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APPENDIX A: PHYSICS OF THE OPTICAL RING SIGHT

SUCH A SIMPLE DEVICE, THE OPTICAL RING SIGHT: A CALCITE WAFER sandwiched by two sets of polarizing films. Small and unassuming, it was easily lost on shelves of military inventory. It involved none of the complex gadgetry of so many other WWII technologies, no breakthrough physics of a Manhattan Project, no gizmo wizardry of a Norden bombsight. And it did not splash the pages of wartime magazines. Yet behind its apparent simplicity lay hidden complexities, imparted by and demonstrating the amazing properties of light.


This appendix describes the optical principles of the ORS from a mathematical and graphical standpoint. The narrative is designed for readers who do not necessarily have a professional acquaintance with optics or crystallography but have some facility in science and mathematics. So for those who are interested—and I hope some readers are—here goes.


BUT FIRST, A LITTLE HISTORY

Before delving into the physics, some background on calcite’s historical legacy in developing the principles of polarization helps inform the technical discussion to follow.


In its various rock-forming varieties—limestone, marble, chalk—cal-cite has been in demand for millennia to build some of the world’s great civilizations. Ancient Egypt quarried limestone rock by the megaton to cap the soaring pyramids of Giza in brilliant white. Limestone was also King Herod’s choice for the temple in Jerusalem, as it was for the monuments of many cultures, such as the medieval monastery at Cluny, the castles of kings and nobility, and the great cathedrals of European Christendom. Marble was Greece’s choice building stone, from iconic buildings such as the Parthenon to Hellenistic sculptures that were the wonders of the ancient world. Marble also served many other civilizations, ranging from the Taj Mahal to the Boston public buildings that were so familiar to the ORS development team. In the arts, placed in the hands of masters from Praxiteles to Michelangelo, marble’s crystalline magnificence and its sensuous, tactile surface formed sculptures of transcendent beauty. And in its most fundamental form as a well-crystallized mineral, calcite has been the pride of great mineral collections. For the practically minded, calcite rock was the chief ingredient in the Roman invention of concrete, perhaps even doing service in an exotic Byzantine flamethrower and in crystalline form as a Viking navigational device.1 Not to mention everyday twenty-first-century products—environmental cleanup agents, floor adhesive, caulk, breakfast cereal, dietary supplements—the list goes on. But despite such prodigious industrial use, calcite was scientifically boring stuff, even into the seventeenth century. That all changed one day by royal decree from a collector of bones and feathers.


In what was becoming a trendy muse for Europe’s rich and powerful, Danish King Frederik III had been assembling a large collection of natural wonders, his kunstkammer. Among its exotica of biological and cultural artifacts, many inherited from the naturalist Ole Worm, geologic specimens were well represented. One day, the king came across a geologic treasure he didn’t have, a clear crystal with a clever trick inside. It had come from the Danish trading post in Iceland. Known to Icelanders as silfurberg, or “silvery rock,” the crystal doubled the image of an object viewed through it. And then, when the king turned the crystal, one image turned around the other one! That was a trick he had to have in his kunstkammer.


In the spring of 1668, Frederik dispatched a quarrying crew to get more silfurberg.2 Rounding the mouth of the Reyðarfjörður inlet on Iceland’s east coast, the king’s quarrymen got a first look at their objective. Hugging a dark, volcanic slope, the quarry pit glistened white with snow amidst emergent footholds of greening grasses. A trail of weathered crystals that had washed down a burbling stream guided the men upslope to the quarry pit, where they settled in for a summer’s work with pickaxes and chisels. By autumn, Frederik finally held the magical silfurberg in his royal hands, a suitable tribute to an autocratic king whose collecting was made possible by the tranquil social order he diligently enforced. Yet little did he realize that the crystals he had imported would soon spark what all kings fear, a revolution.


This revolution, however, would be scientific, not political. Some of Frederik’s silfurberg crystals found their way to the laboratory of the prominent Danish scientist, Erasmus Bartholinus.3 He called them “Iceland spar”—the term “spar” being used for any cleavable, nonmetallic, lustrous mineral. Pronouncing his spar to be “one of the greatest wonders that nature has produced,” Bartholinus set to work investigating the origin of its twirling images. He knew they must have something to do with refraction—the bending of light as it enters a transparent material. But in this “double refraction,” only one refracted image obeyed the ordinary mathematical law of refraction; the other did not (or so it seemed). Beyond a suspicion that this odd behavior resulted from the crystal’s internal structure, Bartholinus was at a loss to explain it.


Upon distributing his treatise on the subject4 and spar samples to other scientists, the puzzle of double refraction began to bend the greatest minds in Europe. Among these was the Dutch scientist, Christiaan Huygens. After wrestling with the problem, he excitedly inscribed in his notebook the words: “Eureka 6 Aug 1677, the cause of the wonderful refraction of Iceland Spar.”5 Although Huygens’s epiphany fell short of a total triumph—his explanation was one of geometrical analogy rather than the causative physical mechanism—his work nonetheless implied something scientifically controversial: light seemed to behave like a wave.6


Not so fast, weighed in the venerable Isaac Newton. He saw light not as a wavelike phenomenon, but as a discrete particle, or corpuscle. Each corpuscle had asymmetric qualities, or “sides,” which interacted with particles in the crystal by attraction or repulsion “as the poles of two magnets answer to one another.”7 But like his contemporaries, Newton lacked the technology to test his ideas.


It would be another century before the solution would emerge, spurred in part by a mystery posed by Newton himself. He had once puzzled about why iridescent, rainbow-like rings appeared when pressing together two lenses of slightly different concavity. In the early 1800s, the brilliant English researcher, Thomas Young, concluded that Newton’s rings and the interference phenomenon they suggested pointed to a wave aspect of light rather than corpuscular.8 Could light be a wave after all?


A few years later, the Académie des Sciences in Paris sponsored a competition to investigate the mathematical basis of double refraction, still a thorny issue in this debate about light. Among the applicants was Étienne-Louis Malus, a Newtonian-particle devotee who, appropriately enough, had been employed as a particle-hurling engineer in Napoleon’s artillery. Malus set to work with the source of all this trouble: an Iceland crystal. One day in Paris, while looking through a clear piece of calcite in his apartment, he caught a reflection from a window in the Luxemburg Palace across the street. The crystal produced two images, as expected, but of different intensities, not what was expected. When Malus rotated the crystal, the images alternately faded and brightened. Reflected light from the window was behaving as if it had “sides,” just like light passing through an Iceland crystal! Viewed through the Newtonian paradigm of corpuscular theory, Malus likened this behavior to poles of a magnet, coining the phrase “polarized light” for what he saw. His analogy ultimately would prove incorrect, but the name stuck. He won the Académie’s prize.9


Like Malus, many scientists of that time paid tribute to Newtonian corpuscular theory, but when it came time to explain their experiments mathematically, they adopted the more pragmatic paradigm of wave motion. David Brewster, for example, despite corpuscular leanings, used wave theory to describe his colored rings and black cross pattern that Edwin Land would later exploit for the ORS (more about that in the technical discussion to follow). Yet the physical attribution of light as a wave was hard to accept. At the time, a “wave” was pictured as a longitudinal disturbance, a pressure front advancing like a sound wave. This utterly failed to explain what scientists were seeing. Then came a conceptual breakthrough, posed by Thomas Young and his colleague, Augustin Fresnel: what if light waves are not longitudinal, but transverse? In other words, might they “wave” not by forward compression, but sideways with respect to their line of travel? This insight would prove transformational in the understanding of electromagnetism, despite its mistaken invocation of an undetectable interstellar medium, the “aether,” for light to wave within.


As polarization’s tumultuous wave rolled down the halls of European academia, so too did it wash over the shores of applied science. Polarized light suddenly spawned endless practical applications, spurring the need for polarizing prisms as analysis tools. One of the most effective was a prism design by the Scottish scientist, William Nicol, who cleverly split a calcite crystal so that it reflected away one of the twin rays and passed the second, diagnostic ray.10 The Nicol prism and similar devices were put to work analyzing rock composition, evaluating the commercial purity of sugar, and investigating a wide range of organic materials relevant to medical research.


Not surprisingly, Nicol’s prism became a hot commodity, and along with it, calcite. Demand was nothing new for one of antiquity’s most sought-after mineral treasures. But although Egypt and Greece had required calcite-bearing limestone of top quality, the standards for Nicol’s prism were higher still. Optically, the calcite had to be nearly perfect: colorless, transparent, and devoid of internal optical distortions. That placed extreme demands on its crystallization underground. To make the grade as “optical calcite,” a developing crystal had to have been favored with mineralizing fluids of nearly pure calcium carbonate. The rock openings in which it crystallized had to have been free from rapid changes in pressure or temperature. Crystals must not have been crowded as they grew and needed to be protected from rock movement and corrosive fluids. Finally, a fully grown crystal must demonstrate its heroic feat of optical perfection across a dimension of at least an inch and a half, and preferably two—unusually large for optical calcite.


The problem was that the Iceland deposit, now known as the Helgustaðir quarry, was the only known source of such pristine material. As demand for crystals accelerated, this crystalline Mecca began attracting pilgrims of science and commerce, each hoping to return home with an armload of optical relics. Alas, since the quarry had not been mined consistently, most sojourns went unrewarded. But in the 1860s, an enterprising Icelander, Carl Tulinius, engaged some men to deepen the original discovery pit. As they followed a calcite-bearing crevice in the volcanic rock, crystal productivity improved.


After removing the most easily accessible material, Tulinius began using gunpowder to get through the harder rock.11 Holding a 25 percent interest in the mine, the Icelandic government objected. After all, blasting might destroy the delicate and now commercially valuable crystals. Unstated was the fact that Tulinius had become a little too successful: his crystals had glutted the market, threatening a collapse in calcite prices and Iceland’s share of the take. After an investigation, the mine was closed—but not before Tulinius had shrewdly stockpiled his own personal hoard of crystals. He was suddenly a one-man calcite cartel.


Tulinius’s miserly release of his precious inventory, coupled with ineffective attempts to restart the quarry, made calcite hard to get at the very time its commercial uses were exploding. “Iceland spar … is becoming deplorably scarce and expensive,” wrote one exasperated researcher, adding, “I question if there is in England or elsewhere a piece of spar fit to make a Nicol’s prism of 5 cm aperture.”12 Anxiety about the situation led to several fact-finding trips to the quarry by French and English scientists, all eager to break the production impasse.13 The Icelandic government started to get mail. One letter came from the respected physicist, George Stokes, who pleaded for a resumption of mining, suggesting “among the heaps of rubbish about the mine there may be many small pieces … and the collection of these, if such there be lying about, might help to defray the cost of re-opening the mine.”14


Nearly a decade passed before Carl Tulinius’s son, Thor, secured exclusive rights to the quarry and restarted the work. But he found it rough going. The old veins seemed depleted, and new ones were not as promising. His annual reports detail the quarry’s declining fortunes: 1897, “quality has deteriorated”; 1903, “quality is very unsatisfactory”; 1906, “no spar worth mentioning has been found.” With scarcity came inflation: prices tripled between 1897 and 1907.15


Exasperated, German optical firms such as the Carl Zeiss Company and Bernhard Halle tried unsuccessfully to sever Tulinius’s monopoly. When the quarrying contract came up for renewal in 1910, Zeiss made an offer, but was outbid by a flamboyant and rather abrasive French entrepreneur, J. P. Brillouin. The departing Tulinius, following his father’s example, took with him a large stock of crystals and a tidy severance fee, leaving the quarry to an inexperienced foreigner, who proved even less effective at producing new calcite. With the quarry entering its second decade of near-zero production, despair had deepened among spar-hungry scientists. “It may even be doubted,” penned one, “whether large polarising prisms such as those which have been handed down as heirlooms at the Royal Institution could now be purchased at any price, in view of the ‘spar-famine’ which has prevailed for some years.”16


Deprived of new crystals, conserving existing calcite became the civic duty of every laboratory across Europe. Opticians designed new polarizing prisms specifically to reduce the amount of calcite needed. Others attempted to grow artificial crystals in their laboratories as calcite substitutes. Then came the begging, with scientists scouring Europe’s great museums, hoping to relieve them of the odd crystal or two.


The spar famine continued well into the twentieth century, even as new optical calcite deposits became known in South Africa, the United States, and China. It was a famine that careened wildly between mal-nourishment and obesity because of an odd market dynamic. The needed quantities of spar were small by typical mining standards, but the demand intense. It was hard to sustain any mine under such paradoxical conditions. That is, until the ORS came along.


LIGHT WAVES

Perhaps calcite’s greatest legacy is its role in helping us understand polarization, and indeed, the nature of light itself. Yet when we use the term “understanding” in the context of light, we do so humbly. Light is just plain strange, displaying seemingly opposite characteristics of particle and wave—almost as perplexing to us today as it was to nineteenth-century scientists. True, our math and experimental tools have grown more sophisticated, but we still investigate many phenomena in a quantum fog, outside the realms of visceral human experience—things too small to see, too elusively interactive to measure, too unpredictable and strange to get our heads around. Instead, we rely on conceptual paradigms and their descriptive mathematics to develop a kind of existentially analogous “understanding” of them.


Light can be conceptualized as a detectable result of an oscillating electromagnetic disturbance in which its twin components, an electric field and a magnetic field, are mutually coupled and vibrate perpendicular to each other. Both components are necessary to understand the physics of electromagnetic radiation. But for descriptive purposes, their coupling means that it is only necessary to describe one or the other to describe the whole. It is useful, for various reasons, to examine the behavior of the electric field.


As it travels through space, an electric field can be conceptualized as a sinusoidal vibration, depicted in Figure A1. The field propagates in space (x in the drawing) but also in time (t). At any given position or time, the wave has an instantaneous amplitude, a. The amplitude varies sinusoidally, as scribed by the gray arrows in Figure A1. Keep in mind that the figure is conceptual in that it does not illustrate the waving of some physical object, but changes in wave amplitude.
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Figure A1. The rise and fall of light vibrations as a light ray moves in space (x) or time (t) can be represented as a sinusoidal wave with wavelength λ. At any given point, the sinusoid has an amplitude a (y-axis), which rises and falls to a maximum amplitude +A and -A.




Let’s consider the special case of Figure A1 where the oscillation starts at time t0 = 0 with an amplitude y = a = 0. As time progresses, the amplitude rises to a maximum of a = +A, then declines to zero and to a negative amplitude a = -A, then rises through zero to a peak again, and so forth. The instantaneous amplitude a (which we represent in the following as y) of the electric field at any given point x can be written:
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in which λ is the distance between repeats of the pattern, known as wavelength. Variations of the instantaneous amplitude in space xy and time t describe the motion of the wave:
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in which v is the wave velocity along the x-axis. In a vacuum, v is the speed of light c (c = 3.0x108 m/s), but the velocity slows when passing through matter. Wavelength is related to wave velocity and vibration frequency f by v = f λ.17



REFRACTION

When a ray of light passes from one transparent medium to another, its speed changes according to the optical density, or index of refraction n, of the second medium:
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where v is the velocity in the medium. By definition, a vacuum has a refractive index of n = 1.0. Air has an index slightly larger than unity, n ~ 1.0003. Water has n ~ 1.33, and Pyrex glass typically n = 1.47.


To understand refraction, consider the case of two light rays passing from air into a denser, semi-transparent medium (Figure A2). Ray 1 enters the medium at some angle θ1 with respect to a direction perpendicular to the medium’s surface. Part of the ray is reflected from the glass surface. The other part is transmitted into the glass, bending to an angle θ2 with respect to the normal. The refraction angle is related to the refractive indices n1 (typically air) and n2 (the medium) by Snell’s Law:
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The limiting case shown in Figure A2 is Ray 2, which enters the medium perpendicular to the surface; with θ1= 0, θ2 must also be zero, and there is no refraction, even though the light ray is slowed within the denser medium.


The phenomenon of refraction has been known for millennia, perhaps first noticed as a stick appearing to bend in water. But the bent stick was always a single stick. Imagine the amazement of seventeenth-century scientists who observed refraction through a clear calcite crystal and saw the equivalent of two bent sticks! A crystal placed over a dot on a printed page produced two dots; when the crystal was rotated, one dot was stationary, obeying Snell’s Law, but the other rotated, apparently disobeying Snell’s Law.18 Erasmus Bartholinus dubbed the obedient ray as the ordinary ray, or o-ray in modern parlance, and the violator the extraordinary ray, or e-ray. Calcite was thus doubly refractive, or birefringent, polarizing light that passed through it.
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Figure A2. Reflection and refraction of a light ray incident upon a material with a higher index of refraction.





THE INTERNAL STRUCTURE OF CALCITE

Bartholinus and subsequent scientists could understand birefringence only in a descriptive sense, using clever geometrical constructions to reproduce the behavior. But the causative physical explanation had to wait until the internal crystalline structure could be probed with new technologies, particularly x-ray diffraction. Today, we understand that the optical behavior of minerals is a direct consequence—in fact a highly predictable consequence—of a mineral’s interior molecular symmetries.


Minerals, by definition, are crystal structures of interlocking, repeated molecular patterns. Repetitiveness produces internal symmetries. Symmetry can be demonstrated by zooming into some fundamental molecular pattern within the crystal and applying a geometric operation, such as reflection or rotation, that reproduces that pattern exactly. For example, the pattern of a playing card, rotated 180 degrees, shows an identical pattern, demonstrating rotational symmetry. A human body, viewed face-on, shows approximate bilateral symmetry if an imaginary mirror bisects the body, an example of mirror symmetry. There are several types of symmetry, and variations in each type, and minerals can display them in differing combinations. It is possible to predetermine mathematically that there are fourteen possible “styles” of crystal symmetry groups, called Bravais lattices, and among them thirty-two possible symmetry classes, differing in the numbers and geometries of their symmetry axes. Descriptions of these classes would require a book-length manuscript, and in fact this topic is well covered in standard mineralogy texts. For the present discussion, we consider only calcite.


Calcite is composed of positively charged, divalent calcium cations (Ca2+) bonded to negatively charged, divalent carbonate anions (CO2-3), forming calcium carbonate (CaCO3) molecules. The carbonate ion consists of three oxygen atoms arranged at the points of an equilateral triangle, covalently bonded to a central carbon atom. Covalent bonds are strong due to their property of electron sharing between the closely bonded oxygen atoms. Each carbonate ion is coordinated or linked to six calcium ions in longer bonds that are only about a fourth as strong as the carbonate bonds.


The carbonate structure of calcite is illustrated in Figure A3. Three geometrical cell constructions are shown. The steep rhombohedron is the so-called unit cell, defined as the smallest assemblage of cations and ions, which, if the assemblage is reproduced and stacked together like building blocks, would reproduce the whole crystal. The line connecting the bottom corner of the unit cell to the opposing one at the top, labeled “c” in the figure and known as the c axis, is the axis of maximum symmetry of the unit cell, and therefore of the entire crystal. Note that the two carbonate groups contained by the unit cell are centered on the c axis and lie in planes that are perpendicular to it. Calcium ions forming the corners of the unit cell also show symmetry with respect to the c axis.


The hexagonal cell illustrated in Figure A3 contains the unit cell. The hexagon can be defined geometrically by the c axis and two horizontal axes, a and b, given three special conditions: c ≠ a = b, the a and b axes are perpendicular to c, and the angle φ between a and b is 120 degrees.19 These conditions, coupled with symmetries inherent to the CaCO3 structure, classify calcite and certain other carbonates in the hexagonal-scalenohedral class of the rhombohedral division of the hexagonal system. Again, understanding of symmetry classifications is beyond the scope of this discussion, but it suffices to say that, as an alternative to the unit cell, the hexagonal unit cell shown in Figure A3 also is capable of mathematically representing the calcite structure.


Also shown in Figure A3 is the cleavage cell, which lacks the essential structural units to mathematically reproduce the internal structures of a crystal, but nonetheless is instructive in describing calcite’s outer shape, or morphology. The cleavage cell is so named because, when struck sharply, calcite naturally cleaves into smaller crystals with this same rhombohedral shape, thanks to minimal bond strengths along its cleavage angles. Many crystals also grow naturally with the same rhombohedral shape, without having to be cleaved. Some crystals even take the shapes of the steep rhombohedron or the hexagon depicted in Figure A3. In fact, calcite is the mineral kingdom’s ultimate chameleon, exhibiting at least 413 unique primary forms, each with a unique combination of angles with respect to the three axes.20 These primary forms combine in myriad combinations to form crystals of seemingly infinite shapes.
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Figure A3. Three geometric “cells” of different aspect ratios can represent calcite’s internal molecular arrangement, but the unit cell is unique in that it is the smallest unit that, stacked in multiples, reproduces duplicates of itself to form a macrocrystal. Ions are depicted only for the unit cell and the terminations of the hexagonal cell; Figure A4 shows the ionic distribution for the cleavage cell. Ion sizes are scaled only relatively. Cell dimensions are in nanometers (nm).





The cleavage rhombohedron has corner-and face-centered calcium ions with interspersed carbonate ions, as illustrated in Figure A4. Again, note that the carbonate ions lie in a plane perpendicular to the c axis. Viewed down the c axis, one sees patterns of maximum molecular symmetry. This can be visualized by mentally slicing the cleavage cell perpendicular to the c axis, as shown in the lower constructions in Figure A4.




[image: bck_fig_006.jpg]
Figure A4. The ionic structure of the rhombohedral cleavage cell. Imaginary slices perpendicular to the c axis (lower part of the figure) reveal calcite’s hexagonal symmetry; for clarity, the scaling of atomic spacings is not exact, and oxygen atoms are omitted.





As the slices progress deeper into the crystal (A progressing to G), the pattern changes as alternating layers of calcium and carbonate ions are encountered. What is particularly striking is the triangular and hexagonal symmetry of each slice. This is not to say the slices are identical, but each slice can be subjected to identical symmetry operations, such as rotation or reflection, to repeat the pattern, and slices alternate in a regular pattern.
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Figure A5. (a) Calcite’s highly symmetric molecular structure encountered by a beam of light shone directly down the c axis, contrasted with (b) the degraded symmetry encountered by a beam shone at a slight angle with respect to the c axis. In (b), dark and light ions depict adjacent molecular layers. Bond lines are omitted for the sake of clarity.





Figure A5 shows how the high symmetry viewed straight down the c axis (Figure A5a) is degraded when viewed slightly askew to the c axis (Figure A5b).


THE IMPACT OF INTERNAL STRUCTURE ON RAY VIBRATION

It should not be surprising that, in an anisotropic crystal such as calcite, molecular symmetry affects physical properties such as heat conduction, sound propagation, and light behavior. For light, the axis of maximum crystal symmetry, c, constitutes the optical axis, which is a determinant of refractive behavior as light passes through the crystal. Many minerals, including calcite, are uniaxial, having a single optical axis; biaxial crystals have two.


To see why calcite’s optical axis is so crucial to light behavior, let’s look more closely at the carbonate structure. Its oxygen atoms share electrons between them, forming what can be thought of as a spherical “cloud” of negative charge around each atom, with its center of mass coincident with the atom’s nucleus. As such, the system is in equilibrium. But if perturbed by another nearby charge or source of electromagnetic energy (such as light), that equilibrium is disrupted. The center of mass of the electron cloud is displaced with respect to that of the nucleus as valence (outer shell) electrons are perturbed. The maximum displacement occurs where the oxygen atoms are closest to one another, which geometrically must always occur in the plane of the carbonate triangle. Figures A3 and A4 show that this plane is perpendicular to the optical axis, and is the plane of highest electron density. Thus, light vibrating perpendicular to the optical axis produces the largest interaction with electrons in the material, experiencing a maximum index of refraction ω. Conversely, vibrations parallel to the optical axis produce the least interaction with electrons in the material, and light vibrating in this direction experiences a lower index of refraction ε. This explains why the crystal is birefringent. Every uniaxial, birefringent mineral has a unique set of indices of refraction ω and ε, with a correspondingly unique birefringence δ = | ε -ω |. Carbonates, nitrates, and certain other minerals have ω > ε. Calcite, for example, has indices ω = 1.65836 and ε = 1.48641 and a resultant birefringence δ = 0.172; sodium nitrate has an even stronger birefringence δ = 0.249. Minerals with ω > ε are said to be negatively birefringent.


While birefringence is certainly an interesting result of crystalline structure, it leads to even more interesting effects as light enters a calcite crystal. The light ray splits or polarizes into two components, the o- and e-rays that Bartholinus observed. These vibrate at right angles to one another, but with predetermined orientations. The o-ray is constrained to vibrate perpendicular to the optical axis; it experiences a refractive index ω and slows down according to ω = c/vω. The e-ray vibrates within the plane containing the ray and the c axis, called the principal plane; it experiences a lower index of refraction but travels faster than the o-ray (for a uniaxial crystal with ω > ε).


To visualize this behavior, consider the simplified ray geometry of Figure A6. A ray linearly polarized in an arbitrary vibration direction enters the crystal at an arbitrary angle θ and splits into two mutually perpendicular components. The o-ray refracts at angle θo, vibrating perpendicularly to the principal plane containing the ray and the c axis, and to the c axis as well. Thus, for all possible entry angles, the perpendicular vibration, which is in the plane of the carbonate ions, ensures that the






[image: bck_fig_008.jpg]
Figure A6. Polarization of an arbitrarily polarized beam into an o-ray and e-ray, which vibrate perpendicularly to one another. The inset vector diagram illustrates the dependence of the e-ray on both ω and ε. Ray paths are exaggerated for clarity.





o-ray always encounters an index of refraction ω. But the e-ray, though it vibrates parallel to the principal plane, does not necessarily vibrate parallel to the c axis. In fact, unless θe= 0° or 90°, the e-ray will vibrate at some intermediate angle with respect to the c axis. At this arbitrary intermediate angle, the e-ray’s effective index of refraction, designated as ε', is intermediate between ω and ε, as can be visualized by the vector diagram on the right side of Figure A6. The magnitude of ε' is:
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This means that while the o-ray always travels with a constant velocity corresponding to a constant index ω, the e-ray will propagate with a variable velocity corresponding to an angle-dependent index ε'. Thus, calcite’s birefringence depends upon the angle of entry θe, leading to one of the mineral’s most remarkable properties.


Consider the limiting cases of θe= 90° and 0°. For θe= 0°, the equivalent of a light ray shining straight down the optical axis, the light is not polarized into o- and e-rays, since only one velocity corresponding to optical index ω is possible. No birefringence occurs; a single image is observed on the other side of the crystal. For θe= 90°, the equivalent of a light ray entering perpendicularly to the optical axis into the side of a calcite prism, ε' = ε. The o- and e-rays travel along the same path, with the e-ray traveling at its maximum velocity; the rays are polarized, but no double refraction occurs and as with θe= 0°, a single, coincident image is observed on the other side of the crystal.21 In effect, the e-ray is really behaving like an o-ray for this special case. But at all other ray path entry angles between these extremes, the two rays refract at different angles, producing a double image of an object viewed through the crystal, as illustrated in Figure A7a. Upon turning the crystal (Figure A7b), the e-ray image appears to rotate around the stationary o-ray image—the phenomenon that King Frederick found so compelling.


The ray separation is greatest for crystals whose faces approach an inclination of θ = 45° with respect to the optical axis. This is remarkably close to the angle made by the cleavage rhombohedron (θ = 44.6°), which is commonly observed in naturally occurring crystals and is produced when a crystal is cleaved or shattered. Since the process of calcite mining typically induces cleavages, most collectors through history would have encountered rhombohedra often, whereas crystal morphologies displaying no double refraction (e.g., flat “pinacoidal” plates or hexagonal prisms) would have been found less commonly. This circumstance has been described as a “lucky break” for the discovery of polarization.22 Had calcite morphology not favored rhombohedra, or had the mineral been less abundant or nontransparent, the phenomenon of birefringence might have gone unnoticed for a long time. As such, the science of polarized light, indeed the science of light in general, might not have advanced so rapidly and sure-footedly. I think that calcite deserves a toast, don’t you?




[image: bck_fig_009.jpg]
Figure A7. When placed against a sheet of paper with a single dot, a calcite cleavage forms a double image. The o-ray passes through without deviation, but the e-ray is offset. As the crystal is turned, the e-ray image appears to rotate around the stationary o-ray image.





INTERFERENCE PHENOMENA

Polarization causes an interaction between polarized o- and e-rays, known as wave interference. Interference can be observed, for example, if you pick up two stones and toss them simultaneously into a pond of water, with them entering just a foot or so apart. Each stone produces concentric waves radiating from its splash point. Where the waves meet, they interfere: if both waves happen to peak where they meet (think positive amplitudes here), they add to make a higher peak (positive net amplitude). Similarly, two troughs (negative amplitudes) add algebraically to make a lower trough (negative net amplitude). But where a peak in one wave meets a trough in the other, destructive interference occurs (zero net amplitude). Similarly, two light rays traveling together also interfere, either constructively (net positive or negative amplitude) or destructively (net zero amplitude). Constructive interference produces light, destructive interference dark.


To provide context for the following discussion, consider the simple, non-interference case of a linear polarizer (Figure A8a). Incident unpolarized light vibrates randomly in all directions, depicted on the left side of the graphic by the multidirectional amplitude vectors (don’t take the depictions too literally as physical reality; they are merely illustrative devices to aid the discussion). Upon entering the linear polarizer L1, the ray vibrates only in the single direction dictated by the L1 polarization axis. At any particular time t along the polarized ray path, one would see the result of light vibrating vertically with a certain amplitude vector, depicted in the square vibration diagrams at the top of the figure. The vector flips up and down very rapidly, faster than the eye can perceive. What one “sees,” then, is the result of many oscillations, represented by the linear vector in the rightmost composite diagram.


Things get much more interesting when the linearly polarized beam enters a birefringent crystal cut parallel to its optical axis (Figure A8b). The ray polarizes into o- and e-rays, vibrating perpendicular and parallel to the crystal’s optical axis, respectively. As mentioned earlier, the e-ray in this particular case behaves as a o-ray, without double refraction, but for this discussion we retain the traditional designation of e-ray, as it will apply to a more generalized treatment to follow. The two rays start their journey through the crystal in phase, peaking at the same time. But then wave interference comes into play as the faster-moving e-ray steadily pulls ahead of the o-ray as both travel through the crystal. This takes them to an out of phase condition, in which they peak at different positions. In effect, the two interfering rays steadily accumulate a phase difference Δ that increases with the distance d traveled into the crystal:
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The condition of a phase difference means one ray is retarded with respect to the other, and the magnitude of the effect is called retardation.






[image: bck_fig_010.jpg]
Figure A8. (a) Effect of a linear polarizer L1 upon an unpolarized light ray. The small vector diagrams at the top show the instantaneous amplitude at different positions; the rightmost vector diagram depicts the composite vibration over time. The z axis corresponds to increasing time as the wave moves to the right. (b) Behavior of a linearly polarized ray in a birefringent crystal cut parallel to its optical axis. The ray splits into perpendicular o- and e-rays, which interfere, causing an accumulating phase difference Δ, represented in the vector diagrams by a spiraling rotation of the instantaneous amplitude vector as the rays progress deeper into the crystal. If the crystal is cut such that the retardance is one-quarter of the wavelength when the two rays exit the crystal, the result is circularly polarized light, depicted in the rightmost vector diagram. Many elements of the figure are exaggerated for clarity.





Looking down the ray path toward the approaching ray, one would see the vector sum of the two interfering waves, shown in the square vibration diagrams at the top of Figure A8b. For example, at time t = 0, the o-ray peaks left and the e-ray upward, giving a vector sum in the upper-left quadrant of the vibration diagram. As the wave travels deeper into the crystal, the accumulating retardation causes the vector sum to oscillate in an elongated elliptical pattern that changes in magnitude and angle as the phase condition changes (some readers may be familiar with this as a Lissajous pattern observed on an oscilloscope).


Upon exiting the crystal, whatever phase condition the ray has at the crystal-air interface becomes “frozen,” since effectively no polarization occurs in air.23 Both rays now travel at nearly the speed of light in air with a constant phase difference. A phase condition of particular interest occurs when the o- and e-rays exit the crystal out of phase by a quarter of a wavelength, or Δ = ¼ λ = π/2, as specifically illustrated in Figure A8b. With the Δ = π/2 phase relationship being constant, the vector in the vibration diagrams scribes a perfect circle as the wave travels away from the back side of the crystal (with the assumption that the o- and e-rays have equal amplitude). The light has become circularly polarized. A polarizing material of the exact thickness necessary to cause this condition is known as a quarter-wave plate, or circular polarizer.24 In the case illustrated, the light is said to be right circularly polarized with respect to the source because the vector rotates clockwise (a left circularly polarized condition is created if the o-ray starts with a peak in the positive x direction, instead of the negative x direction depicted in the figure). The quarter-wave plate has a fast axis for e-ray vibrations parallel to the optical axis and a slow axis for o-ray vibrations perpendicular to it.


The quarter-wave plate changes the polarization state of an incoming beam from unpolarized (or linearly polarized if preceded by a linear polarizer) to circularly polarized, resulting in a beam without any preferred direction of polarization. One application of this device will become clear in the discussion below. In constructing a quarter-wave plate, it would be a nearly impossible task to slice a crystal or form a polarizing film with an atomic-scale thickness corresponding to Δ = π/2. Fortunately, the same phase condition can be achieved at Δ = n π/2, where n is an odd integer (not the same as the n denoting index of refraction), permitting a more easily constructed, thicker material that can be more easily manufactured or honed to the required thickness using standard optical shop techniques.


Working in 1813 with linear polarizers, David Brewster discovered an interference pattern that would become important to optical science, and which Edwin Land would exploit 129 years later for the ORS. Beaming linearly polarized light down the optical axis of a beryl crystal and observing the result behind crossed polarizers, Brewster observed a series of colorful rings transected by a thick, black, Maltese-cross pattern. It became clear that the rings resulted from interference between light rays converging on the crystal, and the cross came from the linear polarizers.25


To see how this happens, consider the case shown in Figure A9. All rays impinge on a linear polarizer L1 before passing through a basal plate of calcite and then a second, crossed linear polarizer (L2). Ray 0 enters from the left directly along the crystal’s optical axis; Rays 1, 1’, 2, and 3 converge at the same small angle θ1 with respect to the optical axis. For purposes of this discussion, we assume that all rays are monochromatic, that is, they have a single wavelength. Ray 0, passing down the crystal’s optical axis, traverses a distance d0 through the crystal. For this ray, d0 = d, the thickness of the crystal. No matter what the L1 orientation happens to be, Ray 0 will be forced to vibrate perpendicular to the optical axis. As previously noted, this direction is parallel to the carbonate groups where vibration encounters maximum symmetry (refer to Figures A4 and A5a). These vibrations have a maximum interaction with the carbonate ions’ valence electrons, slowing the ray according to the refractive index ω. However, as we have seen, no polarization occurs for Ray 0—it does not split into o- and e-rays.






[image: bck_fig_011.jpg]
Figure A9. Rays passed through a calcite crystal sandwiched by crossed polarizers can be analyzed vectorially as shown on the “screen” image. Only the o' and e' vibrations are physically passed. See text for an explanation.





The situation changes for Ray 1, which enters at a small angle θ1 with respect to the optical axis and passes through a distance d1 that is slightly greater than the thickness of the crystal (d1 = d/cos θ1). Ray 1 sees degraded symmetry similar to that illustrated in Figure A5b, and it polarizes into o- and e-rays upon entering the crystal. The o-ray responds to index ω, and the e-ray to the angle-dependent ε'. The o- and e-rays emerge from the crystal with an accumulated phase difference or retardation determined by d1, which depends on angle θ1. Notice that a Ray 1' coming in from below at angle -θ1 would have the same retardation as Ray 1. In fact, there are an infinite number of rays that can come in at angle θ1, as illustrated by Rays 2 and 3; all such rays have the same retardation upon passing through the crystal. As shown in Figure A9, these rays form the shape of a cone converging behind the crystal, forming a circular ring of equal retardation.


Now consider Ray 3 as an arbitrary example of rays lying along this circle of equal retardation. The “screen” pattern on the right side of Figure A9 shows a geometrical construction of what happens to Ray 3 as it passes through each optical element. Before entering the calcite crystal, Ray 3 has an amplitude A3, oriented with L1. Upon entering the crystal, the ray polarizes into orthogonal o- and e-rays, vibrating perpendicular to the axis and parallel to the principal plane, respectively. Since both are analyzed by the second, horizontally oriented linear polarizer L2, it is worthwhile to see what portion of the o- and e-rays will be passed, and what portion will be absorbed by L2. To do so, o and e can be depicted vectorially as the sums of orthogonal, vertical and horizontal components, o' and o", and e' and e", chosen so that they are parallel or perpendicular to L2. Only the components o' and e' parallel to L2 will be passed under our assumption of monochromatic light; their perpendicular counterparts o" and e" are completely blocked by L2. The sum of o' and e' will determine whether light or dark is seen where Ray 3 hits the screen. For example, some small entry angle θ' can be selected where the traversed thickness d' through the crystal will cause o' and e' to be opposite and equal, and their sum therefore zero, resulting in darkness (no passed light). This is a state of destructive interference. Since the phase condition causing the darkness is constant for a circle composed of rays at angle θ', a dark ring will be formed, centered on the optical axis. A slightly steeper θ" can be found where the increased traversed thickness d" maximizes the sum of o' and e' (constructive interference), and a light ring will occur outside the dark ring. Further, an even steeper θ can be found where o' and e' will yet again cancel one another, and another dark ring will result outside the light one. Thus, for convergent light from an extended source such as the sky, for which a continuum of θ’s occurs, the result is a series of concentric light and dark rings.


The discussion so far has assumed monochromatic light for simplicity, but natural daylight is not monochromatic. It consists of many wavelengths that combine to give a whitish appearance. As a ray of chromatic skylight enters the crystal, the component wavelengths experience slightly different retardations because of the wavelength dependence of the phase difference (equation 6). The result is a ring fringed on its inside with longer-wavelength red light, and on its outside by shorter-wavelength blue-green light. These chromatic rings are called isochromes. As with other optical interference phenomena, isochromes have a brilliant, electric glow, like “rings of fire.”


Superposed on the fiery rings is a dark Maltese cross, the result of the crossed polar orientations. Why? Consider Ray 3 in Figure A9, whose o and e rays vibrate perpendicular to the axis and parallel to the principal plane containing the ray. Because o and e are at some intermediate angle with respect to L1 and L2, both rays will pass through, subject to the phase conditions governing the isochrome formation. But for Ray 1, o would be perpendicular to L1 and thus would not pass through the optical system; e would be perpendicular to L2 and thus also extinguished. It then becomes clear that, for all rays along the y (vertical) axis, no light passes. Similarly for Ray 2, e is extinguished by L1 and o by L2, and no light is passed for all rays falling along the x (horizontal) axis. The result: a dark cross, composed of horizontal and vertical isogyres. The cross fans out toward the outer parts of the pattern due to an off-axis reflection effect from the optical elements, which slightly rotates the plane of polarization.


OPTICAL RING SIGHT DESIGN

The isochrome-isogyre pattern is a sensitive indicator of the optical properties of a transparent crystalline material placed between crossed polarizers, serving most suitably to help identify minerals with the petro-graphic microscope. Edwin Land found that a pattern that worked for microscopy could also make a perfect bullseye. But an impractical one. Since the black isogyres intersect at the center, they would obscure any centered target, as shown in Figure A10a. However, turning L2 to some intermediate angle causes a graying of the isogyres and an incipient reversal of the light-dark isochrome pattern (Figure A10b). By turning L2 such that it is parallel to L1, bright isogyres are produced, effectively yielding a pattern of smaller rings (an artifact of the reversal of dark rings to bright, and vice versa), with the rings broken by clear isogyres, leaving a clear center (Figure A10c). That arrangement could work in a pinch as a targeting device, though its rings would be faint. But a better solution requires complete rings without isogyres so that, regardless of where the enemy plane or tank lies within the pattern, it can be readily centered. Land’s final optical task thus was to remove the isogyres.




[image: bck_fig_012.jpg]
Figure A10. Exploded views of the monochromatic pattern variations obtained by varying the orientations of the component polarizers (in reality, manufactured units were laminated into a single optical disk). Exclusive use of linear polarizers yields some vestiges of isogyres; circular polarizers remove the isogyres. Note the ring size changes based on L1 and L2 orientations. The “types” are Polaroid designators for the ORS program.





Since isogyres result from the use of linear polarizers, Land saw that the solution was to introduce into the light path quarter-wave plates that would yield circularly polarized light. George Airy was the first to discover this solution, but because isogyres were so useful in microscopy, no one saw the point of removing them—until the ORS came along.


To do so, Land deployed two quarter-wave plates as shown in Figure A10d. The first linear polarizer L1 provides a single vibration with which to work. This linear vibration is converted to circular by the first circular polarizer CP1, which is oriented at a 45° angle with respect to L1 to maximize the light intensity along its fast and slow axes. CP1 thus eliminates any imprint of the L1 orientation. The now-circularly polarized light enters the calcite crystal, where it splits into o- and e-rays, as usual. Upon exiting the crystal, the light at all angles except θ = 0° (along the optical axis) is once again linearly polarized. If the light were to be passed directly through a second linear polarizer, isogyres would reappear in the final image. To prevent this, a second circular polarizer CP2, also oriented at an angle of 45° with respect to L1, converts the linearly polarized ray back to circularly polarized. Then the light enters a second linear polarizer, L2, which passes light from both the fast and slow axes of CP2. Since there is no preferred linear orientation direction, no isogyres are formed. The result is a pattern of colored rings, unobstructed by isogyres.


The orientation of CP2 with respect to CP1 can be either parallel (“like polarizers,” fast axes with the same orientation, Figure A10d) or perpendicular (“unlike polarizers,” Figure A10e). The parallel arrangement results in a clear center, whereas the perpendicular gives a dark center dot because of extinction along the center ray normal to the optical elements.


The ring sizes are determined by the relative orientations of the linear polarizers. Land26 showed that the angular size of the innermost ring is related to θ and crystal thickness d by
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where θ is the ring radius in degrees (equivalent to the ray’s entry angle) and Γ is a conditional variable defined by the relative orientations of the linear polarizers:


parallel linear polarizers, ring 1: Γ = ½ λ
perpendicular linear polarizers, ring 1: Γ = λ


For Land, the practical use of this equation was to determine the thickness of the calcite disk needed to produce the ring size specified by a given military contract. For example, to produce a 50 mil (1 Navy mil = 0.05625 degree)27 inner ring using perpendicular polarizers, one would have to use a calcite crystal (birefringence δ = 0.172) 0.13 inch thick, or a sodium nitrate crystal (δ = 0.249) 0.08 inch thick. To produce a 35-mil inner ring, the calcite thickness would increase to 0.27 inch and nitrate to 0.15 inch. For parallel polarizers, the crystal need be only half as thick. Given the scarcity of calcite throughout most of the ORS program, these considerations were important to Polaroid, as they impacted the volume of material needed. Thus, the “Type 01R” pattern using parallel circular polarizers was usually first choice unless otherwise specified for a specific application.


The radius for any given ring relative to the first (inner) ring is:
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where n is the number of the interference ring (n = 1 for the innermost first ring, n = 2 for the second, etc.). Thus, parallel polarizers would produce rings at √1, √3, √5, √7, times the radius of the first ring, whereas perpendicular polarizers would produce subsequent rings at √1, √2, √3, √4, times the radius of the first ring. These calculations, again, apply to monochromatic light; spectral smear in the more closely spaced outer rings makes them hard to see.


Polaroid specified and likely manufactured all five “types” of ORS optics shown in Figure A10. In my limited experience (having examined only about a dozen optics), Type 01R is most commonly seen in extant examples, and by inference may have been the most commonly manufactured, followed perhaps by Type 04R. The others likely served as prototypes or special orders. I have not seen any examples of Types 02R, 03R, or 05R.


Calcite was the birefringent element of choice until late 1944, when artificially grown sodium nitrate crystals were introduced. In addition, some bazooka sights may have used artificially grown ammonium dihydrogen phosphate (ADP, called “PN crystal” by Polaroid).


VARIANTS TRIED BUT NOT PRODUCED

Land also patented an ORS design using a biaxial crystal, that is, one with two optical axes.28 The use of a biaxial material required some care in design and manufacture, but the extra effort promised dividends. A biaxial crystal can produce smaller rings than an equally birefringent uniaxial crystal of the same thickness, thus permitting a thinner optic to produce the same ring size. From a targeting standpoint, the rings in a biaxial sight are more evenly spaced, falling in the progression of 1, 3, 5, 7, times the first ring diameter (for “like” polarizer orientations), as opposed to the square root progression of a uniaxial sight. Theoretically, this would enhance a gunner’s ability to set the target’s lead (accounting for the target’s motion). But in the heat of battle, a gunner would not know the speed, direction, and range of a target well enough to make a lead estimate practical. By varying the polarizer configurations for biaxial crystals, one can produce pattern variations, including rings with a center dot and rings with a single isogyre. Polaroid experimented with several biaxial crystals, including gypsum and sulfamic acid. A prototype was made of topaz, and Harry Berman and Clint Young made efforts to secure a source for more crystals, indicating they were serious about pursuing the biaxial option. But to my knowledge, no biaxial optics went into production.


Another variation proposed by West was an achromatic optic—one without color dispersion in the rings.29 West borrowed from an optical design principle in which the color dispersion of one material is matched against the complementary dispersion of a different material to produce a spectrally coherent response. West found potassium periodate (KIO4) to be a good pairing with calcite. The two crystals were laminated together, and then laminated to the polarizing elements as in the original design. Although the loss of color in the rings was hardly an aesthetic improvement, the achromatic rings were sharper, but given the complexity of the optic, it is likely that no achromatic ORSs went into production. Instead, Polaroid mitigated the fuzziness of the ORS rings with a red monochromatic filter, which was supplied with many ship-borne devices. This worked well for targeting in a bright sky but suffered from light attenuation at dawn or dusk—further degrading an optic that passed only about 20 percent of the light entering it to begin with.
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APPENDIX B: ORS TYPES AND SPECIFICATIONS

OPTICAL SPECIFICATIONS

Standardized finished optic diameters (clear aperture): 1.120, 1.250 (most common), and 1.375 inches; other sizes less common


Linear polarizer material: HN-sheet


Circular polarizer material: CP-HN sheet (laminated linear HN with quarter-wave CP)


Crystal: calcite (1942–1945?); sodium nitrate (late 1944–1945); possibly minor use of ammonium dihydrogen phosphate (ADP, called “PN crystal” by Polaroid).


TARGET PATTERN VERSIONS

01R Unbroken rings with clear center (like circular polarizers, both at +45º orientation)


02R Unbroken rings with dot in the center (unlike circular polarizers, +45º and -45º orientations)


03R “Black cross”: rings with solid cross (linear polarizers, perpendicular)


04R “White cross”: rings with open cross (linear polarizers, parallel)


05R Broken rings with cross partly removed (linear polarizers, intermediate angle)


MILITARY TYPE DESIGNATIONS

Mk 1 Basic stalk mount without filter or cover plates (Navy; radar antenna and other uses)


Mk 2 50 mil optic, red filter, protective cover plate, red rubber eye shield (Navy; ships, antiaircraft guns)


Mk 3 35 mil optic, known target patterns: 01R and possibly 04R/05R; red filter, protective cover plates (Navy; ships, larger antiaircraft guns)


—Backup sight: 35 mil optic, known target patterns 01R and 04R (Navy, airborne backup for Mk 9 illuminated sight)


—Bazooka sight: 60 mil (Army) optic, known target pattern 05R (Army, bazookas)


Notes


“Mk” designations evolved with time, and some applications had no “Mk” designation.


“Mil” is the radius of the first (center) ring. The Navy and Army had different definitions of a “mil.” The Navy had 1 mil = 1/1000 radian = 0.10 milliradian (mrad). The Army had 1 mil = 2π/6400 radian = 0.07 mrad. Thus, a 60 mils Army ORS (e.g., as used on the bazooka) was equivalent to 86 mils Navy.


Mk 1. The “Mk 1” designation was listed in military data sheet no. 19,300 as “originally designed for use in aligning Radar Antenna Mount Mark 11.” It was likely introduced in summer 1942. In this original version, the 1.25-inch diameter optic of unspecified target pattern type was mounted on an approximately 6-inch-long, narrow, tapering stalk attached to a mounting bracket. The optic contained no protective cover. Subsequent use is unknown, but the cumbersome stalk likely was not suited to other applications. Thus, the “originally designed for” mounting may have terminated with the 39 Mk 11 antennas deployed.


First Release Version. The ORS was announced in Polaroid’s product release of approximately December 1942; it refers to a generic model not tied to specific applications. The announcement depicted a speckle-coated mount with a protective cover for the ORS optic, whose ring radius was unspecified (likely to accommodate customized versions), and a default pattern 01R with an option for an “open cross” (presumably 04R) variant. The two optic diameter options announced were 1.120 and 1.375 inches. The depicted mount was used for firing tests on a 20 mm gun in late 1942, but it may have seen limited applications. Polaroid also made a “universal mount,” possibly as late as 1944, but the author has seen no evidence it was used in the war, likely because each fire control system required a mount specifically designed for it.


Mk 2. The Mk 2 was designed for the 3”/50 Northern Pump gun mount Mk 24, but also found other Navy gunnery applications. The optic was a 50 mil with a 01R optical pattern. The housing consisted of












[image: bck_fig_013.jpg]







[image: bck_fig_014.jpg]








ABOUT THE AUTHOR

LARRY J. HUGHES IS A GEOPHYSICIST WITH FORTY YEARS’ EXPERIENCE, with much of that time spent in the field in the western United States, focusing on mining and environmental investigations. An award-winning painter, he has been Artist-in-Residence for five National Parks and one National Monument. He lives near Memphis, Tennessee.



OEBPS/Images/bck_fig_010.jpg





OEBPS/Images/frn_fig_001.jpg
HOW AN UNLIKELY TEAM OF SCIENTISTS, EX-CONS, WOMEN,
AND NATIVE AMERICANS HELPED WIN WORLD WAR I

LARRY J. HUGHES






OEBPS/Images/bck_fig_009.jpg
/ rotate crystal






OEBPS/Images/bck_fig_008.jpg
arbitrary single
vibration direction

plane of
CO, anions

vibrations in
perpendicular plane of
calcite crystal topage B0
o-ray e-ray
¢ axis = optical axis index = w index =¢'






OEBPS/Images/bck_fig_005.jpg





OEBPS/Images/bck_fig_004.jpg
RAY 1 reflected ray RAY 2
&l






OEBPS/Images/bck_fig_007.jpg
o
e 2a T genie”

(a) Viewed directly down optical axis (b) viewed slightly askew from optical axis





OEBPS/Images/bck_fig_006.jpg





OEBPS/Images/bck_fig_001.jpg





OEBPS/Images/bck_fig_012.jpg
) Paraliei linsar
polarizers
ORS “Type 04"

W

7

d) “Like” circular o) “Unlike" circular
polarizers polarizers
ORS “Type 01R" ORS “Type 02R"

¥l A





OEBPS/Images/bck_fig_011.jpg





OEBPS/Images/bck_fig_003.jpg
A = direction of
vibration
direction of
propagation and
passage of time

+
>

Xt

‘Wave Amplitude y
o

d‘;i





OEBPS/Images/bck_fig_014.jpg
Military Drawings

/1.250/ Mk 1 for Radar Antenna Mk 11 BuOrd 99337 8-16-42
Auxiliary for Mk 9 BuOrd 330405 1-14-43
35 mil Mk 3 for Sperry Mk 15 mod.2,3,11 sight BuOrd 417459 1-24-43
(Sperry 701134)
50 mil Mk 2 general arrangement BuOrd 330736 2-5-43
For Mk 34 sight, Northern Pump BuOrd 365114 3-1-43
35 mil /1.250/ For Mk 17 gunsight; ORS not drawn AvOrd 255479

This list may be incomplete but is thought representative. It incorporates Polaroid records, military schematics, and research by Ross Whistler.

1. Example designation: 01R50NXFES. “O1R" is the target pattern, described above. “50N" is the radius of the first ring; “50" stands for 50 mils, “N"
indicates Navy mils; “A” is army mils (see note above regarding difference between Navy and Army “mils"). Suffixes after the “x" are: “F" = finish; “E"
—edged (ground to specification); “S” = sealed with (usually) glyptal; “N” = notched (a notch in the edge to align the optic’s open cross or parallel to the
axis of polarizing sunglasses, so that the image is not darkened by cross-polarizers).

2. P = Polaroid drawing; BuOrd = Bureau of Ordnance drawing; AvOrd = Navy Aviation Ordnance drawing. The appended number is the issue on the
drawing available to the author or listed in documents known to the author; the date corresponds to that issue (date format is month-day-year). Issue 1
would have been the original version, followed by various modifications. Only the first available issue or subsequent reissues with different specifications,
insofar as known to the author, are presented in the table.

3. Aperture diameter reported as 1.690" on drawing, likely an error: standard size in this range is 1.600".
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Table B.1. Key Design Drawings of ORS Elements and Applications

Optic Size

blank diameter/ Active

aperture diameter/ Dwg.
Designation' thickness (inches) 3-44?7 Intended Use Drawing No. & Date?
Polaroid Drawings
01R50NXFES 1.625/1.600/0.375 Y Navy, unspecified P60004-1 4-30-43
01R50NXFE 1.625/1.600/0.225 Y P60004-4
01R35NXFES 1.340/1.250/0.430 Y Navy; initial contract for 4,000 P60013-2 5-14-43
01R35NXFE 1.340/1.250/0.285 Y P60013-4
04R60AXFS 1.250/1.120/0.375 N Army T29E1 bazooka prototype P60031-3 5-24-43
01R5ONXFES /1.310/0.225 N P60033-1
01R50NXFS /1.600/0.420 N P60043-1
O1R5ONXFS /1.375/0.375 N P60049-1
01R100NXFS /1.600/0.375 N P60053-1
04RBBAXFES-N /1.100/0.225 N P60188-2
01R35NXFE /1.375/0.285 N P60238-1
04RE0AXFE-N /1.100/0.240 N P60248-1
01R35NXFE-N 1.285/1.250/0.287 Y Navy auxiliary to Mk 9 P60382-1 2-24-44.
04RBOAXFE-N45® /1.120/0.240 Y Army, presumably bazooka P60390-1
04RB0AXFSE-N45° /1.120/0.240 Y Army, presumably bazooka P60390-1
01R50NXFE 1.135/1.120/0.225 Y Mk 2; Sperry Bell Aircraft P14008-5 5-14-43
01R35AXFES 1.625/1.600/0.460° Y “ORS #465" P14610-1 6-8-43






