors, glass mirrors with the rear surface silvered provided the best images, but images that were confused by reflections from the upper surface of glass; a problem Hooke solved by making the mirrors as thin wedges (causing chromatism), then pairing the wedge mirrors in opposite orientations to reduce chromatic effect.

   The designs were a general method of shortening telescopes.  Four years previously, in 1672, Hooke had engaged Isaac Newton in a dispute over priority of the reflecting telescope.  An interesting aspect of the development of the reflecting telescope was that the early claims were not so much for a fully achromatic telescope, as for a shortened telescope.  It was already known how to make a refracting singlet telescope with very little false color, by making it enormously long.  Thus, Newton's first reflector had a spherical mirror and was of a ridiculously short focal ratio, f3.2 or stopped to f4.8; thus it likely gave a very poor image.

   Hooke also proposed a 'Selenoscope' at this time, specifically for lunar use.  Two selenoscopes were fabricated, of 50 foot & 30 foot focus.  These were probably a black glass reflecting objective, with a second reflection from an off axis mirror.  In November of 1675, Hooke recorded: 'Used Selenoscope, exceedingly good'.   (Simpson p56)

   In anticipation of the heliostat, the use of a plane mirror to direct light into a fixed telescope for astronomical purposes seems to have been first proposed by Hooke, at meeting of the Royal Society, in discussing the very long focus telescopes of Huygens.  (citation, Lockyer, Star-gazing p453, p601)

   Hooke's last recorded scientific investigation, in 1702, was an attempt to measure the solar diameter more accurately.

   Hooke made four claims for the ideas presented in Helioscopes: 

   "First, A Helioscope to look upon the body of the Sun, without any offence to the Observers eye.

   Secondly, A way of shortening reflective and refractive Telescopes.

   Thirdly, A way for using a Glass of any length, without moving the Tube.

   Fourthly, An Instrument for taking the Diameters of the Sun, Moon, and Planets, or for taking any other Distances, to five or ten Degrees, to the certainty of a Second."

   Previous forms of solar telescopes are measured and found wanting:

   "The generality of Observers have hitherto made use of, either some very opacous and thick Glasses next the Eye, whether of red, green, blew, or purple Glass; others have diminished the Radiation, by covering the Glasses with a very thick and close coat of the soot of a Lamp; others, by casting the figure upon a piece of white Paper, whence 'tis reflected to the eye; Others have contracted the Aperture into a less circle, and thereby let in less Light, and so make use of one single Ray instead of a pencil of Rayes; Others have expanded the figure of the Sun, by the help of Eye Glasses, into a circle of ten, twenty, or an hundred times its Diameter."  (p3)

   However:  "...the coloured Glasses...tinge the Rayes into the same colour, and....superinduces a haziness and dimness upon the Figure, so that it doth not appear sharp and distinct.... and consequently take off the truth of the appearance....also produced by Monsieur Hugenius's way, of covering the Glass with the soot of a Lamp....The Figure on paper...is not magnified enough, nor the difference of shadows so very distinct, though that doth very well, if the surface be very smooth, and the Object be magnified by a Hand Glass.  That by the contracted Aperture is the worst of all, by reason of a certain propriety of Light no yet taken notice of yet by Optick Writers, the edges of Objects seeming ragged....The way of expanding the figure of the Sun by the Eye Glass...is apt to vitiate the Figure, to super-induce somewhat of Colour, and doth not give the smallest distinctions of lights and shadows."   (p3)

   The alternative is  "a Helioscope, which shall so take off the brightness of the sun, as that the weakest eye may look upon it, at any time, without the least offense.  My contrivance is, By often reflecting the Rayes from the surfaces of black Glasses, which are grownd very exactly, flat, and very well polished, so to diminish the Radiations; that at length they become as weak and faint as those of the Moon in the twilight, so that one may with ease, and very much pleasure, view, examine and describe the phase of the Sun, and the macula and facula thereof....and it gives a good opportunity of discovering them, before we have any advertisement thereof from others."  (p2)

   "The Glasses of this helioscope may be made either by refracting or reflecting Spherical Glasses....the best way...for avoiding haziness, dimness, and colours, is by Reflection....either to make the Object Glass only by way of Reflection, and the Eye Glass by that of Refraction, or, both the Object-glass and Eye Glass also by reflection, and to have no refraction at all.   (p3)

   Continuing from Helioscopes, the "...first figure: a sixty foot Object-Glass, contracted into a twelve froot Tube, by the help of four several Reflecting-plates...produced and shewed before the Royal Society...1668....if we could find a good material that would make the Reflections very strong and full.  And that would not be subject to lose its Figure, which all our specular Mettals are very apt to do....This I attempted with several sorts of Mettal...but most of these...did confound the Object by a kind of haziness.   

   "If I made use of Glasses foil'd with Quicksilver, which I found to give much the best reflection, yet...a considerable part of the Ray was lost, by the double reflection at the unfoile'd superficies of the Glass....so mingling with the other reflection that...it created some kind of haziness and confusion...it superinduced somewhat of Colour, unless it were helped by a contrary refraction in a second Reflecting-Glass...delineated in the fifth Figure.

   "...the substance of most Glass is so imperfectly mixt, that there is in the very best much of veinyness and inequality of Refraction in the parts thereof."

   "...a Helioscope, where we make use only of the reflection of the first superficies of the Glass, and where our main aim and design, is, the loss of the strength and brightness of the Rays....for this use, the best material I have yet met with, is, black Glass, black marble, and Glass of Antimony.  For these substances being very dark and opaque, do reflect but a very small part of the Raies that fall upon it, and none of those that penetrate into it.  (p6)

   "in the second Figure, two thirds [of the length] are taken off...the third and fourteenth Figures represent the tube shortened by two or three reflections...of use for a very strong Eye and with a small aperture of the Object-glass, and when the Sun is near the Horizon, its light is a little diminished, by a Fogg, thin Coulds, or the like."  (p7)

   "If it be thought more convenient to have this long Tube to lie alwaies Horizontal...it may be framed somewhat like that in the fourth Figure...or else like that in the sixth Figure.

   "in all these, and 20 other contrivances of this nature...the sight is directed exactly at the Sun, so that there will be little difficulty of finding it..."

   "this Helioscope may be made by Reflection only...in the manner of that in the seventh Figure, when ab represents a concave surface of a black Glass"   wedge shaped glass..."  (p8)  (Figure 7 shows a solar telescope, the second reflection from the front surface of the clear glass wedge 'cg'.)

   "To this Helioscope may be fitted Instruments for measuring the Maculae, faculae, and Nebulae, visible in the body of the Sun...but the diameter of the body of the Sun will be better taken by the following Instrument....The Engine that I have described in my Animadversions, in the 67, 68, and 69 pages, may be made use of to keep the Helioscope alwaies directed at the body of the Sun..."  (p8)  (This 'Engine' is Hooke's clock drive, the first mechanically driven telescope.)
   "When the brightness and radiation of the Moon, Venus, or Jupiter do somewhat offend the eye, they will presently lose their beards and look very distinct, if one reflection from glass be made use of in the Telescope."  (p9)  (For planetary use a single glass reflection was recommended, probably using a black glass mirror.)

   Roger Cotes was a mathematician in Cambridge circa 1700, who held the Plumian chair of astronomy at University of Cambridge.  He wrote a letter in 1708 describing a mount for a telescope to be used for observing eclipses, that is likely the first polar heliostat.  There is no indication that it was ever built.  An illustration copied from Cote's letter is found in Henry Plummer, 'The development of the vertical telescope', M.N.R.A.S. 101 (1941) 165-172.

   Alexander Wilson was an accomplished solar observer in the late 1700s, responsible for describing the 'Wilson effect' noted in sunspots as the sun rotates.  He also built models of the sun to view & measure with an object glass micrometer.

   In 1769, Wilson used a Gregorian of 26 inch focus, at 112 power to observe sunspots.  (p6, PT 1774)  He wrote about equipment:
   "...the camera obscura, which both Scheiner and Hevelius often used, and which we find greatly extolled by them....But spots, when seen in this way, have nothing of that distinctness, which is so remarkable, and so pleasing, when they are viewed directly through a good telescope armed with an helioscope, or glass properly smoaked."  (p15, Observations on the Solar Spots.  Philosophical Transactions of the Royal Society  64 (1774) 1-30.)

   Wilson was an observer and an instrumentalist, and had the following to say about theorists who objected to what he saw:

   "The lameness of the views given in part II may probably proceed...from our very imperfect knowledge of the vast range of physical causes which obtain in the universe.  But ...no doubts ought to arise...of the spots being themselves what direct observation declares them, namely, excavations in the sun....as actually demonstrated by competent observations...it would be a pity not to rescue it from being drawn into the eddy of some treacherous theory, the nature of all which is to sweep into their vortex and finally to precipitate to the bottom every thing which obstructs their impetuous career."  (p163, An Answer to the Objections Stated by M. de la Lande....Solar Spots.   Philosophical Transactions of the Royal Society 73 (1783) 144-168.)
   William Herschel was an active solar observer, especially in the first years of the 19th century, publishing many articles on observation & theory of the sun, though only a few with discussions on equipment.

   Herschel experimented with filters made of various fluids, publishing in 1801 a report describing how: "I viewed the sun with a skeleton eye-piece, into the vacancy of which may be placed a moveable trough, shut up at the ends with well-polished plain glasses, so that the sun's rays may be made to pass through any liquid contained in the trough, before they come to the eye-glass.  Through spirit of wine, I saw the sun very distinctly....March 8, I viewed the sun through water.  It keeps the heat off so well, that we may look for any length of time....April 26, I viewed the sun through Port wine, and without smoke on the darkening glasses...." (p356)  (Phil Trans 91 (1801) 354-362.)  

   Herschel's solar observations led to his famous discovery of infra red radiation.  Circa 1799, he attempted to diminish the solar brilliance by viewing through colored glass plates.  Herschel noticed that red glass reduced intensity of visible light more than it reduced heat, and green glass reduced heat more than light, concluding that the sun radiated both heat and light.  In 1800, he published on this subject: '...an Inquiry into the Method of Viewing the Sun Advantageously, with Telescopes of Large Apertures and High Magnifying Powers.'  (Phil Trans 90 (1800) 255-283.)

   "...before the late transit of Mercury over the disk of the sun, I prepared my 7-foot telescope....As I wished to keep the whole aperture of the mirror open, I soon cracked every one of the darkening slips of wedged glasses, which are generally used with achromatic telescopes: none of them could withstand the accumulated heat in the focus of pencils."  (p273)

   "The instrument I wished to adapt for solar inspection, was a Newtonian reflector, with 9 inches aperture; and my aim was, to use the whole of it open.  I began with a red glass; and...took two of them together...the eye could not bear the irritation, from a sensation of heat....I now took two green glasses; but found they did not intercept light enough.  I therefore smoked one of them....they still transmitted considerably more light than the red glasses, they remedied the former inconvenience of an irritation arising from heat....nothing remained but to find such materials as would give us the colour...of a pale green light, sufficiently tempered for the eye to bear its lustre."

   To find a suitable filter material, Herschel says, "...I placed a prism in the upper part of a window....then I intercepted the colours....successively, by the glasses."  (p274).  He notes that with  "combinations of differently colored darkening glasses....some of them, I felt a sensation of heat, though I had but little light; while others gave me much light, with scarce any sensation of heat."  (p256)

   Herschel included in his 'Inquiry' a series of instructions for properly smoking glass.  Smoke from sealing wax is bad, pitch is worse, wax candles are good, tallow candles are better, whale oil lamps are as good as any.

   Other experiments were reported in "Observations of the Transit of Mercury ....the Causes Which Often Prevent the Proper Action of Mirrors", from 1803.  The transit of 09 November, 1802, was viewed at 7 AM, using a telescope with a glass mirror 6.3 inches in diameter & 7 feet focus.  Herschel also used a 10 feet reflector at 130 power; the same telescope he used at 1000 power at night.  "With two small double convex lenses, both made of dark green glass, and one of them having the side which is nearest the eye thinly smoked....power was about 300.   With a single eye-glass, smoked on the side towards the eye, and magnifying 460 times...the appearance of the planet...remained well defined"

   He continues the paper with notes on experiments.  "The focal length of my 10-feet mirror increases by the heat of the sun....8 hundredths of an inch"  (p225)  Other mirrors became longer or shorter although there seemed to be extenuating circumstances for the shortening.  He used a glass mirror to observe the sun and placed a heated iron near the back of the mirror, which shortened the focus and ruined the image.

   Herschel concluded that "the derangement of the figure of a mirror used in observing the sun, is not so much caused by the heat of its rays as by their partial application to the reflecting surface only, which produces a greater dilatation in front than at the back"  (p232)

   A variety of interesting diagonal prisms have been designed for solar use.  The standard is the Herschel wedge, first proposed by John Herschel in his 'Results of Astronomical Observations...at the Cape of Good Hope...1834-8', published in 1847.  This is a simple unsilvered glass surface, wedge shaped to prevent reflections from the rear surface from reaching the eyepiece.  Herschel did not propose its use as an independent accessory, as used today.  It was described as used in conjunction with an unsilvered glass primary mirror that was concave on the backside, to form a double concave 'lens', to refract and diverge the sunlight to disperse heat (the back of the tube must be open as well, for the sunlight to escape.)  Herschel had not yet used the design in 1847, though he had experimented with a six inch unsilvered glass primary mirror, that would not hold its figure because of heat buildup in the back surface.  For solar observations in Africa, Herschel used projection through refractors, and filter of two sheets of green glass and one sheet of cobalt blue glass. 

   The wedge is further described in John Herschel's 1861 book 'The Telescope', a 190 page reprint from the Encyclopaedia Britannica, where Herschel continues to describe an improvement by Ignazio Porro, of a similar glass diagonal that is instead used at Brewster's angle, incident light at 55 degrees, so that the reflected light is polarized.  Porro then put a Nicol prism between the eyepiece and the eye, which could be rotated to extinguish the sun light.  Richard Carrington visited Porro in Paris and described a variation that replaced the Nicol with a second unsilvered glass surface at Brewster's angle, with an 8 inch primary.  Porro also experimented with solar photography, using polarized light to reduce the brilliant sunlight to a photographable level.  (M.N.R.A.S. 19 (1859) 353-358.)

   John Herschel devised another solar eyepiece, described in M.N.R.A.S. 24 (1864) 220-221, where the optical path was blocked by a rapidly rotating metal disk cut with narrow radial slots, thus passing a fraction of the light.  There is no note that this was fabricated.
   Richard Hodgson, 1804-1872, was an important photomicroscopist, secretary of the R.A.S., and also a solar observer.  Hodgson invented a solar diagonal in 1854, like the Herschel wedge except the backside was concave (to refract light into a wide area).  A lightly colored glass was recommended.  (MNRAS 15 (Dec. 1854) 45.)  Warren De La Rue noted the Hodgson diagonal in 1862, 'On the Total Solar Eclipse ...Observed at Rivabellosa' (1862).  On p351, he writes, "some time ago Richard Hodgson proposed the use of polished glass as a diagonal for observing the sun, and 'Hodgson's solar eyepiece' has been generally adopted."  Considering its status as 'generally adopted', this accessory has certainly fallen into obscurity, possibly because the concave back guarantees a reflection of the sun from the concave surface will appear in the image.

   De la Rue described a more elaborate solar diagonal in this report, his design featuring a reflecting glass surface silvered over one half of the front surface, the silvered half pushed into place for use during eclipse totality.  In front of the eye lens is a wedge of dark glass, mated to a wedge of clear glass to form a squared shape, and slid across the eyepiece to adjust light intensity.  A micrometer scale on a reticle is rotated with the calibrated disk.  It is noted that Mr. Pritchard has adopted this eyepiece, whether adopted for use or for manufacture & sale is not clear.
   Photography opened up a tremendous series of opportunities for solar astronomers.  The first photographic solar telescope of significance was Warren De la Rue's photoheliograph, representing an instrument and a person of great interest.

   Earlier solar photography includes:

   A solar eclipse was photographed on 08 July 1842 by G.A. Majocchi in Milan, with no corona or prominences apparent in the daguerrotype, which does not survive.

   The first photograph of the sun was taken by Armand Fizeau and Leon Foucault on 02 April, 1845, at the Paris Observatory.

   The eclipse of 28 July 1851 was photographed by Secchi in Rome; Berkowski - a professional photographer - in Koenigsberg; and A.L. Busch with the Koenigsberg  6.25 inch heliometer ((De Vaucouleurs cited in Hingley; Hingley)

   During the solar eclipse of 26 May 1854, William & Frederick Langenheim took daguerrotypes of the partial phases from the U.S.

   The 15 March 1858 solar eclipse was photographed by the French expedition of Porro & Quinet.
   William De la Rue, 1815-1889, was a remarkable craftsman & scientist.  His work related to telescopes includes grinding specula, with assistance from James Nasmyth & William Lassell, the largest mirror a 13 inch, of 10 foot focus.  He designed & built a grinding machine, derived from Lassell's rotary design, but improved to distribute polishing action over the surface: a sliding plate on a support in Lassell's machine, were separated by a revolving plate, causing every stroke to work on a different diameter; and governing the rotary motions, rather than using friction to cause rotation.  A micrometer was exhibited by De la Rue, with which he showed that the solar 'colored protuberances' belong to the sun.  (MNRAS 22 (1862) 132-140.)

   Warren De la Rue was associated with many instruments of note.  His observatory at Cranford held a Simms transit circle, and a 13 inch Newtonian of 10 foot focal length elevated on a pier 15 feet high.  He donated several instruments to the observatory at University of Oxford, including a 13 inch equatoreal, a 'Zoneing Altazimuth' with a 13 inch speculum, a polishing machine for parabolic & flat surfaces, a Foucault tester, and four 13 inch mirrors - 2 of speculum by De la Rue, one of glass by Steinheil, and one of glass by With.

   In addition to being a pioneer photographer of the sun, he was also an active solar observer, of the old fashioned direct vision type.  The old fashioned hazards of this activity are noted in a record of recovered vision from 1875:  "I inadvertently used my left eye, and was surprised and delighted to find that I had recovered perfect vision with it, the granulations in the centre of the retina having disappeared." MNRAS 35 (June 1875) 376.

   The photoheliograph was a telescopic camera, the product of a institutional effort started in April 1854 by John Herschel, who wrote to Kew Observatory regarding the need for daily photographs of the sun.  Kew was at that time the center for calibration & testing, of instruments for magnetic measurements in particular, and a correlation between sunspots & geomagnetic activity was under consideration at that time.  Kew in turn asked De la Rue, who was active in astrophotography, and in June 1854, De la Rue was placed in charge of a major solar photography project.  A new instrument specialized for solar photography was an initial goal.

   The first photoheliograph was built for Kew by Andrew Ross & Company, supervised by De la Rue, with an achromatic objective of 50 inches focus, 3 1/2 inches aperture, but in use it was stopped down to about two inches.  The image of the sun at the focal plane was .466 inches in diameter but it was enlarged by eyepiece projection, using an ordinary Huyghenian eyepiece, providing an image about 4 inches in diameter.  This magnification of 8 power diminished the intensity of sunlight by 64 times.  The objective was corrected so that the visual and photographic foci were coincident, but eyepiece projection dispersed the rays and photographic focus was found to vary with aperture used.  The secondary lens was later replaced with a positive eyepiece achromatised for photography.  John Herschel specified a secondary magnifying lens in his initial proposals, for a larger & dimmer image, and to allow the image of a reticle to be superimposed on the photograph, for which purpose micrometer wires were built in between lens elements of the Huyghenian eyepiece.

   The major design problem was reducing exposure time due to the brilliancy of sun.  Kew Observatory director Mr. Welsh proposed moving the shutter to a point just in front of the secondary lens, near the primary focus, to reduce its size and to avoid scattering dust on the plate when released.  The shutter was built by Mr. Beckley, using a frame holding a slit of variable width, adjustable from 1/20 to 1/40 inch.  The frame was snapped across the diameter of the telescope by a spring of vulcanized rubber; and was held back against the force of the spring by a thread, which was ignited by a candle flame to release the shutter and expose the film.  The strength of the spring was adjustable for duration of exposure, augmenting the width of the slit in controlling exposure.  The rather unwieldy method of shutter release via ignition was used on expeditions as well, a mystifying adherence to procedure since the technique is usually used when it is imperative to avoid any torque on the releasing cord, such as might be imparted by scissors or a blade.  But in photographs from eclipse expeditions, an assistant is posed holding a candle, as if awaiting his command.
   The procedure for use was to clamp the telescope in declination, direct it a short distance in advance of the sun, clamp it in right ascension, view the image of the sun projected onto a screen by a finder telescope, and when the sun is mid field, ignite the thread holding back the shutter.  (BAAS Report, 1859, pp130-153.)
   This first photoheliograph was installed at Kew Observatory, and successfully photographed the sun in March of 1858, but it took 2 years to solve the many operational problems.  Solar photographs were displayed by De la Rue at an R.A.S. meeting in 1859, showing faculae and impressive detail.  Stereoscopic views were shown, exposed one to three days apart, that were claimed by De la Rue to reveal that the faculae were in the outermost regions of the solar atmosphere.  (M.N.R.A.S. 19 (1859) 353-358; Lee, award speech, p136.)

   De la Rue took the instrument to Rivabellosa, Spain for the solar eclipse of July 18 1860.  Since the photoheliograph magnified the image and therefore attenuated the light level by 64 times, it was unknown if totality would register on film, and De la Rue had considerable misgivings about the expedition.  At Kew, the photoheliograph was on a massive iron mount, and a more portable cast iron mounting was fabricated, transported, and left on the site.  De la Rue devised a prefabricated portable building, half was for the telescope & half for the darkroom, with a canvas outer roof that was kept wet to lower the temperature.  1 3/4 tons of equipment were brought by De la Rue, including a small transit, and a 3 inch Dallmeyer achromat on an altazmimuth mount designed by Airy and made by Troughton & Simms, wherein equatorial movement was effected by two racked radius bars.

   At Rivabellosa, a sky full of clouds cleared in time, but a reliable pocket chronometer tripped ahead 8 minutes, so they missed photographing first contact but exposed 35 good photographs.  At totality, the aperture stop was removed and the full 3.4 inches was used; two photographs taken during totality were later placed in a stereoscope to reportedly show a spherical moon in front of the sun, though the spherical impression would have been illusory.  The eclipse was also photographed by Secchi at Desierto de la Palmas, 400 km to the southeast, and when the photographs were compared and found to show the same coronagraphic detail, it was finally demonstrated that prominences were solar, also that photography was best method for observing eclipses.

   The contemporary accounts of eclipse expeditions are written in an assured 19th century manner that implies a measured sequence of scientific procedure as the eclipse transpires.  In fact, hints that surprises occurred are to be found in the pages of these reports, as when, just before the eclipse began, the "excellent and handy servant Juan....smoked a piece of glass with a wax lucifer-match....several pieces for the by-standers....the demand soon increased so much, that he was scarcely able to keep pace with it, and at length became so excited that he threw away the matches in all directions without extinguishing them, and some, falling in the standing corn, set it on fire....a few minutes only could have elapsed before the conflagration would have assumed such dimensions as to be beyond the power of man to control...the crackling sound and the smell of burning straw drew my attention and...the fire was got under."  (p353)

   A secondary source quotes De la Rue in an uncited excerpt, that he wished he had not encumbered himself with equipment, and if another chance arose, he would 'just look'.   (Bakerian lecture PT 52, 333-4.   Rivabellosa. Phil Trans 152 (1862) 333-416.   Rivabellosa.  P.R.S. 12. (1862 - 1863), pp. 58-64.)

   After the excitement, the photohelioscope was taken to De la Rue's observatory in Cranford, Middlesex; then in 1861 to Kew where De la Rue and Kew director Balfour Stewart photographed the sun every clear day until 1872, a total of 2,778 images over a complete solar cycle.  During the last year of operation, on 226 days, 381 solar photographs were exposed, an incredible record for the English skies.  In 1873, the instrument was taken to Greenwich, where it began solar photography in April, 1874, soon replaced but one of several instruments used in an uninterruped series of photographs until 1965.  The first photohelioscope was donated to the Science Museum of London in 1927, where it is now inventory #1927-124.
   The transit of Venus of December, 1874 motivated a new generation of photohelioscopes, hoping to avoid the 'black drop' effect experienced by visual observers.  De la Rue advised the R.A.S. on the use of photography during the event.  Exposures of 1/50 to 1/100 second could be timed with great accuracy, photographs could be accurately measured, and the motion of the planet could then be deduced to obviate the need for precise timing of the actual moment of contact.  Optical distortion in the image of the sun needed to be accurately described to allow precise measurements, and De la Rue proposed photographing a scale of equal parts, placed a mile or two from the instrument.  The 'relative adjustment' of the objective and the secondary lens can be used to control distortion.  He advocated the construction of six precisely similar instruments, mounted equatoreally but without circles or drive clock, with optical parts rigidly fixed & measured for distortion.  "No difficulties exist in photographing a transit of Venus...no strain on the nerves would occur, as in the anxiety consequent on the desire of rendering available every moment of the short duration of a solar eclipse.  All the operations could be conducted with that calm so essential for...the determination of the Solar Parallax.  (MNRAS 29 (Dec. 1868) 48-53.)

   John Dallmeyer completed construction in 1874 of about 6 photohelioscopes for the transit.  These were optically a modification of the earlier design, using a rectilinear four inch objective, with an enlarging lens to form an image 4 inches in diameter.  In 1875, one of these was brought to Greenwich to continue daily sunspot records.  In 1884, a new enlarging lens was installed to produce an 8 inch image, in 1910 the 4 inch objective was replaced, in 1926 the enlarging system was modified, in 1949 it was moved to Herstmonceux, and in the 1960s it was attached to the 6 inch Newbegin refractor.  Other Dallmeyer photoheliographs were sent to Mauritius, Dehra Dun India, and the Cape of Good Hope.  (Bray & Loughton.)

   In Henry King's 'History of the Telescope', an illustration of a Greenwich photoheliograph is mis-labeled the Kew instrument.
   German expeditions for the 1874 transit used Repsold instruments.  French expeditions used a French design of photoheliograph, displayed at the Loan exhibition, similar to De La Rue model, but using a daguerrotype plate instead of  collodion.
   Careful planning and elaborate expeditions for the 1874 transit included many experiments involving telescopes and cameras, but not involving the photographic media; and on that issue foundered the efforts of all transit expeditions.  Many of the astronomers returned with successful photographs, but the images could not be measured with the needed precision.  The exact location of the edge of the limb of the sun or of Venus was blurred when the photographic silver deposit faded between light & dark.  Sometimes the atmosphere further blurred the image.  Several years were spent measuring the many photographs, but the goal of the effort, an improvement in the measure of parallax, was not attained.  In 1881, an international conference in Paris on planning for the 1882 Transit recommended against the use of photography, and the English & German expeditions of 1882 did not use photography.  (Lankford, Tech. & Culture 28:3 (July 1987) 648-657.)

   To conclude, there are other instruments associated with solar observing that are peripheral to this history.

   Heliometers are a split objective lens micrometer, invented by Pierre Bouguer (1698–1758) a French mathematician and hydrographer.  In 1748, he mounted two refractors on a graduated pivot and caused the images to diverge by skewing the tubes.  The diameter of an extended object, or the distance between two celestial objects, could be measured by the angle between the tubes.  Bouguer created the heliometer to measure solar diameter, but over time it was used for a variety of non-solar measuring purposes.  Bouguer also made some of the first photometric measurements, calculating the intensity of the light of the sun as compared with that of the moon.  His works include 'Essai d’optique sur la gradation de la lumière' (1729) and 'La Figure de la terre' (1749).
   The fascinating development of micrometers was often motivated by solar studies, for example the filar micrometer of Jean Picard & Adrien Auzout in 1666 was intended for the determinination of the diameter of the sun, and modern studies to determine the error of this instrument hope to establish whether the solar diameter became smaller at the end of the Maunder minimum.  (Helden, Nature 330 (17 December 1987) 629-31.)  Heliostats are solar illuminators used with telescopes that quickly evolved into more general purpose mechanisms.  There are further interesting diagonals for solar use, especially Dawes' and Colchi's.  Solar observers who were innovative instrument technicians included the Cassinis, Johann Schroeter, James Nasmyth, and Richard Carrington.  J.M. Schaberle's enormous fixed tube, long focus refractors were mounted on a platform pointing at the location of the eclipsed sun.  And with the twentieth century we can begin by noting George Hale's several solar telescopes, Bernard Lyot's coronagraph, George Carroll's solar spars, and many others.

==========================================================
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