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Prologue - The light that was already there

On the evening of Friday, 8 November 1895, in a darkened room on the Pleicher Ring in Wiirzburg, a fifty-
year-old physics professor repeated an experiment that dozens of other men had performed before him. He
passed an electric discharge through a glass bulb emptied of almost all its air, and he watched the glass glow.
The bulb was completely covered with black cardboard. The room was dark. Nothing should have been
visible beyond it. Yet a small screen of barium platinocyanide paper, lying on the bench some distance away,
began to fluoresce with a faint green shimmer every time the coil discharged [X1][X4].

Wilhelm Conrad Rontgen did not shout. He did not call for witnesses. He spent the next seven weeks alone
in that room, eating there and sleeping beside the apparatus, systematically testing what the invisible
something could pass through and what it could not. Paper, a pack of cards, a book of a thousand pages,
wood, rubber, flesh: transparent. Metal, bone, lead: not. He called the something X-rays, X being the
mathematician's mark for the unknown, and when he finally published, in a modest ten-page paper printed
before the year was out, he gave the world not a theory but a fact [X1][X2].

This book is about the machine that came of that fact. Not the ray alone, though the ray's physics is strange
and beautiful, and not radiology alone, though medicine swallowed the invention whole within months. The
subject is the machine: the glass bulb and the tungsten wire, the induction coil and the high-frequency
generator, the photographic plate and the flat-panel detector, and the industries that grew around making,
selling, shielding, staffing and regulating them. The X-ray machine is a rare object in the history of
technology: it changed what human beings could know, immediately, on the day it was announced. Surgeons
who had operated blind for ten thousand years could suddenly see the fracture before the incision. No other
instrument has made the inside of the living body legible at such speed and at such scale - more than three
and a half billion examinations a year now begin with the press of an exposure button [X32].

The machine's story is also a caution written in flesh. The same rays that revealed the bullet in the soldier's
arm burned the hands of the men who held the apparatus, and the first half-century of radiology is shadowed
by a register of the dead and the maimed that the profession itself carved into stone in a Hamburg hospital
garden [X9][X10]. The industry that emerged - from one-man tube shops in Chicago and Kyoto to a handful
of multinationals selling machines that cost millions - had to learn to make the ray ever more controllable,
ever softer, ever more exactly aimed. That learning is still going on. It is, in a real sense, the plot.

We begin where the ray began: not with Rontgen, but with the glassblowers and pump-makers who had
spent forty years preparing his discovery without knowing it.

What follows is not a history of radiology, which would be a history of a profession, nor a history of X-rays,
which would be a history of a physics. It is the biography of a machine: its birth in a glassblower's art, its
childhood among quacks and martyrs, its working life in hospitals, factories, checkpoints and stars, its
materials and its markets, its dead and its debts. Machines do not write their own biographies; they are too
busy. This one has been busy for a hundred and thirty years. It is time someone kept the minutes.



PART I - THE GLASS OF DARKNESS

Before there was a machine there was a tube, and before the tube there was a craft: the slow, artisanal
conquest of the vacuum. The X-ray was not born in a hospital or a workshop built for the purpose. It was
born in the mature apparatus of nineteenth-century discharge physics, assembled over decades by
glassblowers, pump-makers and instrument dealers whose names the later industry mostly forgot. That
prehistory matters, because the first X-ray machines were not invented so much as re-labelled: for fifteen
years after 1895, the world's supply of X-ray tubes was the same stock of Crookes tubes, Geissler tubes and
focus tubes that the laboratory trade already knew how to make.



Chapter 1 - The electricians of nothing

In the middle of the nineteenth century, the most interesting object in European physics was a sealed glass
tube with two wires in it and very little else. The art of making such tubes belonged to a small guild. Its
master was Heinrich Geissler, a glassblower and instrument maker in Bonn, who from the 1850s produced
tubes of extraordinary delicacy: glass blown into spirals and bulbs, electrodes of platinum sealed through the
walls, and inside them a vacuum previously unattainable, drawn by a pump of his own design that used a
column of mercury as its piston [X2][X5]. With the gas nearly gone, electricity stopped behaving as a spark
and started behaving as something else - a glow that filled the tube, banded and coloured, beautiful enough
that Geissler's tubes were sold as drawing-room novelties before they were instruments.

Two things about this craft should be kept in view. The first is that it was a craft. A good vacuum tube in
1860 was not specified; it was coaxed. The glassworker decided the shapes, the pump-man decided how
many strokes of mercury, and the quality of the vacuum was judged by the look of the glow. The second is
that it was already an industry, if a small one: Geissler's workshop, and rivals such as the firm of E.
Gundelach and later the Miiller company in Hamburg, supplied laboratories and lecturers across Europe and
America on a commercial catalogue basis. When Rontgen needed a tube in 1895 he did not build one; he
bought them, from the established trade, and the trade's cumulative skill - in sealing platinum through glass
without leaks, in getting the pressure down to a hundred-thousandth of an atmosphere - was precisely what
his discovery rested on [X16][X5].

What the tubes contained, once lit, was a puzzle that occupied some of the best experimentalists of the age.
Julius Pliicker of Bonn, using Geissler's glassware, noticed in 1858 that a greenish glow appeared on the
glass wall opposite the negative electrode, the cathode, and that the glow's position could be shifted with a
magnet. His student Johann Wilhelm Hittorf pursued the effect and showed in 1869 that a solid object placed
between the cathode and the glowing wall cast a sharp shadow - whatever was travelling down the tube went
in straight lines, like light, but unlike light it bent to a magnet. Eugen Goldstein, in Berlin, gave the
phenomenon its name in 1876: Kathodenstrahlen, cathode rays [X16][X5].

The cathode-ray argument ran for twenty years and split along national lines. English physicists, following
William Crookes, leaned toward a torrent of charged particles - Crookes spoke of a "fourth state" or "ultra-
gaseous" state of matter and built ever more elegant tubes to display it. German physicists mostly preferred
an aetherial disturbance, a wave process of some kind. The argument was settled in 1897 by J. J. Thomson at
the Cavendish, who measured the ray's charge-to-mass ratio and concluded the particles were real, universal,
and far lighter than any atom: the electron had been isolated. But that was after Rontgen. In 1895 the tube
was a settled commercial object wrapped around an unsettled scientific question, and it was precisely the
best-known property of the cathode ray - its power to make things fluoresce - that concealed the thing
nobody was looking for [ X2][X-F39].

The person who came closest to seeing through that concealment was Philipp Lenard, who had worked in
Hertz's laboratory and by 1892 was studying whether cathode rays could leave the tube at all. They could,
through a thin aluminium window - a "Lenard window" - and outside the glass they made screens glow and
air conduct. Lenard noticed that his rays fogged photographic plates and dimmed with distance. He was, in
retrospect, centimetres and a sheet of cardboard away from the discovery that would instead be Rontgen's;
he had everything except the crucial habit of working in full darkness with a completely wrapped tube [X-
F39]. The history of technology is full of near-misses, but few are as well documented as this one, because
Rontgen himself, scrupulous in print, opened his great paper by citing the Lenard experiments he was
extending.



The lesson the later industry would draw - though nobody phrased it this way in 1895 - is that the enabling
machine preceded the enabling idea. Vacuum pumps, Ruhmkorff induction coils, platinum-through-glass
seals and barium platinocyanide screens were catalogue goods. The X-ray machine's first act was to be
assembled out of stock.

The electricians' world had one more property that mattered: it was networked. The telegraph had already
wired the laboratories together, and the illustrated weekly had wired the public to the laboratories. When the
discovery came, it therefore spread not by letter but by wire and rotogravure - the first scientific sensation of
the mass-media age. The machine was born into an information network as ready for it as the physical one
[X1].

A Crookes-type discharge tube. The ancestor of every X-ray tube: current through rarefied gas, glass aglow.



Chapter 2 - The men who almeost saw it

Rontgen's discovery was so reproducible, and so quickly reproduced, that an uncomfortable question
followed it around: had others produced X-rays without knowing? The answer, established by patient
historical work, is yes - at least twice, with photographs to prove it [X-F39].

The best-documented case belongs to Arthur W. Goodspeed of the University of Pennsylvania. On 22
February 1890, five and a half years before Wiirzburg, Goodspeed was photographing spark discharges from
a Crookes tube in his Philadelphia laboratory. Some coins and other metal objects happened to be lying on a
covered photographic plate nearby, near the operating tube. When the plate was developed, it showed the
coins' shadows - the first accidental X-ray image on record. Goodspeed filed the plate away, puzzled, and
thought no more about it until January 1896, when the news from Germany reached America; he then went
back, reproduced the arrangement deliberately, and understood what he had caught [X-F39]. The plate
survived and is one of the quiet treasures of the history of physics.

Nikola Tesla came close too. In the early 1890s he was experimenting with high-frequency currents and gas-
discharge tubes of his own design, and he observed unexplained marks on plates and odd physiological
effects. After Rontgen's announcement, Tesla re-examined his earlier results and realised some of them were
X-ray images; he moved fast, produced radiographs of his own within weeks, and among the first useful
observations about contrast and exposure - but the priority was gone, and he wrote to Rontgen
congratulating him. There were others in the same position: experimenters who recalled fogged plates stored
near discharge tubes, and at least one instrument maker who had quietly replaced fogged stock for
complaining photographers [X-F39][X2].

The near-misses are not a footnote; they are the proof of what kind of discovery this was. X-rays were being
generated in dozens of laboratories, for years, wherever a Crookes tube ran hard. The rays fogged plates,
tired eyes, and later it became clear, burned skin, all without anyone framing the question "what is passing
through the room?" What separated Rontgen was not apparatus but method: the darkened room, the
completely shrouded tube, the deliberate screen, and above all the seven weeks of exclusion testing - what
does it penetrate, what stops it, does it reflect, does it refract, does it magnetise - that turned an anomaly into
a characterised phenomenon [X1]. Edison's dictum about genius and perspiration is too glib for what
happened in Wiirzburg; the better description is that Réntgen refused to be surprised twice. He treated the
glow on the screen as a fact that had to survive every test he could devise, and only then as news.

That distinction - between an effect noticed and a phenomenon established - would matter enormously to the
machine industry that followed. An X-ray tube is, to this day, a device for producing a characterised
phenomenon on demand: a specified spectrum, at a specified intensity, from a specified spot, for a specified
time. The whole engineering lineage from the gas tube to the modern CT tube is the story of tightening each
of those specifications. It began with seven weeks of one man saying "show me again" to a barium screen.

The near-misses matter to the machine's history for a second reason: they explain its character. Because the
discovery could have been made a dozen times, it was made ready - the physics world possessed the theory,
the apparatus and the photographic record before it possessed the observation. When the observation finally
landed, nothing needed inventing except the name. The machine's instantaneous adoption, which the next
chapter describes, was not luck. It was a debt, twenty years in the accumulating, called in at once [ X1][X2].
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Chapter 3 - The coil and the spark

The machine's first power supply was a thunderstorm in a box. The Ruhmkorff induction coil - an iron core
wrapped in a few turns of thick wire, then miles of fine wire, with a mechanical interrupter hammering the
primary current on and off - made pulses of tens of thousands of volts from a battery, and it was the standard
furniture of the 1890s physical laboratory. When Rontgen needed high voltage, he reached for what every
laboratory already owned [X1].

The coil's temper set the early machine's limits. Its pulses were ragged, its output unmeasured and
unmeasurable; the operator judged the voltage by the length of the spark it would jump, a calibration by
lightning-rod. The alternatives were worse: the electrostatic influence machines - spinning glass plates and
combs of brass, direct descendants of the eighteenth century's electrical amusements - gave smoother power
at the cost of humidity's veto and a roomful of crackling apparatus. Many a hospital's first X-ray room
housed both, and an operator who could read the weather in them [X24].

The transformer and rectifier ended the era, and the high-frequency inverter finished it, but the coil's legacy
persists in language: radiographers still speak of "the spark"”, and the machine's voltage is still measured in
the units of its lightning - kilovolts, counted in tens of thousands, as if the storm were still being counted by
its flashes [X-F32].

11



Chapter 4 - The photographic alliance

The machine found its first professionals not among physicians but among photographers. They alone
understood plates, developers, and the handling of light-sensitive materials in 1896; they had the darkrooms,
the chemicals, the clientele and the nerve. Across Europe and America, photographic studios added
radiography to their trade, and the first X-ray images of whole cities' worth of bones were made by
portraitists who had spent the previous decade arranging families before painted backdrops [X24].

The alliance ran both ways. Photography gave the machine its recording medium and its darkroom craft; the
machine gave photography a scientific prestige and a medical market. The plate-makers - the firms that
coated glass and later film with emulsion - became the machine's first supply industry, and their names
(Agfa, Kodak, Ilford, Fuji) thread the whole twentieth century of this book. The film era of Chapter 22 was
built on their coating lines [X13].

The photographers also wrote the machine's first manuals: how to pose the patient, how long to expose, how
to judge the negative. Their professional journals carried the earliest radiographic technique columns, and
their exhibitions the first radiographic prizes. When the radiographers' profession later formed, it inherited
more than technique from the studios - it inherited a craftsmanly pride in the image itself, the conviction that
a beautiful radiograph and a true one are usually the same [X24].

12



Chapter 5 - The glassblower's art

Before it was an industry, the machine was a craft, and the craft was glass. The early tube was blown, not
built: a bulb of thin glass, electrodes sealed through its walls, a vacuum pulled by pump and flame. Every
laboratory's tube was a little different - the glassblower's thumb was in each one - and the skill of making a
good tube was as guarded as any trade secret. When a tube cracked, which they did with theatrical regularity,
the lab's glassblower earned his week [X1][X24].

The materials set the physics' ceiling. Glass insulated the high voltage, but the discharge's metal ions
sputtered onto its walls and darkened them; the vacuum was never quite hard enough, and as the gas leaked
out through seals and walls the tube "hardened", its resistance rising until no spark could drive it. The
operator's whole craft - the regassing tap, the asbestos warming, the judicious rest - was an argument with
entropy conducted through glass [X5].

The craft did not die; it was absorbed. Modern tube envelopes are still glass or glass-ceramic sealed by
hands that learned from the old trade; the anode stem still passes through glass by a graded seal of glasses
and metals matched in expansion; and the pump's descendant, the turbomolecular pump, pulls the vacuum
the flame never could. The machine's shell is the oldest part of it. Strip the electronics from a modern tube,
and what remains is recognisably the object the Wiirzburg glassblowers would have known [X8].

13



PART II - EIGHT WEEKS IN WURZBURG

The announcement of the X-ray is one of the few moments in the history of technology with a documented
hour, a documented room and a documented sequence of decisions. Between 8 November 1895 and the first
days of January 1896, Rontgen converted an anomaly into a paper, the paper into a sensation, and the
sensation - without his willing it - into an industry. The weeks are worth following closely, because almost
everything about the machine's later character is prefigured in them: its speed of adoption, its intimacy with
the press, its freedom from patent, and its danger.

14



Chapter 6 - The evening of 8 November

The room was Rontgen's second laboratory in the Physical Institute of the University of Wiirzburg, and the
experiment was routine in everything but its outcome. He was repeating Lenard's work on cathode rays - the
stream that flows from the negative electrode of a discharge tube - with the aim of testing how far they acted
outside the glass. To see the faint effects, he had enclosed a Crookes-Hittorf tube entirely in a close-fitting
black cardboard sheath, darkened the room, and was checking the sheath for light leaks by running the tube
[X1][X2].

A metre or more away, on the bench, lay a sheet of paper coated with barium platinocyanide, a salt that
glows green-yellow under cathode rays, ultraviolet, and other excitations. With each discharge it flashed. No
cathode ray could reach it: the known range of Lenard's rays in air was a few centimetres, and the tube was
boxed besides. Something else was leaving the tube, passing through cardboard and a metre of air, and
lighting the screen. Rontgen moved the screen further - it still glowed. He put objects in the way - and saw,
on the fluorescent paper, the shadows of what he held: the metal weights from a balance, the outline of a
compass, and then, unmistakably and strangely, the bones of his own fingers, dimmer soft flesh around dark
bone [X1][X4].

He was fifty, the son of a Lennep cloth merchant, raised in the Netherlands, expelled from school over a
caricature he had not drawn, trained at Zurich under Kundt and Clausius, and known to colleagues as an
experimenter of almost suspicious thoroughness - a man whose papers were short because his tables were
long. He now did the least dramatic and most consequential thing available: he told no one, and he tested.
For seven weeks, through November and December 1895, he worked the anomaly alone, sleeping on a
couch in the institute, having meals brought in. His wife Bertha, living in the same building, later recalled
being told only that he was onto something and was not to be disturbed [X2].

The method he followed was elimination. Could the agent be reflected? Apparently not. Refracted? Not
measurably. Deflected by a magnet? No - and this told him it was not the cathode ray itself. Did it travel in
straight lines? Yes, and it cast shadows sharper the further the object from the source. What stopped it? He
worked through the bench and the household: paper, card, wood, ebonite, rubber, cloth, flesh - passed; glass,
water, most metals at thickness - passed partially; lead, platinum and bone - stopped, or nearly. He found that
photographic plates were affected and so could record what the eye could only glimpse. And he established
the practical rule that would found medical imaging: the absorption rises steeply with density and atomic
weight, so that within a hand the bones stand out from the soft tissue around them as naturally as a coin from
a pocket [X1][X2][X4].

What he would not do was name it after himself. He called the agent simply X-Strahlen - X-rays, X for
unknown. The term was precise about what he knew (a great deal of behaviour) and what he did not (what it
was). In German-speaking lands the name Réntgenstrahlen, Rontgen's rays, took hold anyway and remains;
in English, his unknown X survived, now perhaps the most recognised scientific letter in the world, printed
on airport signage, dental doors and hospital corridors in every language [X1][X2].
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ToTOaRKE G ST UTARST

Wilhelm Conrad Rontgen (1845-1923), discoverer of the X-ray, first Nobel laureate in physics.
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Chapter 7 - Bertha's hand

The most famous photograph in the history of medical imaging was made on 22 December 1895, and its
subject was reluctant. Rontgen asked his wife, Anna Bertha Ludwig, to place her hand on a cassette holding
a photographic plate, and exposed it for about fifteen minutes to the output of his tube. When the plate was
developed, it showed what no image had ever shown: the bones of a living hand, complete in their joints,
surrounded by the faint halo of flesh, and on the ring finger the black oval of her wedding ring, which the
rays would not pass. Bertha's recorded reaction to seeing her own skeleton was not delight but a shudder: "I
have seen my death" [X1][X2][X4].

The remark has been quoted ever since, usually as gothic colour, but it was a straight statement of what the
image does. A radiograph is not a likeness of a person; it is a likeness of the person stripped of person - the
self reduced to structure, the ring outlasting the hand. Artists and writers of 1896 understood this instantly,
and the first cultural responses to the X-ray were macabre jokes and memento-mori poems. For medicine,
the same property was liberation. The image contained diagnosis without incision: a fracture could be
classified, a needle located, a bullet found, without opening the hand to look [X4].

It is worth pausing on the technical fact inside the famous picture, because the whole machine industry is an
elaboration of it. The image is a shadow graph, not a picture in the camera sense: no lens, no focus, just a
source small enough to cast a sharp penumbra, an object that absorbs partially and unevenly, and a detector
that records the transmitted pattern. Every property that matters in a modern system - focal spot size, source-
to-object distance, object-to-detector distance, beam energy, detector response - is already legible in Bertha
Rontgen's hand: the bones' edges are sharp because the source was small; the ring is black because gold
absorbs hard; the flesh is faint because at the tube's soft output it barely differed from air [X1][X5].

Rontgen made the image a month after the discovery, as he prepared to publish. He knew what he had: not a
laboratory curiosity but a seeing instrument, and he selected his demonstration plates - the hand, a door key,
a compass, a shotgun cartridge showing the shot inside - with a showman's instinct that sat oddly with the
rest of his character. On 28 December 1895 he handed his manuscript to the secretary of the Wiirzburg
Physical-Medical Society: "Uber eine neue Art von Strahlen (Vorldufige Mittheilung)", On a New Kind of
Rays: A Preliminary Communication. It ran to about ten printed pages, contained not a single reference
beyond the mention of Lenard and Hertz, and ended by listing open questions. The society's journal printed
it within days, in the issue dated 1895 [X1][X2].

Then Rontgen did something that decided the machine's future as surely as the discovery itself. He ordered
ninety reprints and, on 1 January 1896, began mailing them to physicists, physiologists and instrument
makers across Europe - with prints of the radiographs enclosed. The hand, the key and the compass went
through the post. Within two weeks the news had crossed the Atlantic; within six, any laboratory with a
Crookes tube and an induction coil - and there were thousands - had repeated the experiment. He took out no
patent, and refused every suggestion that he should, saying that his discoveries belonged to the general
public. The X-ray machine was, from its first week, unpatented technology, reproducible by any competent
workshop [X1][X2][X4].

Bertha's own account, given decades later, adds the human note the physics histories omit: she held still not
because she understood the experiment but because her husband asked her to, and she found the bones'
appearance - the death's-head of her own hand - difficult to forget. The first patient experienced, in
miniature, what every patient since has felt: the machine shows you a truth about yourself that you cannot
unsee. The hand with the ring is the founding image of a new intimacy with our own interiors.

17



Hand mit Ringen: the radiograph of Bertha Réntgen's hand, December 1895 - the first X-ray image of a living person.
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Chapter 8 - The year the world changed

The press found the story before the physicists did. On 5 January 1896 the Vienna newspaper Die Presse
carried the report on its front page under the headline "A sensational discovery", and within days the wire
services had it everywhere. The New York newspapers ran the hand photograph. By February 1896 the X-
ray was the most famous phenomenon on earth: lecturers packed halls, department stores sold radiographic
novelties, and a London firm advertised X-ray-proof underclothing for ladies anxious about the new seeing
[X1][X2].

The speed of the medical adoption has no real parallel. On 11 January 1896, within a fortnight of the news,
John Hall-Edwards in Birmingham made the first clinical radiograph in Britain, revealing a sterilised needle
beneath the skin of a colleague's hand; a month later he took the first radiograph to direct a surgical
operation. Within days of the announcement's arrival, Otto Walkhoff in Braunschweig made the first dental
radiograph, lying on the floor for twenty-five minutes with a glass plate wrapped in rubber dam held
between his teeth and tongue - an exposure he described as torture. In Chicago, Emil Grubbe turned the tube
on disease itself, irradiating a woman's recurrent breast cancer in the first recorded - and much disputed -
attempt at X-ray therapy. Battlefield surgeons took the machine to war within three years of the discovery:
by the Spanish-American War of 1898 military radiography was routine, and by the First World War it was
organised at industrial scale, with Marie Curie's radiological cars - the "petites Curies" - bringing the
machine to the casualty clearing stations of France [X13][X14][X42][X9][X22].

Three properties of the machine explain the rush. The first is that it was cheap: any electrician could
assemble a functional X-ray apparatus from catalogue parts for the price of a good microscope. The second
is that it needed no licence: Rontgen's refusal to patent, and the mature state of the glass-and-coil trade,
meant there was nothing to wait for and nobody to pay. The third is that it answered, immediately, the oldest
frustration in surgery - that the body is opaque. Within a year of Wiirzburg there were X-ray departments, X-
ray journals (the Archives of Clinical Skiagraphy appeared in London in 1896, the American X-Ray Journal
in 1897), X-ray societies, and the beginnings of an X-ray trade: small firms in London, Paris, Berlin,
Hamburg, Chicago and New York offering complete "X-ray outfits", tubes included, to hospitals, doctors
and showmen [X42][X22].

The same year also contains the first warning, and it was ignored. Reports of burns began appearing within
months of the craze: experimenters with reddened hands, demonstrators with hair loss, a man in New York
with a deep, slow-healing ulcer after hours of exhibition exposures. The effects were strange - delayed by
days, out of proportion to any sensation during exposure - and most operators, feeling nothing, concluded
there was nothing to feel. Thomas Edison, whose laboratory had plunged into fluoroscope development,
abandoned the work in 1903 after his assistant Clarence Dally was burned too badly to continue; Dally died
of radiation-induced cancer in 1904, the first named American martyr of the ray, and Edison told reporters he
was afraid of it [X9][X10].

So the machine's first year set its double character, which the rest of this book traces. A democratised,
unpatentable, instantly useful instrument spread at the speed of the telegraph; and a hidden hazard spread
with it, at the speed of biology, surfacing years later in the hands and faces of the pioneers. The industry that
grew up to build X-ray machines would spend the next sixty years engineering against its own product's
sting - better tubes, dosed beams, leaded glass, distance, shielding, film badges - until the ray could be used a
million times a day without a burn. But that is ahead of the story. First the machine itself had to become a
machine: not a leaky curiosity of the glassware trade, but a reliable, specified, manufacturable engine of
rays.
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The world's taking of the machine had a rhythm worth noticing. First came the physicists, replicating; then
the photographers, commercialising; then the surgeons, applying; then the public, demanding. Each group
saw a different machine: an instrument, a business, a tool, a marvel. The machine's whole subsequent history
- its physics chapters, its industry chapters, its clinical chapters, its chapters of wonder - is those four visions
still competing, a hundred and thirty years later, for the same glass bulb [ X1][X24].
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Chapter 9 - The bullet and the machine

One machine was present at the deathbed of an American president, and was never switched on. In
September 1901, William McKinley was shot twice at close range at the Pan-American Exposition in
Buffalo. The surgeons opened his stomach, sewed both wounds, and could not find the second bullet; they
concluded it had lodged harmlessly in the back muscles. On the exhibition grounds stood one of the
sensations of the fair - an X-ray machine, displayed as a marvel of the new electricity. It was never used on
the president. The operating team judged that moving and disturbing the patient for an image would do more
harm than the bullet, which the senior surgeon believed would do little once it stopped moving [X-F27].

McKinley died eight days later, of gangrene and infection the ray could not have shown - but the episode
fixed itself in the public mind as the moment the machine's reach exceeded its readiness. Within a generation
the calculation reversed completely: by the 1920s, no American hospital would operate on a gunshot without
a plate, and today the trauma bay's portable X-ray is wheeled in before the surgeon has finished washing.
What changed was not the physics but the machine's maturity - speed, reliability, and the professional
confidence to let an image, rather than a guess, direct the knife.

The bullet chapter has a modern sequel in forensic radiology, where the machine is now the state's witness:
documenting gunshot trajectories in the dead, abuse in the living, and contraband in the smuggled. The
trajectory from Buffalo 1901 - the machine present but unused - to a world where no trauma protocol begins
without it, is the whole history of the machine's acceptance in one small, sad parable [X-F27].

The forensic suite's modern centrepiece is the post-mortem CT - the "virtual autopsy" - which surveys the
whole body before a scalpel touches it. Fractures, projectiles, gas emboli, occult disease: the machine
records them in a permanent, re-examinable form that the courtroom of Chapter 76 can revisit years later.
Some jurisdictions now scan every sudden death; the pathologist's dissection is guided by the radiologist's
map. It is the machine's oldest promise - look inside without cutting - finally kept to the dead as faithfully as
to the living [X-F44].

The bullet, in the end, was recovered at autopsy - too late to matter. The lesson Buffalo taught was not that
the machine could have saved the president, for it almost certainly could not; it was that a hospital had stood
yards from an X-ray machine and not thought to use it. Within a decade, that failure of imagination was
unthinkable. Sometimes the machine's history advances not by invention but by the closing of a gap between
what exists and what is used [X-F27].
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Chapter 10 - The ray in India

The discovery reached India almost as fast as the mail could carry it. Within months of Rontgen's
announcement, Mahendralal Sircar - physician, founder of the Indian Association for the Cultivation of
Science in Calcutta - ordered a Réntgen tube from the Ducretet company in Paris. The cases arrived from the
Customs House in June 1896, missing the fluorescent screen and with the cathode disc slightly bent, as his
diary records with a scientist's ruefulness. On 20 June 1896 he made India's first X-ray experiments - a hand,
overexposed; by 23 June he had successful photographs, and on 3 July he lectured for ninety minutes on "the
new photography" before an audience of more than three hundred [X-F26].

Calcutta's second machine was home-made. Jagadis Chandra Bose - physicist, and later one of India's most
celebrated scientists - returned from Europe in 1897 and built an improved apparatus at Presidency College,
feeding the induction coil through a Tesla transformer for a better spark. The Amrita Bazar Patrika's reporter,
shown a photograph of a human palm in May 1898, wrote that "the ghastly sight will long be vividly
imprinted in our memory" [X-F26]. Bose's apparatus also produced what is likely the first medical use of the
ray in India: in February 1898, at Dr Nilratan Sircar's request, he examined a patient with a broken back,
writing to Rabindranath Tagore to come and watch the machine at work [X-F26].

The clinical institution-building followed in the new century's first years - a chemist importing a machine in
1902, Madras's general hospital claiming an X-ray outfit by 1900, radiotherapy inaugurated at Calcutta
Medical College in 1910, Lady Hardinge Hospital's machine in Delhi in 1918 [X-F26]. The physics
continued too: C. V. Raman took up X-ray scattering at the TACS after his return from England in 1921,
seeding a research school that spread across the country [X-F26]. For an Indian industry, the story matters
beyond antiquarian pride: it shows a scientific culture that absorbed the machine within months, built its
own within two years, and has been building, operating and improving it ever since - from those first tubes
to today's domestic detector and tube ambitions. The X-ray machine is not an import in India. It is an
heirloom.

The modern Indian industry writes the chapter's sequel. Domestic manufacturers now build complete X-ray
systems - general radiography, dental, C-arms, mammography - for the home market and for export, riding
the supply-chain arguments of Part VI in reverse: a country that once waited months for a Paris tube now
designs detectors and assembles tubes of its own. The trajectory from Sircar's customs-house cases to an
indigenous imaging industry is exactly a century, and it is one of the quiet success stories of Indian
technology [X37].
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Chapter 11 - The patent that wasn't

The machine's industrial history begins with a refusal. Offered the obvious fortune, Rontgen declined to
patent his discovery - he wanted the ray free for medicine - and declined to profit from it, giving even his
Nobel Prize money to his university [X1]. The consequence was a commercial free-for-all that shaped the
industry for decades: anyone could build an X-ray machine in 1896, and seemingly everyone did. Instrument
makers, electricians, photographers and outright charlatans sold apparatus within months; the trade catalogue
became the machine's first literature. The vacuum of intellectual property filled with manufacturing instead.
Because no licence fee stood at the door, competition ran on build quality: better coils, harder tubes, steadier
stands. The firms that survived the shakeout - the RGS, the Siemens and General Electric operations, the
Victor Electric that GE would absorb - were the ones whose machines worked every day, and the industry's
later structure, a few deep-pocketed giants, descends from that early selection [X24][X33]. There is a
counterfactual worth pausing on. A patented X-ray would have made one estate rich and perhaps slowed the
ray's spread through the world's hospitals by years; the martyrs' era might have lasted longer for want of
competing instruments. Instead the machine spread at the speed of the telegraph that carried the news, and
the discoverer died in modest circumstances, unlamented by an industry that owed him its existence. The
free ray was the machine's first gift to the public; the patent that wasn't is why this book has so many
chapters. The free ray also made the machine global from birth. Patents bind where law reaches; the
unpatented discovery crossed every border at telegraph speed. Within a year, as this book's India chapter
shows, a tube ordered from Paris was making radiographs in Calcutta; within two, a professor there had built
his own apparatus from journals and ingenuity [X-F26]. No licensing office stood between the discovery and
any workshop on Earth that could wind a coil. That is why the machine's history has so many birthplaces: it
was born everywhere at once, which is what "given to the world" actually means. Rontgen's stance had one
more consequence, rarely noted: it made the machine's improvements shareable too. The culture of the free
ray - publish the technique, show the apparatus, answer the letter from the stranger - persisted in radiology
long after other branches of medicine went proprietary. The profession's journals, its travelling lecturers, its
habit of sending operators to watch each other work: all descend from a discovery that belonged to everyone,
and an inventor who insisted on it [X1].

23



Chapter 12 - The counterfeit ray

Where the machine promised wonder, the wonder-workers followed. The early decades swarm with ray-
adjacent frauds: devices that claimed to diagnose by vibrations, "electronic reactions" read from a drop of
blood, cures administered by boxes full of wires and dials. The most successful operator, Albert Abrams,
built an empire of leased machines that diagnosed everything from cancer to the patient's religion - and died
just before the exposés closed in [ X-F45].

The counterfeit ray matters to this book because it helped define the real one. The medical establishment's
counterattack - the journal investigations, the engineering dissections of fraudulent devices, the professional
licensing that fenced radiology to the trained - built the machine's credibility structure. The American
Medical Association's dismantling of the Abrams boxes, down to having physicists trace their circuits to
nowhere, is a founding document of device regulation [ X-F45].

And the counterfeit never fully dies. Each generation rediscovers the pattern: a box, a mystery, a promise, a
bill. The machine's defence is the same now as in 1924 - open the box, trace the circuit, ask for the evidence.
The true ray's history, with its martyrs and its measurements, is the standing rebuke to every box that claims
the light without the physics.
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PART III - THE ANATOMY OF THE MACHINE

An X-ray machine is three things in one chassis: a source that makes the ray, a shaping system that decides
what kind of ray and how much, and a detector that records what the ray leaves behind. Around those three
sit the power supply, the cooling, the shielding and the controls. Every one of these parts was invented, at
least once, and most of them several times; and each has its own industry behind it - tungsten metallurgy,
vacuum technology, transformer winding, photographic chemistry, semiconductor fabrication. This part
opens the machine up, part by part, and asks how each came to be the way it is.

25



Chapter 13 - What an X-ray is

Rontgen's X stood for unknown for seventeen years. The rays acted like light in some respects - straight
lines, photographic action, no deflection by a magnet - and unlike it in others: no measurable reflection or
refraction, and a penetrating power that increased with the tube's hardness. In 1912 Max von Laue, in
Munich, had the decisive idea: if X-rays were electromagnetic waves, their wavelength would be of the
order of the spacing between atoms in a crystal, so a crystal should diffract them as a grating diffracts light.
Friedrich and Knipping ran the experiment on a copper sulphate crystal and produced the first diffraction
pattern. The ray was a wave after all - light of a wavelength a thousand times shorter than the eye can see,
sitting on the electromagnetic spectrum between ultraviolet and the gamma rays of radioactive decay [X-
F39][X5].

That placement tells you what the ray is good and bad for. A medical X-ray photon carries an energy of tens
to a little over a hundred kilo-electron-volts, tens of thousands of times the energy of visible light. At those
energies, a photon does not glance off an atom as visible light does; it interacts with individual electrons, and
it can knock an electron clean out of its atom. That is ionisation, and it is the root of both the machine's
power and its danger: ionisation in a photographic plate or a detector pixel records the image, and ionisation
in living tissue breaks molecules, including the molecules of heredity [ X-F39][X22].

The machine therefore lives by a bargain. To see inside the body, it must pass a shower of ionising photons
through it; every useful shadow is bought with absorbed energy in the tissue. Radiology as an engineering
discipline is the century-long attempt to pay as little as possible for each picture - to use exactly the photon
energy that separates the structures of interest, exactly the number of photons that a detector needs, delivered
to exactly the anatomy under study and nowhere else. The units have changed - erythema dose, rontgen, rad,
rem, gray, sievert - but the bargain has not [X-F32][X-F62].

One more property completes the foundation, and Rontgen found it on his first night: penetration is not
uniform across materials. Absorption rises steeply with atomic number and density, which is why lead
shields, bone shadows, and metal foreign bodies all show themselves, and why the machine can sort a
suitcase or a casting as readily as a chest. The differential absorption is the whole trick. Without it the ray
would pass through everything alike and record nothing [X22][X28].

The naming itself carries a lesson. Rontgen chose "X" for the unknown, and the unknownness was real: for
seventeen years the ray's nature was argued - particle or wave, aetherial pulse or projectile - while the
machine was already at work in every hospital. Medicine did not wait for physics to finish the definition.
The pattern would repeat across the machine's history: use precedes understanding, and understanding, when
it arrives, improves the use. Laue's 1912 answer - a wave, of atomic-scale length - closed the first argument
and opened crystallography; the practical chapters of this book never paused for either [X2].
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Chapter 14 - Braking light and fingerprints

An X-ray tube's output is not one ray but a spectrum, and the spectrum is built by two different accidents of
physics in the anode [X5][X6].

The first is braking. An electron boiled off the cathode and flung across the tube by, say, 100 kilovolts
arrives at the anode with the whole of that energy. In the anode it dives into the electric fields of tungsten
nuclei and is deflected and slowed, and each deflection sheds energy as a photon. The German for braking
radiation is bremsstrahlung, and the name stuck. Because the braking can happen in any number of partial
steps, the photons come out at every energy from nearly zero up to the full electron energy - a continuous
smear of a spectrum, rising from nothing to a sharp cutoff at the voltage the tube is set to. Set the tube to 80
kilovolts and no photon can exceed 80 kilo-electron-volts; the cutoff is set by the machine's dial, and that
dial, the kilovoltage, is the radiographer's first control over contrast and penetration [X5][X22].

The second mechanism is a fingerprint. A few of the arriving electrons strike atoms hard enough to eject an
electron from an inner shell. The vacancy is filled by an electron falling from an outer shell, and the fall
releases a photon of one exact energy - the difference between the shells, fixed by the anode's atomic
structure. For tungsten, the deepest such falls give photons near 59 and 67 kilo-electron-volts: the
characteristic lines, sharp spikes sitting on the bremsstrahlung smear. Change the anode metal and the spikes
move: molybdenum's lines lie near 17 and 20 kilo-electron-volts, exactly where soft-tissue imaging wants
them, which is why mammography tubes carry molybdenum targets [ X5][X25].

It was these lines that made the X-ray the second great instrument of atomic physics. In 1913-14 Henry
Moseley, working in Manchester and Oxford, measured the characteristic lines of the elements in sequence
and found they stepped in perfect order, element by element. The step was not atomic weight but a new,
clean quantity: the number of charges in the nucleus, the atomic number. Moseley's X-ray spectra
straightened the periodic table, placed the rare earths in order, and predicted missing elements before they
were found. He was twenty-six. In 1915 he was killed at Gallipoli, and the Royal Society's rule against
awarding Nobel prizes posthumously was not bent for him; physicists have counted his loss among the war's
particular crimes against science ever since [X-F61][X6].

The spectrum chapter of the machine's anatomy has a practical coda. Because the soft end of the
bremsstrahlung smear is absorbed by skin and superficial tissue without ever reaching the film, it adds dose
without adding image. So every diagnostic tube carries filtration - a window of aluminium, sometimes
copper - that strips the softest photons out of the beam before they reach the patient. The filter does nothing
for the picture and everything for the person. It is the smallest and cheapest safety device in the machine,
and its logic - cut the photons that cannot help - is the logic of the whole mature art [ X-F32][X22].

The spectrum is also the radiographer's silent partner. Every exposure factor on the console - the kilovoltage,
the filtration, the milliampere-seconds - is a command addressed to this curve: raise the voltage and the
continuum shifts right and hardens; add aluminium filtration and its soft left edge is shaved away before it
can dose the patient's skin without reaching the film. The console is a spectrum-shaping instrument disguised
as three knobs, and the physics chapters of this book are, in a sense, its manual [X8].
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Emission spectrum of a tungsten-anode tube at 100 kVp
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Emission spectrum of a tungsten-anode tube at 100 kVp: the bremsstrahlung continuum with tungsten's characteristic lines
superimposed.
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Chapter 15 - What the ray meets

Between the focal spot and the film, the ray must cross whatever is put in its way, and what happens in that
crossing decides the image. Two interactions dominate the diagnostic range [X22][X28].

At lower energies, the photoelectric effect rules: the photon vanishes whole, transferring all its energy to an
inner-shell electron, which is ejected. The probability of this happening varies roughly as the cube of the
absorbing atom's number and falls steeply with photon energy. Bone, with its calcium (atomic number 20),
absorbs photoelectrically far more strongly than the hydrogen-carbon-oxygen water of soft tissue; lead, at
82, absorbs ferociously. The steep atomic-number dependence is what gives the radiograph its natural
contrast - bone white, tissue grey, air black - and what makes iodine (53) and barium (56) such useful
drinkable and injectable contrast agents, as a later chapter describes [X22][X25].

At higher energies, Compton scattering takes over: the photon strikes a loosely bound electron, gives up part
of its energy, and ricochets off in a new direction at reduced energy. Compton events do not build the image;
they blur it. A scattered photon lands on the detector far from the line it left the tube on, recording a false
grey where anatomy dictated none, and it sprays radiation sideways into the room, which is why fluoroscopy
suites are lead-lined and why staff stand behind screens. The machine's answer is the anti-scatter grid - a
plate of thin lead foils aligned to the beam, sitting just before the detector, passing the straight photons and
eating the scattered ones. Gustav Bucky invented it in 1913; Hollis Potter improved its geometry in 1920 by
moving the grid during exposure to blur out its own lines; radiographers still speak of the "Bucky" and the
"Potter-Bucky" as if the men were in the next room [X5][X22].

The sum of the two interactions, for a given tissue and photon energy, is captured in the attenuation
coefficient: how strongly a millimetre of this material eats the beam. Everything the machine computes -
exposure settings, CT numbers, bone-density scores - is arithmetic on attenuation coefficients. Hounsfield's
great step in computed tomography, described in Chapter 36, was to put a scale on those numbers, with
water at zero and air at minus a thousand, and the scale is still printed on every CT console in the world
[X16][X24].

There is a third door the photon can take, but it opens only above a million electron-volts: pair production,
the conversion of the photon into an electron and its antiparticle. Diagnostic machines never reach it; it
belongs to radiation therapy and to the gamma cameras of nuclear medicine, which this book deliberately
leaves to another volume - those are stories of radioactive sources, not of the machine-made ray [X22][X28].

The matter chapter's strangest resident deserves its sentence: the photoelectron's fate. When the ray ejects an
inner electron, the atom repairs itself in nanoseconds - an outer electron drops into the hole, and the energy
leaves as a characteristic photon or an Auger electron. The imaging beam's interaction thus lights up the
patient with a faint fluorescence of their own elements. It is usually lost in the noise; in the fluorescence
spectrometers of Chapter 16 it is the whole signal. The body, irradiated, quietly announces what it is made of
[X10].
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Chapter 16 - The element hunters

The machine's beam, turned back on the elements themselves, settled the deepest question in chemistry:
what an element is. In 1913-14, a young Manchester physicist named Henry Moseley mounted samples in an
X-ray tube and read the characteristic rays they emitted. Each element sang at its own frequency, and the
frequencies marched in a perfect staircase - not by weight, as chemistry had always ordered its table, but by
a whole number Moseley could count: the charge on the nucleus, the atomic number. The staircase had gaps,
and the gaps were undiscovered elements; the table had misplaced pairs, and the ray put them right [X-F61].

The discovery rewrote the periodic table's foundations in a single year. What made cobalt cobalt and nickel
nickel was not weight but that integer; what made an element impossible to transmute was not stubbornness
but identity. Moseley's X-ray spectra even settled a dispute about the rare earths that chemistry had been
unable to resolve by any chemical means - the ray simply counted [X-F61].

Moseley was killed at Gallipoli in 1915, at twenty-seven, and science counts him among the war's worst
losses. His instrument's legacy is everywhere in this book: the K-alpha and K-beta lines that mammography
tunes itself to, the characteristic spikes on every tube's spectrum, the fluorescence that reads paintings and
ore samples, all obey the staircase he measured. The machine had shown medicine the inside of the body; in
Moseley's hands it showed physics the inside of matter itself [X-F61].

The technique Moseley founded - reading an element's identity from its characteristic X-rays - became an
instrument in its own right. X-ray fluorescence spectrometry needs no chemistry at all: shine the beam, read
the answer, and the sample reports its composition. The ore sorter at the mine head, the scrap dealer's
handheld analyser, the conservation scientist's pigment map and the customs laboratory's counterfeit detector
all run on Moseley's staircase. His year of measurement became, in the end, a whole branch of analytical
industry - one more industry the machine carries that its inventor never lived to see [X-F61].

Moseley's staircase also gave the machine a second calibration language. Every characteristic line is a fixed
point of nature: the mammography physicist who specifies 17.5 keV, the diffractionist who sets a
monochromator, the fluorescence analyst who identifies an unknown alloy - all are dialling Moseley's
integers. The elements turned out to be a keyboard, and the X-ray tube is still the simplest instrument that
can play it [X-F61].

The war that killed Moseley killed the staircase's immediate promise, and the scientific world knew it.
Rutherford, his chief, wrote the obituary with unusual bitterness; the Nobel he would surely have shared
went unclaimed. The machine's dead are usually counted among its operators. Moseley belongs on a
different memorial - the one for the discoverers the century spent in its trenches [ X-F61].
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Chapter 17 - The gas-tube era

For eighteen years after Wiirzburg, every X-ray machine in the world was built around a tube that worked by
accident management. The Crookes-type X-ray tube - the gas tube, or cold-cathode tube - was a glass bulb
holding a trace of residual air at perhaps a hundred-thousandth of atmospheric pressure, an aluminium
cathode dished like a mirror to focus, and a platinum target. There was no filament. The electrons came from
the gas itself: the high voltage ionised the few remaining air molecules, the positive ions slammed into the
cathode and knocked electrons free, and those electrons raced to the target and made X-rays [X5][X8].

It worked, and it was miserable. The tube's whole personality depended on how much gas remained inside,
and that amount changed as you used it: gas was steadily absorbed into the glass and metal, the vacuum
hardened, the voltage needed to run the tube climbed, and the output grew harder and weaker until the tube
stopped conducting altogether. Operators carried the art of "regulating the vacuum" - warming a side-bulb of
mica or chemicals with a small flame to release a puff of gas back into the tube, softening it again. A tube
could be too soft (penetrating nothing) or too hard (penetrating everything, burning the patient and fogging
the film), and its temperament drifted from exposure to exposure. Radiography in the gas-tube era was a
negotiation with the apparatus, and the men who were good at it - and they were mostly men with burns to
prove it - were valued as much for tube-taming as for anatomy [X5][X8].

Yet this crude engine was manufactured at scale, and its industry is worth a paragraph of respect. In
Hamburg, C.H.F. Miiller - Geissler's heir in the glassware trade - was blowing focus tubes of exceptional
quality; in Dresden, Koch & Sterzel built elegant apparatus; in Chicago, the Victor X-Ray Corporation,
founded in 1893 as an electrical-instrument shop, became the largest American maker, selling complete
outfits through a national catalogue; in London, Paris, Vienna and Kyoto - where the Shimadzu works took
X-ray pictures in 1896, within a year of the discovery, and went on to build Japan's first medical X-ray
apparatus - dozens of workshops turned the laboratory tube into a hospital product [X31][X-F56].

The gas tube's fundamental flaw was that its two controls were welded together. The tube's voltage set the
ray's hardness, but in a gas tube the voltage was hostage to the gas pressure; and the current through the tube,
which set the quantity of rays, came from the same ionisation. Hardness and quantity could not be adjusted
independently. A radiograph that needed more penetrating power got it only by accepting a weaker, longer
exposure, and vice versa. The machine needed a tube in which the electron supply came from somewhere
controllable. William David Coolidge, a chemist at the General Electric Research Laboratory in
Schenectady, supplied it - by way of light bulbs, of all things [X6][X8].

The gas tube's final indignity was quantitative. Its output drifted with its vacuum, so no two exposures were
alike; the radiographic exposure tables of the era carry asterisks upon asterisks - "for a soft tube", "for a
medium tube", "for a hard tube" - a whole taxonomy of unreliability. The Coolidge tube's gift was not power
but repeatability: the milliamperes and kilovolts of the modern console are, at bottom, a promise that today's
machine is yesterday's machine. The gas tube could never have made that promise, and its era's burns are
partly the price of that failure [X8][X9].
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Chapter 18 - Coolidge's wire

The road to the modern X-ray tube runs through the electric lamp. In 19506 Coolidge had been set by GE to a
metallurgical problem: tungsten made superb lamp filaments but was as brittle as chalk, unworkable by any
die. After years of experiment he found that hot-swaging the metal, then drawing it through progressively
finer dies at carefully controlled temperatures, aligned its crystals into fibres and yielded ductile tungsten - a
wire that could be bent, coiled and wound. By 1911 GE's lamps ran on Coolidge wire, and the ductile-
tungsten process became one of the foundations of twentieth-century electrical industry [X16].

In 1913 Coolidge turned the same wire to the X-ray problem. His insight was to separate the electron supply
from the gas entirely: heat a tungsten filament in a high vacuum - a truly hard vacuum, the best pump
technology could give - and electrons would boil off it by thermionic emission, in numbers set purely by the
filament's temperature, which is to say by a dial. The hot-cathode or Coolidge tube had three terminals and
two independent controls: filament current set the quantity of rays, tube voltage set their hardness. For the
first time an X-ray machine could be prescribed - 70 kilovolts, 100 milliamperes, half a second - and the
prescription would be the same tomorrow as today [X6][X16][X8].

The clinical effect was immediate and large. Exposures that had run to minutes fell to fractions of a second,;
moving organs could be frozen; bedside machines became practical; and during the First World War, armies
fitted Coolidge tubes into field radiography trucks, including the French radiological cars organised by
Marie Curie, who had taught herself the new apparatus and then taught a generation of operators - her "little
Curies" carried the new tubes to a million examinations by war's end [X13][X14][X6].

Coolidge, characteristically, gave the tube to the world the way Rontgen had given the ray: GE manufactured
it and licensed it broadly, and the design became universal within a decade. The tube's descendants are in
every radiology room now. The filament is still a coil of tungsten wire, the vacuum still as hard as the
factory can make it, the physics still Coolidge's. What has changed around his core is everything else -
target, housing, bearings, cooling, control - and the story of those changes is the story of fighting the tube's
great enemy: heat [X5][X6].

The Coolidge tube's reception deserves a final word. It was not merely adopted; it was adopted immediately,
by an industry that had spent two decades fighting the gas tube's moods. Within a few years the new design
was the standard against which "X-ray tube" was defined - so completely that the gas tube survives only in
museums and in the phrase "soft tube", once a technical classification, now a curiosity. Genuine revolutions
are recognised in retrospect by how thoroughly they erase their predecessors. By that test, 1913 was the
machine's true founding year [X8].
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The Coolidge hot-cathode tube: electrons boiled from a heated filament strike an angled tungsten target;
about one per cent of their energy becomes X-rays, the rest becomes heat the anode must shed.

The Coolidge hot-cathode tube in section.

[By permission of Messrs. The Brilish Thontson-Houston, Ltd.
A Coolidge X-ray Tube for producing X-rays.

An early Coolidge tube: the hot-cathode, high-vacuum design that made the modern machine possible.
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Chapter 19 - The anode problem

Here is the machine's central embarrassment: an X-ray tube is a furnace that happens to make X-rays. Of the
energy poured into the electron beam, about one per cent comes out as X-rays. The rest - 99 per cent -
becomes heat, dumped into a spot on the anode that may be a millimetre across. During a heavy exposure
the focal track can reach 2,500 degrees Celsius, in a metal whose melting point is 3,422. The history of X-
ray-tube engineering is, in large part, the history of managing that one hot spot without melting the machine
[X5][X6]. The first answer was mass: big copper anodes to soak the heat, tungsten inserts to take the
bombardment, and oil or water jackets to carry the heat away. The second answer was geometry. The
sharpness of a radiograph demands the smallest possible source, but the heat capacity of the anode demands
the largest possible bombardment area. The industry's mature answer was the line-focus principle: angle the
target face, so the electron beam sees a long, wide footprint while the detector, looking along the slant, sees a
small spot. The apparent focal spot could be a millimetre square while the real bombarded strip was ten
times as long - sharp pictures at high loading [X5]. The third and decisive answer was motion: make the
anode a spinning disc, so the electron beam writes its heat onto a continuously fresh ring of metal. The
rotating anode, developed through the 1920s and brought to practical form in the 1930s, multiplied
permissible loading by an order of magnitude and made the short, heavy exposures of chest radiography and
later angiography routine. A modern rotating-anode tube is a small masterpiece: a molybdenum or tungsten-
rhenium-faced disc up to twenty centimetres across, spinning at up to ten thousand revolutions a minute on
bearings that run in vacuum, lubricated by soft metal films, glowing at the focal track, shedding heat almost
entirely by radiation to the oil-filled housing outside. CT has driven the genre to extremes - tubes rated to
dissipate megajoules per scan, anodes with graphite heatsinks brazed to the disc, liquid-metal bearings to
quieten and cool the race [X5][X6][X33]. And yet the basic bargain Coolidge struck remains: electrons
boiled from tungsten, flung by voltage, stopped by tungsten, one per cent converted to light that sees. When,
in later chapters, we meet the industry's supply anxieties - tungsten prices, bearing metallurgy, the handful of
firms worldwide that can build a CT-grade tube - they all trace back to this chapter's furnace [X33][X37].
The anode's engineering is a study in managed extremes. The focal track where the electrons land runs at
white heat; the disc behind it must not crack under the thermal shock of each exposure; the bearings must
spin for years in vacuum with no conventional lubricant. The solutions - rhenium alloyed into the tungsten
for toughness, graphite backing as a heat sink, liquid-metal bearings in the newest designs - read like
answers to a riddle set by a sadist. Every quiet click of the exposure switch is the end of that riddle, solved
again [X8][X-F32].

William David Coolidge at work in the General Electric Research Laboratory.
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Chapter 20 - The hundred-thousand-volt supply

The tube is the heart; the generator is the muscle. Producing a controlled beam of X-rays means producing a
controlled voltage of tens to a hundred and fifty kilovolts, at currents up to an ampere, for exposures that
may last a millisecond or a minute - and doing it beside a patient, safely, for decades. The generator's own
history runs in three generations [ X5][X28].

First came the induction coil: the Ruhmkorff coil of the lecture hall, a step-up transformer for interrupted
direct current, with a mechanical interrupter buzzing at its core. This was what ran Rontgen's tube and the
gas-tube outfits of 1896 - heavy, temperamental, and limited in both voltage and stamina. Large installations
added static machines and, later, high-voltage transformers, but the output was always a swinging waveform,
so the tube idled through the low parts of each cycle and made its useful rays in bursts at the peaks [X28].

The second generation was the high-tension transformer with rectification. By the 1920s and 1930s, hospital
machines drew on the mains through large iron-core transformers and valve rectifiers, smoothing the
kilovoltage into something steadier and doubling the useful output by using both halves of the cycle. The
cost was weight: a mid-century X-ray generator was a room of iron and oil, and the transformer had to sit
close to the tube because its output travelled through thick high-voltage cables. The mobile machine was a
trolley of lead-acid accumulators and hope [X5][X6].

The third generation arrived with power electronics. In the late 1980s, high-frequency inverter generators
began replacing the iron: convert the mains to direct current, chop it at tens of kilohertz with fast switches,
step up the chopped waveform, and rectify again. Because transformers shrink as frequency rises, the new
generators were small enough to ride in a mobile unit or inside the gantry of a CT scanner, and their
kilovoltage was flat and precisely regulated by feedback, not waved along by the mains. Exposure times
could be specified to the millisecond; dose fell because fewer soft, useless photons were made; and the same
electronics enabled the rotating gantries and pulsed fluoroscopy of modern machines. The smartphone-era
descendant is the battery-powered handheld X-ray unit weighing a couple of kilograms - a thing the men of
1896, wrestling induction coils onto horse-drawn carts, would have refused to believe [ X5][X28].

With source, spectrum and supply in place, one member of the machine's anatomy remains: the eye at the far
end - the detector. Its history is a book in itself, and takes the next part.

The generator's modern form is the machine's least photographed triumph: a cabinet of high-frequency
inverters that turns the wall's fifty or sixty cycles into a hundred kilohertz, multiplies it to a hundred and fifty
thousand volts, and holds it steady to a fraction of a per cent while the anode boils. The old induction coil's
spark and stutter are gone; the modern beam is metronomic. Imaging's reproducibility - the same
examination, every time, on every machine - is largely the generator's doing, and it is why Chapter 43's
phantoms have meaningful scores to keep [X-F32].
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PART IV - SEEING

The ray is invisible; the machine is only as good as what it uses to catch the shadows. Detection has had
three great lives: glass plates and fluorescent screens in the age of the pioneers, photographic film with
intensifying screens for most of the twentieth century, and the flat-panel digital detector from the 1990s.
Each change of eye changed the machine around it - its dose, its size, its economics, and the industries that
supplied it, from photographic chemistry to amorphous-silicon semiconductors.
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Chapter 21 - Shadows on glass

Bertha Rontgen's hand was recorded on a photographic glass plate, and for sixty years the radiograph
remained a photograph: a silver-halide emulsion on glass, later on flexible film, exposed by the transmitted
ray and developed in a darkroom. The chemistry was borrowed wholesale from photography, and the great
photographic firms became, without much noticing it, the first imaging-component industry of the X-ray
machine [X22][X-F55].

Photographic film, though, is a poor counter of X-ray photons: most of the beam passes through the thin
emulsion without blackening a single grain. The remedy came within a year of the discovery and from an
unexpected quarter. Thomas Edison, hunting among thousands of fluorescent materials for one that would
convert X-rays efficiently into light, settled in 1896 on calcium tungstate: a salt that absorbs the invisible
photon and re-emits its energy as a shower of blue photons, to which film is exquisitely sensitive.
Sandwiched between two such intensifying screens, film needed only a fraction of the exposure - twentieth,
then fiftieth - and the radiograph went from a minute-long ordeal to a sub-second snapshot. The patient paid
less dose for every picture; the screen is one of the quietest life-savers in the machine's history [X22][X9].

Edison's other contribution was the fluoroscope: a screen of the same salt, viewed directly, so the physician
could watch the shadow of the living, moving body - peristalsis, a beating heart, a swallowed coin. He
demonstrated it within months of the announcement, and it was his assistant Clarence Dally who tested the
devices on his own hands until they were burned beyond use; Dally's death in 1904 ended Edison's interest
in rays entirely. The fluoroscope survived its maker's remorse and became the eye of interventional
medicine, once it had been made safe enough to look through [X9][X10].

The plate era's discipline deserves a moment's respect. With no second chance and no instant preview, the
radiographer of 1920 carried the whole exposure calculation in experience: the patient's build, the tube's
mood, the plate's speed, the developer's temperature. Exposure charts - the laminated cards of factors by
body part - were the era's clinical decision support, and a good operator's "eye" was a calibrated instrument.
The digital machine's forgiving retake culture is built on the abolition of all that skill; whether something
was lost with it is a question the old radiographers still ask, not entirely in jest [X13].

The plate's last stand is worth recording. Computed radiography - the reusable photostimulable plate, read by
a scanning laser - bridged the film and digital eras by keeping the cassette's familiar workflow; hospitals
could digitise without rebuilding. For two decades the CR reader hummed beside the darkroom it was
replacing, and in much of the developing world it hums still. Transitions in the machine's history are never
clean; they are sedimentary, each era's technology lying over the last [X13].
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A normal posteroanterior chest radiograph: the machine's most frequent product.
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Chapter 22 - The film years

For eighty years the machine's memory was chemistry. The radiograph was a sheet of film - silver halide
crystals in gelatin on a plastic base - and every stage of its life was a craft: the exposure judged by
experience, the development in tanks of developer and fixer, the drying cabinet, the viewing box. The
darkroom was the radiology department's beating heart, and its red light and chemical smell defined the
machine's world for three generations [X13]. The craft's great leap was the intensifying screen: a sheet of
phosphor that converts X-rays to light, pressed against the film so that light, not the ray itself, does most of
the exposing. Screens cut the dose to a twentieth of what bare film required - one of the largest single dose
reductions in the machine's history, won not by physics but by materials. The screen-film combination was
tuned for a century: faster screens, finer grain, rarer earths, until the pair achieved a sensitivity the pioneers
would have thought impossible [X13]. Film's limits were its virtues inverted: one copy, one shot, no second
window. An underexposed plate was gone forever; a study lent to a surgeon was lost to the file. The digital
detector's victory, chronicled elsewhere in this book, was over those limits, not over film's quality - a well-
made film radiograph remains a beautiful object. Hospitals still keep their old film libraries in basements and
off-site stores, the physical memory of millions of patients, slowly being digitised or decaying. The machine
remembers differently now, but it remembers. The film years left the machine one more inheritance: the
language. "Film speed", "latitude", "burning in" - the radiographer's vocabulary is photographic to the core,
and it survived the darkroom that coined it. Even the word "exposure" carries the old chemistry's assumption
that the image is made once, irreversibly, at the moment of the click. Digital practice quietly broke that
assumption - the raw detector data can be re-rendered endlessly - but the word stayed, as words do. The
machine's memory is digital now; its tongue is still silver halide [X13]. One film-era institution deserves its
own sentence: the reporting room's alternator, the wall of motorised panels that carried a hundred films past
the radiologist's light boxes. It was the PACS of 1975 - mechanical, deafening, and surprisingly fast. The
reading room's silence today is not the absence of the machine but the absence of its machinery; the work is
the same work, quieter [X-F42].
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Chapter 23 - The living screen

For half a century, watching X-rays meant standing in the dark. The fluoroscopic screen was dim, so the
radiologist worked in a blacked-out room, eyes adapted for half an hour beforehand, goggles of red glass
worn between cases to preserve the adaptation. Dose, to patient and doctor alike, was heavy; the image was
fleeting; and the glass screen itself offered no recording unless a camera was interposed. Two inventions
ended the dark age [X22][X23].

The image intensifier, developed in the years around 1950 - the physicist John W. Coltman at Westinghouse
is usually credited with the first practical device - put an evacuated tube between screen and eye. The X-ray
pattern fell on a large input phosphor, was converted to electrons, and the electrons were accelerated and
minified onto a small output phosphor, gaining brightness a thousand-fold and more. The dim ghost became
a bright picture that could be viewed in daylight, photographed with a cine camera, and - decisive for
everything after - picked up by a television camera and shown on a monitor. The radiologist stepped out of
the beam's path and out of the dark; the procedure room filled with people watching a screen [X22][X23].

The C-arm then hung tube and intensifier on opposite ends of a great steel C, free to swing around the
patient on a mobile base, and the operating theatre acquired its imaging engine. Orthopaedic reductions,
pacemaker leads, spinal screws, biliary stones, coronary stents: the whole of image-guided intervention rests
on the C-arm's geometry. The market around it - fixed angiography suites at the top, mobile C-arms in the
middle, mini C-arms for extremity work at the bottom - is a distinct industry in its own right, worth about
two and a half billion dollars in 2024, dominated by the same handful of imaging houses that sell the big
machines, with the specialists of the tube and detector trades behind them [X23][X-F10].

Fluoroscopy's price was dose: minutes of live beam where radiography used milliseconds. The discipline
that grew to control it - pulsed beams, last-image-hold, dose-area-product meters on every console - is part
of the protection story told in Part V.

The intensifier's image had a character its users still mourn a little: round, small, with the faint vignetting of
electron optics - and live. Watching a barium swallow course down on the intensifier's screen was medicine's
first real-time internal cinema, and the generations trained on it learned anatomy as motion, not as stills. The
flat panel shows more and shows it bigger; whether it teaches the eye the same fluency is a debate the older
radiologists have not finished having [X14].

The living screen changed who the machine's operator had to be. A static image forgives; a moving
examination is conducted, like an interview, in real time - the barium followed by eye, the patient turned, the
spot images caught at the telling moment. Fluoroscopy made the radiologist an operator again, hands on the
patient, eyes on the screen, judgement on the wing. The darkened fluoroscopy room, with its red-lit figures
leaning into the screen, was the machine's most theatrical workplace until the catheter laboratory inherited
the stage [X14].
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Chapter 24 - Film to pixels

The third eye grew out of semiconductor physics, and it retired the darkroom. The transition came in two
steps [X22][X-F55]. The first step looked like a detour: computed radiography. In 1980 Fujifilm introduced
a cassette that looked and handled exactly like a film cassette but held, instead of film, a plate coated with
photostimulable phosphor. The plate stored the X-ray image as trapped electrons; a laser scanner swept the
plate, released the trapped energy as light, and a photomultiplier turned the light back into an image - digital,
adjustable, transmissible. Hospitals could go digital without changing a single cassette habit, and CR spread
through the 1980s and 1990s as the bridge technology, carrying the world's radiology departments from the
film library to the PACS network one cassette at a time [X22][X-F55]. The second step removed the
cassette: direct digital radiography, built on the flat-panel detector. Two families emerged. Indirect panels lay
a scintillator - caesium iodide needles or gadolinium oxysulphide - over an amorphous-silicon photodiode
array etched like a display screen, reading out charge from each pixel. Direct panels skip the light entirely: a
layer of amorphous selenium over the same transistor array converts X-ray photons straight into charge. By
the early 2000s the flat panel had reached the clinic, and the radiograph became what it is now: an exposure,
a two-second wait, an image on a screen, sent to the archive before the patient has sat up. The same panels,
mounted in the C-arm and the angiography suite, displaced the image intensifier in turn; the fluoroscopy
chain went flat-panel digital in the 2010s [X22][X-F55]. The detector's industrial geography shifted with
each step. Silver-halide film belonged to Rochester, Leverkusen, Ilford and Tokyo; storage phosphors were a
Fuji speciality, fought over by Kodak and Agfa; flat panels are semiconductor devices, and their makers -
Varex in Salt Lake City, the Trixell consortium in France, iRay in Shanghai - buy clean-room capacity and
thin-film transistor lines like any display house. The photographic giants that missed the turn did not all
survive it and print, and Fujifilm alone of the old film majors made itself an imaging-systems company, a
story told with the other makers in Part VI [ X-F55][X-F55]. The pixel's arrival changed what a radiologist's
error could mean. On film, a missed finding stayed missed in one basement; in the archive, it is re-findable
forever - by the next reader, by the audit, by the plaintiff's expert. Digital memory made the profession
permanently accountable to its own past, and the teaching file and the discrepancy meeting of Chapter 72 are
the constructive half of that new permanence [X-F42].

41



Chapter 25 - Painting the soft parts

The natural radiograph is a bone picture. Soft tissues - muscle, gut, vessels, tumours - differ from one
another in density by so little that the early beam could not separate them, and the first generation of
radiologists looked at the abdomen as one looks at fog. The escape was to put contrast into the patient: to fill
a hollow structure with something the ray cannot pass, or with something it passes too easily, and
photograph the difference [X22][X25].

Air was tried first, and then, from 1910, the heavy metals. Barium sulphate - an inert, insoluble, intensely
radio-opaque powder - became the standard meal: swallowed as a milkshake for the gullet and stomach,
given as an enema for the colon. The barium meal and barium enema defined gastrointestinal radiology for
seventy years, and the white-column images they produced remain some of the most elegant in the field.
Iodine took the vascular route: injected, it rides the bloodstream and turns arteries and veins into a roadmap.
The early iodinated agents were vicious - sodium iodide burned, and the first organic compounds carried
risks of their own - but chemistry through the mid-century produced safer tri-iodinated molecules, and then
non-ionic agents, until the modern contrast injection is an unremarkable minute in a CT session [X22][X?24]
[X25].

The contrast business is a chemical industry of some size inside the machine's shadow: a handful of
pharmaceutical houses - GE HealthCare's pharmaceutical diagnostics arm, Bayer, Bracco of Milan, Guerbet
of France - manufacture iodinated and barium agents in bulk, and the volumes are striking, because every
contrast CT and every angiogram consumes a bottle. The supply fragility showed itself in 2022, when
pandemic restrictions disrupted a concentrated supply chain and created a worldwide shortage of contrast
medium, forcing hospitals to ration studies for months - a reminder that the machine's inputs reach back into
bulk chemistry as surely as into tungsten [X29][X33].

What contrast made visible, surgery made useful. The filled vessel was first a diagnosis - here is the
aneurysm, here the blockage - and then, with the catheter, a route of treatment. That transition, from imaging
the body to operating through its own plumbing, has its own chapter next.

The modern contrast examination has acquired one more layer: the injector is networked, its volumes
logged, its data fed to the same dose-tracking systems that watch the tube. The painted shadow is now an
audited shadow - every millilitre accounted for alongside every milligray. The machine's two consumables,
photons and ink, finally share a ledger [ X-F33].

The contrast era's pioneers paid the usual price. Early iodine compounds were toxic by modern standards -
the sodium iodide loads of the 1920s, the thorium dioxide suspensions sold as Thorotrast, which illuminated
vessels beautifully and seeded liver cancers decades later. Thorotrast's withdrawal and its victims' long
surveillance are the contrast story's martyrs' chapter: the inks, like the ray, were learned at the expense of the
generation that tried them first [X-F33].
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Chapter 26 - The painted shadows

The ray sees density, and most of the body's business is conducted in tissues of nearly identical density - so
radiology learned to paint. Contrast agents are the machine's inks: substances carried to an organ to change
how it stops the beam. Barium, swallowable and insoluble, coats the gut's lining white and has done since
the early years of the century; iodine, injected into the blood, lights the arteries, the kidneys and every
vascularised tumour, and rides every modern CT angiogram. The element is chosen for its atomic number:
barium at 56 and iodine at 53 stop diagnostic X-rays far better than the carbon-and-water body around them
[X22].

The contrast examination is a choreography of timing. The iodine bolus races through the circulation in
seconds, and the scanner must catch it in the arterial phase, the venous phase, the delayed wash-out - each
window answering a different clinical question. Modern power injectors synchronise with the gantry to the
second; the patient feels a wave of warmth and a metallic taste, and the machine takes its pictures on the
heartbeat [ X22].

The inks carry their own ledger. Iodinated contrast stresses the kidneys and occasionally triggers reactions,
so the radiology suite screens renal function and keeps rescue drugs within reach - one more entry in the
dose-and-risk accounts that run through this book. But the bargain is ancient and sound: a calculated,
disclosed risk taken to make the invisible visible. When the angiogram's painted tree of vessels appears on
the screen, it is worth remembering that the image is half machine, half ink - and that the ink, like the ray,
was learned at the expense of the generations who tried it first [X22].

The inks have their own industrial story, and it runs through this book's supply chapters. Iodinated contrast
begins as iodine mined from Chilean desert caliche and Japanese brines, is synthesised by a handful of
specialist chemical plants, and reaches the hospital as one of imaging's most strategic consumables - a fact
the world learned in 2022, when a single factory's COVID shutdown forced hospitals on several continents
to ration contrast studies for months. The machine's appetite is physical: every angiogram is a claim on a
mine, a plant and a supply chain. The painted shadows have a long shadow of their own [X37].

The oldest contrast story is the strangest. Barium sulphate's qualification is not only its atomic number but
its utter indifference: insoluble, unabsorbed, biologically inert, it passes through the gut like a ghost that
happens to be radiopaque. Patients have swallowed it by the tumbler for a century; it tastes of chalk and
peppermint, and it has killed fewer people than almost any drug ever administered. Sometimes the machine's
inks are safer than its light - a fact the early iodine experimenters, testing compounds on themselves, learned
the hard way [X22].
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Chapter 27 - The catheter's eye

In 1929 a twenty-five-year-old surgical trainee in Eberswalde, Werner Forssmann, did what his superiors had
forbidden: he inserted a ureteral catheter into the vein of his own forearm, pushed it up to his heart, and
walked to the radiology room to have the position confirmed on film. The first cardiac catheterisation in
history was self-experiment, documented by an X-ray. Forssmann was fired for it, worked in obscurity, and
in 1956 shared the Nobel Prize in Medicine for it [X45].

For two decades the technique remained a daring diagnostic. The man who made it routine was a Swedish
radiologist, Sven-Ivar Seldinger, who in 1953 described a beautifully simple access method - needle into the
vessel, guidewire through the needle, needle off, catheter over the wire - that let a catheter be placed in any
reachable artery through a puncture no larger than the wire itself. The Seldinger technique, endlessly
adapted, is still how almost everything gets into the vascular tree; the Lancet marked its fiftieth anniversary
by calling it one of the most influential papers the journal ever published in its field [X-F54].

With access solved and the image intensifier providing live pictures, angiography matured into
interventional radiology. Charles Dotter in Portland opened a narrowed leg artery with catheters in 1964 and
called it, prophetically, "transluminal angioplasty"; Andreas Griintzig made the coronary balloon famous in
1977; stents followed in the 1980s. Each step raised the demands on the machine: digital subtraction
angiography, which photographs the vessels before and during contrast and subtracts the bone away pixel by
pixel; road-mapping, which freezes a mask image over the live fluoroscopy; and eventually the modern
angiography suite - a robotic C-arm, flat-panel detector, ceiling-mounted, in a room of lead and computers,
costing several million dollars and serving cardiology, neurology and surgery alike [X23][X24][X-F54].

The interventional suite is where the X-ray machine most resembles an operating instrument rather than a
camera, and where its dose discipline matters most: a complex procedure can run the beam for an hour. It is
also where the industry's economics are richest - the suites are the flagship products of the big imaging
houses, and their installation numbers are watched as a market bellwether [X-F10][X-F10].

The catheter laboratory is also the machine's most dose-intensive workplace, and its operators wear the
modern version of the pioneers' risk: lead aprons, ceiling-suspended shields, dosimeters at collar and wrist.
Interventional radiologists' occupational exposure is the highest in medicine, and their cataracts and left-
sided brain tumours - the beam comes from below and to the left - are tracked in the literature with the same
care once devoted to the martyrs' dermatitis. The lesson of Chapter 37 was not learned once; it is re-learned
by every generation that finds a new way to stand close to the beam [X-F32].
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Chapter 28 - The slice

The plain radiograph's last great limit is that it flattens. A three-dimensional body is projected into a two-
dimensional shadow, and every structure along the ray's path is summed into one grey. The liver hides the
lesion behind the rib; the brain hides everything. The solution - scan the head from many angles and let a
computer solve for the interior - was arrived at independently by a South African physicist and an English
engineer, and it won them the 1979 Nobel Prize in Medicine [X16][X24].

Allan Cormack, at Cape Town and later Tufts, worked out the mathematics in papers of 1963-64: a body's
internal map of attenuation coefficients can be reconstructed exactly from a complete set of line integrals
through it - from enough X-ray projections taken around the patient. The papers attracted almost no
attention. Godfrey Hounsfield, at EMI's research laboratory in Hayes, Middlesex - the same EMI that was
meanwhile selling Beatles records, whose profits Hounsfield's laboratory enjoyed - built the machine
without knowing Cormack's work: a rotating source and detector scanning a patient's head in fine angular
steps, hundreds of readings per degree, fed to a minicomputer that solved for the attenuation of each voxel in
an 80-by-80 grid. The first clinical CT scan of a patient was made at Atkinson Morley Hospital, Wimbledon,
on 1 October 1971: a woman with a suspected brain lesion, scanned over five days of acquisition and two
and a half hours of computation. The cyst showed [X16][X24].

What followed was the fastest capital-equipment race in medical history. EMI's scanner, announced in 1972,
created the market and briefly owned it; within five years General Electric, Siemens, Picker, Technicare and
a dozen others were shipping machines, and the "generations" succeeded one another almost yearly - pencil
beam to fan beam, translate-rotate to rotate-only, then the ring of fixed detectors with only the tube spinning.
Scan time fell from five minutes per slice to under a second. Spiral CT in 1989 let the table move
continuously through the gantry; multislice arrays from 1998 turned one revolution into many slices; dual-
source and wide-detector machines now image a beating heart between beats [ X16][X24].

The CT scanner is the X-ray machine's flagship and its cash engine: the highest-priced product in general
imaging, the largest consumer of high-performance tubes and detectors, and the platform on which the next
revolution - photon-counting detection - is now arriving. It also carries the field's deepest dose obligations,
since one CT examination delivers what hundreds of chest films would; the balancing of that equation runs
through Parts V and IX [X24][X34][X-F40].

The slice's mathematics deserves its moment of awe. From a thousand views, each a set of shadow-sums
through the body, the reconstruction must infer a million unknowns - the attenuation of every voxel - from a
million equations, and it must do so before the next patient is positioned. The algorithm that does it, filtered
back-projection, ran the world's first CT on minicomputers; its modern iterative successors use the graphics
processors of the gaming industry. The scanner is, among other things, one of the largest sustained
computations in civilian life, performed as a routine, thousands of times a day [X24].

The slice also changed the machine's political economy. CT was the first imaging technology expensive
enough to require planning permission: health systems rationed the early scanners by region, and "a CT
scanner" became a unit of hospital modernity, counted by ministers and demanded by voters. The machine
that had begun as an instrument any photographer could buy became, in a single generation, infrastructure -
with all of infrastructure's politics [ X24].
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A modern multi-slice CT installation: the rotating gantry that carries tube and detectors around the patient.
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Chapter 29 - Two special machines

Two branches of medicine built their own X-ray machines, tuned so specifically to their anatomy that they
form distinct industries: the breast clinic and the dental chair [X25][X9].

Mammography is the physics of small differences. The breast is all soft tissue; the calcifications that betray
early cancer are grains a fraction of a millimetre across. A general tube cannot see them. The dedicated
machine therefore runs unusually soft rays - molybdenum or rhodium targets whose characteristic lines sit
exactly where soft-tissue contrast peaks, compression paddles to spread the tissue thin and still,
magnification geometry, and the finest focal spots in the business. The first purpose-built mammography
units appeared in the 1960s; organised screening followed the American Health Insurance Plan trial, which
showed in the 1960s and 70s that finding cancers earlier with mammography saved lives; and the field then
regulated itself into the tightest quality regime in imaging, codified in the United States by the
Mammography Quality Standards Act of 1992. Digital mammography arrived at the turn of the millennium,
and digital breast tomosynthesis - a limited-angle CT of the breast, reconstructing thin slices from a small
arc of exposures - after 2011. Screening mammography is now one of the largest single uses of the medical
X-ray machine, and its champion manufacturer, Hologic of Massachusetts, built a Fortune-list company on
the specialisation [X25].

Dental radiography is the opposite pole: the smallest, commonest, most numerous X-ray machines on earth.
Otto Walkhoff made the first dental radiograph on himself in January 1896 - a twenty-five-minute exposure,
plate held against his teeth, and a blistered mouth for his trouble. The field then miniaturised: film packets
wrapped for the mouth, then the bite-wing for caries survey, then the panoramic machine sweeping the jaws
in one pass, then intraoral digital sensors from the 1980s, and finally cone-beam CT - a compact scanner
rotating once around the head to reconstruct the jaws in three dimensions - which spread through the 2000s
and made the dental office a 3D imaging site. The installed base is enormous, the unit price small, the
manufacturers a different set of specialists - Planmeca of Finland, Dentsply Sirona, Carestream Dental,
Vatech of Korea - and the examination itself the most frequently performed radiographic procedure in the
world [X9][X-F11].

Between the breast clinic and the dental chair, the pattern of the whole industry is visible: the machine
specialised, anatomy by anatomy, until "the X-ray machine" was a family of a hundred related devices, each
engineered to its task, each with its own standards, market and makers - and all of them recognisably
Coolidge tubes throwing shadows at detectors.

The special examinations share a secret structure: each is a negotiation between the ray's physics and one
organ's stubbornness. The breast will not show its tumours without soft rays and pressure; the bowel will not
show its lining without barium's coat; the vessel will not show its tree without iodine's timing. The
specialties are the machine's dialects, and the general radiographer learns them as languages - same
grammar, different vocabulary, lifelong fluency [X24][X25].

The specialties guard one more frontier: the pediatric and the geriatric extremes, the pregnant patient, the
patient in the intensive-care bed who cannot travel to the machine. Each constraint has bred its own sub-craft
- the incubator film, the pregnancy protocol, the ICU portable study - and each is a reminder that the

machine's "routine" is a privilege of the ordinary patient. The special examinations are where the machine's

generalities are negotiated, one body at a time [X32].
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Chapter 30 - The softest ray

Mammography is the machine turned gentle and exacting at once. The breast offers no bone to silhouette
and almost no natural contrast - gland, fat and tumour differ by a few per cent in stopping power - so the
examination inverts the ordinary radiographic instincts. Where a chest film wants a hard, penetrating beam,
mammography wants the softest usable rays: tube voltages around 30 kVp, targets of molybdenum or
rhodium whose characteristic lines, at 17.5 and 19.6 keV for molybdenum, sit precisely in the energy
window where soft tissue contrast is best [X25].

The rest of the machine is reimagined around that soft beam. Compression - the feature patients remember -
spreads the tissue thin and uniform, cutting scatter, motion and dose all at once. The detector must resolve
microcalcifications a fraction of a millimetre across, the deposits that can mark early cancer, so
mammography detectors carry the finest pixels in routine radiology. And the modern machine adds a third
dimension: tomosynthesis swings the tube in an arc and reconstructs thin slices of the breast, freeing lesions
from the overlapping tissue that hides them on a flat film [X25].

The clinical stakes shaped an entire screening politics. The U.S. Preventive Services Task Force
recommends biennial screening from forty to seventy-four; the American College of Radiology urges yearly
screening from forty; Canadian and European guidance settles at intervals of two to three years in the fifties
and sixties - the differences reflecting honest argument about benefit, overdiagnosis and radiation risk in a
healthy population [X25]. Whatever the interval, the examination is one of the highest-volume cancer
screens on Earth, and the machine that performs it is the most specialised descendant of Rontgen's tube in
routine use: a general-purpose discovery, tuned over a century to one organ, one energy band, one
unforgiving task.

The screening machine's social architecture deserves a note of its own. Mammography is delivered at
population scale through dedicated units, mobile vans and national recall systems - an invitation, an
examination, a double-read, a letter with the result. The chain is only as strong as its softest link, and the
softest link is always the woman's decision to attend. Everything the machine can do - the soft beam, the fine
detector, the gentle compression - is wasted if the appointment is not kept. Public health's word for this is
uptake, and whole careers are spent moving it by a few per cent. The softest ray ends, fittingly, as a
negotiation with fear [X25].

The softest ray also produced radiology's fiercest technologists. Mammography positioning is a contact craft:
the technologist's hands shape the examination, drawing the tissue onto the detector, and the quality of the
image - on which a woman's early warning may depend - is set in those few seconds of skilled, apologetic
pressure. The specialty's audits show it plainly: image quality tracks the operator more than the machine. In
the gentlest examination, the human hand is still the sharpest instrument [X25].
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Mammography: compression spreads the breast thin for the softest, finest examination in radiology.
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Chapter 31 - The tooth's portrait

Dentistry met the ray before radiology had a name. Otto Walkhoff's twenty-five-minute self-exposure of
January 1896 - the "torture" he described - was the first dental radiograph, and the mouth has been the
machine's most faithful customer ever since [X9]. The reasons are structural: teeth are the densest tissue in
the body, caries and abscesses announce themselves in shadow, and no other diagnostic method answers the
dentist's daily questions half so well.

The instruments evolved into a family of their own. The bitewing - a small film or sensor held between the
teeth - became the world's most frequently taken X-ray. The panoramic machine swung source and film
around the head to unroll the whole jaw onto one image. And cone-beam CT, arriving in the late 1990s,
brought three-dimensional imaging to the dental chair at a fraction of medical CT's dose, transforming
implant planning and endodontics. The operatory X-ray set is also a design study in miniaturisation: a short
tube on a counterweighted arm, aimed by a lined-up cone, driven by the same tungsten physics as its hospital
cousins [X5].

The economics match the ubiquity. Dental imaging is a multi-billion-dollar global market - about 2.3 billion
dollars in 2023, projected roughly to double by 2030 - carried almost entirely by small private practices
rather than hospitals, a structure unique in the imaging business [X59]. Every week the machine answers
millions of small questions - is there a cavity, how deep is the pocket, where does the root canal turn - and in
doing so it performs, unremarked, the oldest clinical service it ever rendered.

The dental chapter also writes the machine's smallest print. Intra-oral sensors are the most numerous X-ray
detectors on Earth; their design - a wafer-thin digital plate, a wired or wireless link, a shape meant for a
mouth already full of fingers - is a study in constraint. And the operatory's safety discipline is radiography in
miniature: a scatter field measured at the chair, a thyroid collar on the child, a beam aimed so that no other
patient shares it. The questions may be small - a cavity, a cracked root - but the machine answers them with
the full rigour of its physics, millions of times a week, in rooms no larger than a cupboard [X2].

The tooth's portrait has one more modern frame: the digital sensor's instant image changed the conversation
in the chair. The dentist turns the screen to the patient and shows the cavity, the abscess, the cracked root -
the shadow as evidence in a negotiation about treatment. No other branch of radiology shares its images so
immediately, and none uses them so directly to justify a decision made minutes later with a drill. In the
dental surgery, the machine is not only a diagnostic instrument but a counsellor.

A panoramic dental radiograph: the whole jaw unrolled by a swinging beam.
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Chapter 32 - The bone's biography

Bone was the machine's first subject, and it remains the only tissue the ray can weigh. Densitometry - the
measurement of bone mineral density - turns the radiograph's qualitative whiteness into a number, and the
instrument that does it, the dual-energy X-ray absorptiometry scanner, is a study in subtlety: two beams of
different energies pass through the hip or spine, and because bone and soft tissue fade differently between
the two spectra, the machine can subtract the flesh and leave the mineral. The result, a density compared
against the young-adult reference, is the T-score by which osteoporosis is diagnosed and fracture risk is
managed [X-F42]. The examination is among the machine's gentlest - a dose a fraction of a chest film's, a
few minutes on a padded table - and among its most consequential, because osteoporosis is a silent disease
whose first symptom is often a broken hip, and a broken hip in the elderly is a mortal event. Screening the
density of the ageing skeleton, and re-measuring it to watch treatment work, is the machine in its actuarial
mode: not finding what is wrong today but pricing the risk of tomorrow [X-F42]. There is a pleasing
historical circle in it. Rontgen's first image showed the world that bone stops the ray; a hundred years of
physics later, the machine measures exactly how much stopping power a particular patient's skeleton retains
- the shadow, become an instrument of prevention. The hand on the plate has grown old, and the machine
has learned to keep its bones. The scanner's precision has made it the referee of an entire therapeutic field.
Every osteoporosis drug trial is read, in the end, by densitometry: did the hip's mineral content rise, did the
spine's. The machine's two-energy subtraction is so stable that changes of a few per cent - the whole
therapeutic effect of a year's treatment - are visible against its noise. Few instruments in medicine audit a
drug's honesty so directly. The bone keeps its biography in mineral; the densitometer is its careful reader [X-
F42]. The scanner's small cousin deserves mention: the peripheral densitometer, a suitcase-sized unit that
measures the heel or wrist where no room-sized machine will ever go. Its readings are screening-grade rather
than diagnostic, but in the access-challenged world of Chapter 65, a screening-grade answer at the village
fair beats the perfect answer two bus rides away. Even the bone's biography, it turns out, has a portable
edition [X-F42].
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Chapter 33 - The small patients

Children are not small adults to the machine; they are the most radiosensitive patients it will ever meet, and
the least able to hold still. Their tissues divide faster, their life expectancy gives any radiation-induced cancer
decades to declare itself, and their small bodies, placed in machines calibrated for grown-ups, can receive
several times the intended dose if nobody adjusts the settings. WHO counts some 350 million paediatric
examinations a year among the world's 3.6 billion - every one of them a judgement call made on a child who
cannot make it [X32].

The profession's answer is a discipline of its own. Paediatric protocols scale the exposure to the body
actually on the table; automatic exposure control, properly configured, stops the beam when a child's smaller
tissue has passed enough photons; shielding and immobilisation replace repetition - the unforgivable sin of
paediatric radiography is the repeat film, because it doubles the dose for an avoidable error. The referral
conversation matters most of all, and WHO's guidance is blunt: an unjustified scan on a child is not caution,
it is harm [X32].

The small patients also produced the machine's most human images. The incubator X-ray, the child's first
chest film, the scoliosis series that follows a spine through adolescence - radiographers who specialise in
children speak of the work as half technique, half theatre, a performance of calm that wins three seconds of
stillness. The machine's history began with a hand; some of its best work still ends with one, much smaller,
held gently in place.

The paediatric chapter also carries the machine's best argument for its own restraint. Because children are so
sensitive, every advance that lowers dose arrives first and matters most in the children's suite - and every
discipline learned there spreads outward to adults. The paediatric radiology community's campaigns for
child-sized protocols changed the whole industry's default settings; the machine adults now meet has been
civilised, in part, by what was demanded on behalf of its smallest patients. In the ledger of the beam, the
children's column drove the arithmetic for everyone [X32].

The children's hospitals have quietly become some of the machine's most innovative workplaces. Lower-
dose protocols, faster sequences, child-life specialists who coach the three-second stillness, detectors shaped
and decorated for small patients - the paediatric suite is where the machine's human factors are engineered
hardest, because its users are least able to adapt to it. What is learned there - about fear, about speed, about
dose - flows back into the adult machine, as Chapter 41's ledger attests [X32].

The smallest patients of all are the newborns in intensive care, imaged through incubator walls on detectors
slid beneath them like the leaves of a book. Their chest films - the machine's frailest routine work - are read
for lines, tubes and the complications of prematurity, and their dose records are watched across weeks of
daily imaging. In the neonatal unit the beam's ledger is kept to the third decimal place, because the patients
have the longest futures to protect [ X32].
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Chapter 34 - The ray goes to war

The machine's first mass mobilisation was not in a hospital but on a battlefield. When Germany declared war
on France in August 1914, Marie Curie - twice a Nobel laureate, her laboratory emptied by conscription -
saw at once what the new ray could do for the wounded: show the surgeon the bullet, the shrapnel, the
broken bone, before the knife. She talked the French government into making her Director of the Red Cross
Radiology Service, wheedled cars and money out of wealthy acquaintances, persuaded body shops to turn
the cars into mobile X-ray vans, and begged manufacturers for donated equipment. By late October 1914 the
first of twenty radiology vehicles was at the front; the poilus called them the petites Curies, the little Curies
[X13].

The vans were only half of it. Curie also organised fixed radiological posts behind the lines and a training
programme for the operators the work required - mostly women, taught physics, anatomy and positioning in
a crash curriculum she designed herself; her seventeen-year-old daughter Irene ran radiography at a field
hospital. Between the vans and the posts, over a million wounded men were X-rayed on the Allied side by
war's end [X13]. The other armies built their own services; the Coolidge tube had arrived just in time to
make front-line radiography dependable rather than experimental [X8].

The war changed the machine's social position permanently. A generation of surgeons had learned to trust the
image under the worst possible conditions; a generation of women had entered the profession that would
become radiography; and the machine itself had been proven mobile, durable and indispensable. When
peace came, no hospital board could be told that radiography was a luxury. The petites Curies had made the
argument better than any salesman could.

The military thread never left the machine. Between the wars, armies kept radiographic units in their medical
corps; in the Second World War, mobile field sets and hospital ships carried the Coolidge tube from North
Africa to the Pacific; and today the deployed military hospital arrives with digital radiography and CT in
containerised form, the petites Curies' direct descendants, networked to specialists half a world away. The
logic Curie established in 1914 has never been refuted: the closer the machine to the wound, the more lives it
saves. Every ambulance bay and every field hospital in this book is built on her arithmetic [X13].

Curie's own accounting of the war years, written afterward, is characteristically austere: the physics of the
ray, the organisation of the service, the training of the operators - and almost nothing of herself. The vans,
the million examinations, the daughter at the field hospital: all rendered as problems solved. It is the voice of
the machine's whole profession, heard for the first time - the beam's servants, reporting for duty [X13].
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A "petite Curie": one of the twenty mobile radiology vans Marie Curie put on the Western Front.
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Chapter 35 - The beam at sea

The machine's most isolated postings float. Every large ship - the cruise liner with five thousand souls, the
aircraft carrier, the offshore platform's support vessel - carries a sick bay, and the modern sick bay carries the
ray: a compact digital radiography set, bolted to the deck, networked by satellite to a radiologist ashore. The
teleradiology of Chapter 74 reaches its extreme at sea, where the nearest hospital may be a helicopter ride
over open water [X-F42]. The sea imposes its own discipline on the machine. The ship rolls, so the patient
and the detector move together or not at all; power is ship's power, with its own moods; and the operator is
often a medical officer of general training, coached by the remote reader through the positioning. The
examination that takes three minutes ashore may take twenty at sea - and still arrive at the reading station
before the patient has been wheeled out [X32]. Navies perfected this first, as they perfected so much of the
machine: the hospital ship's X-ray room is a century old, and the damage-control logic of military medicine -
image early, evacuate by the image - descends from Curie's vans by way of every fleet action since. The
beam goes where the patient is. Sometimes the patient is at sea.
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PART V - THE PRICE

Every account of the X-ray machine must pay its debt to the burned. The ray that made the inside of the
body visible also damaged the bodies of those who worked with it - silently, without pain at the time, and for
thirty years without being believed. The story of radiation injury and protection is not a scandal appended to
the machine's history; it is one of its main engineering inputs. The modern machine - filtered, collimated,
shielded, interlocked, metered - is the shape it is because of what the ray did to Dally, to Hall-Edwards, to
the tube-makers' testers and the shoe-shop clerks, and because of the profession that eventually measured,
named and limited the dose.

The ray's power to heal was always shadowed by its power to harm. This part tells the hardest story in the
book - the burns, the cancers, the deaths of the pioneers - and the discipline, measured in sieverts and rule
books, that the world built in answer.
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Chapter 36 - The burns

The first radiation injury on record appeared within months of the announcement. In 1896, experimenters
reported reddened, peeling hands; a demonstrator at a public exhibition lost hair where the beam had
lingered; observers noted that the effects appeared days after exposure and healed badly, if at all. Because
nothing was felt during exposure - no heat, no sting - most operators dismissed the reports, or blamed the
electricity, the ultraviolet, the ozone, anything but the ray [X9].

The pattern of injury became horribly familiar: first dermatitis of the hands that held the tube or the patient,
then chronic changes - thickened skin, brittle nails, warts - then, after years, cancers of the skin at exactly
those sites, and blood disorders in the most exposed. The physics explains the delay: ionisation breaks
molecules, the damage is molecular and statistical, and the body's bill arrives slowly, as failed repair and,
eventually, malignant growth. The early operators received in a week what a modern radiation worker is
permitted in a career [X9][X-F32].

Resistance came from authority as much as ignorance. Established physicians resented the implication that
their miracle harmed; manufacturers had no interest in admitting it; and the ray's obvious benefit to patients -
the fracture found, the bullet located - seemed to outweigh a few sore hands. What broke the denial was the
accumulation of names: respected radiologists losing fingers, dying of leukemia and aplastic anaemia, in
numbers too visible to explain away. By the 1920s the British X-Ray and Radium Protection Committee was
meeting; by 1928 the international congress had formed the body that became the ICRP; by the 1930s the
first quantitative tolerance doses were proposed. The machine's second half-century would be defined by the
question the first refused to ask: how much is too much [X-F32][X-F62].

The early burns taught the machine's first clinical lesson: the injury is delayed, cumulative and invisible at
the moment it happens. Operators who felt nothing developed dermatitis weeks later; patients exposed in one
sitting showed erythema days on, and the dose that produced it varied wildly because no two gas tubes ran
alike. Standardisation was impossible until measurement existed - which is why the unit-makers of Chapter
40 were not pedants but first responders to an invisible fire [X20][X-F32].

The burns also wrote the machine's first consent problem. Patients were irradiated for minutes at a time, for
conditions from ringworm to unwanted hair, by operators who did not know - or did not say - what the
exposure could do. The epilation clinics of the 1920s, which X-rayed women for cosmetic hair removal and
left thousands with permanent damage, are the darkest corner of the story: the ray sold as beauty treatment,
its price paid decades later in skin cancers. Regulation, when it came, was written over those cases [X20].
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Chapter 37 - The martyrs

The ray has a monument. In the garden of the St. Georg hospital in Hamburg stands a stele erected in 1936
by the German radiological societies: the Ehrenmal der Radiologie, the monument to the honour of
radiology, inscribed with the names of physicians, physicists, technicians and laboratory workers who died
of radiation injury. The first stone carried some 170 names from a dozen countries; later stones have added
more. It is probably the only monument in the world raised by a profession to the victims of its own
instrument [ X9].

The names carry the story better than any generalisation. Clarence Madison Dally, Edison's glassblower and
chief tube-tester, who habitually proved each new tube by radiographing his own hand, suffered progressive
burns from 1896, lost both arms by stages to epithelioma, and died in 1904, aged thirty-nine - the event that
ended Edison's X-ray work and made the first American public lesson of the ray's danger. John Hall-
Edwards of Birmingham - who on 11 January 1896 made the first clinical use of the rays in England,
radiographing a colleague's hand to reveal a needle, and who then took military radiography to the Boer War
- suffered progressive radiation damage to his hands, endured amputation of his left hand, and died of the
disease in 1926; he spent his last years pressing protection standards on his colleagues. Elizabeth Fleischman
of San Francisco, a bookkeeper's daughter who taught herself radiography in 1896 and became the most
accomplished X-ray operator on the American Pacific coast, imaging wounded soldiers of the Spanish-
American War, died on 3 August 1905, aged thirty-eight - the first woman recorded as killed by the ray [X9]
[X10][X42].

The monument's lesson is written in its dates. The names thin out after the 1930s - not because the ray
changed, but because the machine did: shielded housings, distance, lead glass, film badges, and the
measured, enforced dose limits described in Chapter 39. The martyr era is the baseline against which the
modern machine's safety engineering should be read. Every interlock and lead apron in a radiology
department is, in a direct line, a name on that stone [X9][X-F32][X-F62].

The memorial's roll is worth pausing over. Physicians, physicists, technicians, nurses, manufacturers'
demonstrators - the categories themselves tell the story: the machine killed without regard to rank, from
professors to the assistants who held the patients. Some names carry their case histories: hands amputated
finger by finger over years, faces eroded by recurring cancers, leukemias diagnosed by the blood counts of
the victims' own students. The stone is not a symbol. It is a census [X22].

The memorial tradition has one living expression: radiology's remembrance ceremonies, where the roll is
read and the profession's students hear the names. The pedagogy is deliberate. Before the trainee is trusted
with the beam, the beam's history is trusted to the trainee - the burns, the leukemias, the slow amputations.
Every radiographer who steps behind the glass does so, in a sense, in the martyrs' place. The memorial in
Hamburg is stone; the memorial that matters is the habit [X22].
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The X-ray martyrs' memorial in the garden of St George's Hospital, Hamburg, dedicated 1936.
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Chapter 38 - The shoe shop

The strangest machine in this book stood in a shoe shop. The shoe-fitting fluoroscope - the Pedoscope, the
Foot-O-Scope - was a wooden cabinet at the front of the store. The customer put on the new shoes and
slipped their feet into an opening at the base; above were three viewing ports, one for the customer, one for
the parent, one for the salesman, and through them all three could watch, live, the bones of the foot wiggling
inside the shoe on a fluorescent screen. The X-ray tube was directly under the feet, at 50 kilovolts and a few
milliamperes, with a single millimetre of aluminium as the only shielding. A typical fitting ran twenty
seconds. Some models offered three intensities: highest for men, middle for women, lowest for children
[X19][X20].

The inventor was probably Dr Jacob Lowe, a Boston physician who had built a boot-on fluoroscope during
the First World War to speed the processing of injured soldiers, adapted it to shoe-fitting after the war, and
demonstrated it at shoe retailers' conventions in 1920 and 1921. His Foot-O-Scope - patent applied for in
1919, granted in 1927, assigned to the Adrian Company of Milwaukee for $15,000 - went on sale at $900,
mahogany cabinet included, and the industry it seeded sold, by common estimate, about ten thousand
machines in the United States, three thousand in Britain, and thousands more elsewhere. For thirty years the
machine was a sales feature: it turned a squirming child's fitting into scientific theatre, and it flattered the
modern shoe shop's claim to precision [X19][X20].

The machine's defenders argued, truly, that a single fitting delivered a tolerable dose. The flaw was
arithmetic: nobody counted fittings. Children were X-rayed at every new pair, sometimes several pairs an
outing; the machines were demonstrators, run for amusement; and the clerks stood beside them all day, every
day, for years. Warnings accumulated through the 1940s - a 1949 paper in the New England Journal of
Medicine laid out the case bluntly - and the professional bodies moved from exhortation to regulation.
Pennsylvania became the first American state to ban the machines outright in 1957; by 1970 thirty-three
states had followed; West Germany banned the last of its devices in 1973, Switzerland in 1989. The last
recorded working shoe-fitting fluoroscope was spotted in Boston - where it had begun - in the late 1970s
[X19][X20].

The Pedoscope matters to this book because it is the purest case of the machine outrunning the question
"how much is too much". Nothing was wrong with the physics; the machine did exactly what it was sold to
do. What was missing was the dose ledger - a unit of harm, a limit, and someone whose job it was to count.
The next chapter is about the people who built that ledger.

The pedoscope's demise is usually told as a safety story, but it is also a marketing autopsy. The machine died
when the glamour did - when the novelty of seeing one's own bones was no longer worth the shopfloor
space, and when the first regulatory warnings gave nervous retailers an excuse to unplug. The safety case
merely ended a fashion that was already fading. The machine has always lived partly on wonder; the shoe
shop teaches what happens when wonder is the only product [X22][X26].
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A shoe-fitting fluoroscope: the department-store machine that X-rayed a generation's feet.
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Chapter 39 - Measuring the invisible

You cannot limit what you cannot measure. The first unit of X-ray dose was the erythema dose - the
exposure that reddened skin - which tells you everything about the era: the machine's meter was the
operator's own body. The march from that meter to the sievert is the administrative backbone of modern
radiology [X-F32][X-F62].

The physicists moved first. The rontgen (1928) measured exposure: the ionisation the ray produced in air, a
quantity an instrument could read. But air is not flesh, so came the rad (radiation absorbed dose) for energy
actually deposited in tissue, and then, because equal deposits of different radiations do unequal harm, the
rem (rontgen equivalent man) applying a quality weighting. The modern SI pair - the gray for absorbed
energy, the sievert for weighted biological effect - date from the 1970s and unify the ledger. A chest
radiograph delivers about a fifth of a millisievert; a CT abdomen, around ten; natural background, two to
three millisieverts a year; a transatlantic flight, about a tenth. These are the numbers with which the
machine's cost-benefit is now argued, and the public equivalents - "as much as so many chest films" - are
how radiologists explain risk to patients [X-F32][X22].

The institutions formed alongside the units. The British X-Ray and Radium Protection Committee met from
1921; at the Second International Congress of Radiology in Stockholm in 1928 the national efforts federated
into the International X-ray and Radium Protection Commission - today's International Commission on
Radiological Protection, the ICRP, which has issued the world's reference recommendations ever since. Its
limits tightened as evidence accumulated: the tolerance doses of the 1930s (of order a roentgen a week), the
maximum permissible doses of the 1950s, and then the decisive philosophical shift after the 1950s - the
assumption that for cancer risk there is no safe threshold, so every dose must be justified and then optimised:
ALARA, as low as reasonably achievable. Occupational limits settled at 20 millisieverts a year averaged
over five years; the public limit at 1; and the machine was redesigned around the ledger - filtration,
collimation, pulsed fluoroscopy, automatic exposure control, dose-area-product meters, personnel badges,
leaded rooms [X-F32][X-F62][X19].

The ledger's modern balance sheet is striking. Medicine is now the largest man-made source of radiation
exposure for the world's population, ahead of every industrial and military source combined, and within
medicine the X-ray machine - above all CT - does most of the dosing. The United Nations' scientific
committee, UNSCEAR, counts the receipts: an estimated 3.6 billion diagnostic medical radiation
examinations a year worldwide, 350 million of them in children under fifteen, and rising, with the average
annual dose from medical exposure in rich countries rivalling natural background. The machine has become
so safe per picture that its aggregate use is the remaining problem: justification of each examination, not fear
of any one of them, is the modern frontier [X32].
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Typical effective doses from common X-ray examinations

CT abdomen

CT chest

CT head

Lumbar spine

Mammogram (both breasts)
Dental bitewing

Chest radiograph (PA)

1072 1071 100 10!
Effective dose (mSy, log scale)

Typical effective doses from common examinations, against natural background (about 2-3 mSv per year).
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Chapter 40 - The naming of dose

Every quantity in this book had to be invented, and the inventing was a half-century of committees. The first
unit of X-ray quantity, the roentgen, was defined in 1928 as an amount of ionisation in air - a unit of
exposure, measuring what the beam does to the air it passes through. It told you about the machine, not the
patient; a chest film and a head film of equal exposure deliver unequal doses to tissue [X-F59].

The physics of the patient needed its own ladder. The rad, and then the gray, measured absorbed dose -
energy actually deposited per kilogram of tissue. But equal grays of different radiations do unequal harm, so
the protection community added the sievert, weighting the dose by radiation type and, for effective dose, by
the sensitivity of the organs irradiated. The ladder runs: roentgen in air, gray in tissue, sievert for risk. The
modern report's "dose-length product” and "CTDI" are machine-side distillations of the same climb [X-F59].

The units are the martyrs' other memorial. Each rung was cut because someone had to answer a harder
question than the last rung could phrase: not "how strong is the beam" but "how much did this patient
absorb", not "how much did they absorb" but "what might it do to them". When a modern scanner prints a
dose report to three significant figures, it is answering, at last, the question the pioneers could not even ask.

The practical working numbers all descend from this ladder. The dose badge on the radiographer's collar
reads in sieverts; the scanner's console reports its CT dose index in grays; the physicist's survey meter still
thinks, in a sense, in roentgens. Students learn the conversions the way they learn anatomy - imperfectly at
first, then for life - and the profession's safety culture lives inside them. A unit, after all, is a promise: that a
number measured in one hospital means the same thing in every hospital. The half-century of committees
bought that promise, and it is spent every day in every dose report the machine prints [X-F59].

Behind the units sits the measurement infrastructure that makes them real: the national standards laboratories
with their free-air ionisation chambers, where the definition of the roentgen's modern descendants is
maintained; the secondary-standard laboratories that calibrate the hospitals' dosemeters against the national
instruments; and the unbroken chain of comparisons that lets a dose measured in Kampala be compared with
one measured in Kyoto. Metrology is the least visible layer of the machine's world, and the one on which all
the others stand [X-F59].

The units' strangest consequence is cultural: radiology thinks in sieverts the way sailors think in knots, with
an intuition no amount of explanation quite transfers. "About two days of background" is the chest film's real
unit; "about three years of background" the abdomen CT's. The background comparison - invented to calm
the worried - has become the profession's own mental arithmetic, and perhaps the only dose unit the public
will ever hold [X32].
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Chapter 41 - The dose ledger

Modern radiology keeps its accounts in millisieverts, and the discipline of keeping them well has a name:
justification and optimisation. Justification asks whether this examination, for this patient, is worth any dose
at all; optimisation asks how the needed answer can be had for the least dose. WHO's guidance puts the
failure mode plainly: patients and referrers who do not understand the trade can refuse a CT that is needed or
demand one that is not justified, and both errors cost health [X32].

The ledger has improved enormously on the machine's side. Digital detectors need a fraction of the exposure
that film-screen combinations needed; automatic exposure control ends the exposure when enough photons
have arrived rather than when a timer says so; iterative and now Al-assisted reconstruction lets CT scans be
taken at doses unthinkable when dose was fixed by film chemistry. A chest radiograph delivers about a tenth
of a millisievert - roughly ten days of natural background - and paediatric protocols push lower still [X-F39].

But the ledger's other column is volume, and volume grows. The profession's answer is the referral culture
WHO campaigns for: referrers who know the dose and the benefit, patients who are told both, records that
follow the patient so cumulative exposure is visible rather than forgotten [X32]. The machine that killed its
pioneers by stealth now quantifies itself to three significant figures; what remains human is the judgement of
when to use it. That judgement - trained, audited, and argued about in every radiology department on Earth -
is the final safety feature, and the only one that cannot be engineered into the cabinet.

There is one more entry the ledger keeps, and it is the patients' own: cumulative dose. A trauma patient, a
cancer patient, a child with a chronic condition may pass through the machine scores of times in a life, and
until recently nobody added it up. Dose-tracking software now aggregates each patient's exposure history
across the enterprise, and the referral conversation is changing with it - "this patient's record shows..." is
becoming part of justification. The martyrs could not measure a single exposure; their successors must
account for a lifetime's. That is what progress looks like when it is kept honestly: not a smaller number, but a
truer book [X31][X-F32].

The ledger's international auditors are the professional and regulatory campaigns that translate the numbers
into practice: referral guidelines that list which examination answers which question, appropriateness criteria
scored by expert panels, and the national dose registries that benchmark one hospital's practice against its
peers. The audits find what audits always find - unwarranted variation, the fingerprint of habit rather than
evidence - and the finding is the point. A dose culture is not a rule but a comparison, endlessly renewed
[X32][X-F32].
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Chapter 42 - Lead and glass

Every machine in this book is built twice: once to make the ray, and once to stop it where it is not wanted.
The second architecture is as engineered as the first. The tube's insert sits in a housing lined with lead and
flooded with oil, so that only the intended beam-port leaks radiation; the collimator's tungsten jaws trim the
beam to the anatomy; the room's walls are calculated in lead-equivalence so the technologist's booth, the
corridor and the ward next door stay at background [X2].

The materials are chosen by one property - electrons per gram - and lead, cheap and dense at atomic number
82, has ruled for a century. Lead glass gives the control booth its window; lead rubber gives the apron its
drape; lead-lined doors swing on hinges built for their weight. The modern refinements are compositional:
bismuth and tungsten composites that match lead's stopping with less weight and no toxicity worries, and
structural barium plasters that shield a wall without a sheet of metal [X2][X-F39].

The philosophy has a name as old as the casualties: ALARA - as low as reasonably achievable. It is why the
radiographer steps behind the glass, why the dose badge is worn at the collar, why the room is surveyed and
the machine's output is measured on a schedule. The pioneers had no shields because they did not know they
needed them; the modern suite is the argument of Chapter 37 written in architecture - a building that has
learned, at cost, exactly where the beam may go.

The badge on the radiographer's chest is the shielding system's conscience. Personnel dosimetry - film
badges first, then thermoluminescent and now optically stimulated dosemeters - records what actually
reached the worker, month by month, career by career. The records are kept for decades, because the
question they answer is a lifetime one. Modern occupational doses in radiology run far below the limits, a
quiet triumph engineered by everything this chapter describes: the housing, the jaws, the walls, the discipline
- and the small plastic badge that checks them all [X-F32].

The calculation of a barrier is a small masterpiece of applied physics: workload, use factor, occupancy
factor, distance, and the beam's energy all enter the shielding equation that tells the architect how much lead
the wall needs. The physicist signs it; the builder installs it; the survey meter verifies it. The room where the
machine lives is, in this literal sense, designed by the beam itself - every wall a map of where the photons go
[X-F32].

The modern debate in the shielding room concerns the apron itself. A century of draping patients in lead has
been re-examined: with today's collimation and detectors, several professional bodies now argue the apron
protects mostly the patient's peace of mind, and some jurisdictions have retired routine patient shielding
altogether. The operators' barriers, by contrast, are untouchable. The distinction is the whole history of
protection in miniature: what was ritual becomes measured, and what is measured becomes law [X-F32].
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Chapter 43 - The measuring stick

A machine that sees inside must itself be seen into, and radiology's answer is the phantom: the standard
patient, made of plastic and water, that every machine is asked to image on a schedule. In the phantom's
slabs are embedded test objects - wires of known fineness for resolution, inserts of known density for
contrast, scales for geometry - and the machine's picture of them is scored against what physics says the
picture should be. The phantom never complains, never moves, and never lies [ X-F59].

Around the phantom stands the quality-assurance state within the state. The medical physicist surveys the
tube's output with calibrated dosemeters, checks the collimator's light field against the beam it promises,
measures the detector's uniformity and the display's greys, and signs the certificate the regulators of Chapter
54 require. The discipline descends directly from the 1920s, when the first protection committees realised
that a machine's dose could not be managed until it could be measured - the roentgen unit itself was invented
for exactly this purpose [X-F59].

The measuring stick matters beyond compliance. Machines drift; detectors age; a service visit can leave a
calibration subtly changed. The QA programme is how a hospital knows that the chest film taken this year is
the same examination as last year's, and how the screening programmes of Chapter 71 can trust a decade of
images across a fleet of machines. The machine's honesty, like its safety, is not a property but a practice - one
measured, in the end, against a block of plastic that stands in for us all.

The phantom family has grown as specialised as the machine. Anthropomorphic phantoms model the human
trunk for dose studies; breast phantoms calibrate mammography; CT phantoms carry their inserts of water,
bone and lung equivalents in a standard ring; and the accreditation programmes that lend or require these
objects have become the profession's external conscience - a machine accredited by a recognised body has
proved itself against a patient that answers to physics, not to marketing. The standard patient never ages and
never varies; that is precisely its value [ X-F59].

The phantom even has a public face. When a new scanner is demonstrated to regulators, journalists or
buyers, it is the phantom that poses - the standard head, the standard chest - because the alternative is a
volunteer's dose. The blocks of plastic have thus been photographed more often than any patient in history.
They are the machine's models, in both senses: they pose for it, and they define what it must be able to do
[X-F59].

The phantom's newest role is the strangest: it now tests the readers as well as the machine. Al systems are
challenged with standard cases; radiologists' workstation displays are audited for the greys they render; even
the reporting templates are checked against standards. The measuring stick, invented for a machine that
made shadows, now measures the entire chain from photon to sentence. The standard patient has learned to
read [X-F51][X-F59].
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PART VI - THE MAKERS

The X-ray machine is also a business: a concentrated, century-old, oddly stable one. Three or four houses
sell most of the world's big systems; a specialist handful builds the tubes and detectors inside them; and a
long tail supplies everything from collimators to lead aprons. This part traces who the makers are, how they
got there, and what the machine weighs on the world's markets - from the one-man tube shops of 1896 to the
multinationals of today.

The machine is also an industry: a handful of great manufacturers, a swarm of specialists, and a global
market measured in the tens of billions. This part follows the money - who builds the machine, who buys it,
and what the buying is worth.
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Chapter 44 - The first factories

The first X-ray industry was a cottage trade with catalogues. In 1896 there was nothing to buy but parts -
coils, tubes, plates - and by 1900 there were complete "outfits" for sale in every industrial country,
advertised in the medical press and at exhibitions. The leading names formed early and lasted long [X-F56]
[X-F57].

In Germany, the discharge-tube houses converted wholesale. C.H.F. Miiller of Hamburg, already the great
glass-tube workshop, became the foremost X-ray tube maker in Europe - the "Miiller tube" was a standard of
quality. Siemens & Halske's medical department, organised as Siemens-Reiniger-Werke in the interwar years
from the merger of the medical apparatus makers Siemens, Reiniger and Schall, built the German giant
whose descendant is Siemens Healthineers. In Britain the medical supply houses of London equipped the
Empire; in France, CGR (Compagnie Générale de Radiologie) anchored a national industry that ended, by
acquisition, inside GE [X-F56].

In America the trade centred on Chicago. The Victor X-Ray Corporation, founded in 1893 by C. F. Samms
and J. B. Wantz as an electrical novelty shop, was selling X-ray outfits by 1896 and became the largest X-ray
manufacturer in the country; Victor was absorbed by General Electric - the deal closed in 1926 and the
business became the General Electric X-Ray Corporation, seeding what became GE HealthCare. Its great
rivals were the Machlett Laboratories of Stamford - tube specialists who made the first rotating-anode tubes
[X-F60] - and the Picker X-Ray Corporation of Cleveland, which grew from James Picker's 1915 supply
business into a full-systems house. In Japan, Shimadzu of Kyoto took its first X-ray photographs in 1896 and
industrialised from there; Toshiba built X-ray capability on its electrical base; and the Shimadzu-Toshiba
pair still anchor Japanese imaging [X31].

Two structural facts were set by 1930 and still hold. First, the system house and the tube house are different
businesses: the former integrates and sells to hospitals; the latter does vacuum physics at industrial scale and
sells to anyone. Second, the industry consolidated relentlessly: the independent tube and apparatus makers
were steadily bought into the big electrical combines - GE, Siemens, Philips - whose names, a century later,
still sit on the machine room door [X-F56][X-F57].

The factory era also created the machine's first literature of commerce: the catalogue. Bound volumes of
tubes, coils, stands, screens and accessories, priced and pictured, circulated to every hospital and practice -
and survive now as the historian's best record of what the machine actually was, year by year. Between the
scientific paper and the patent, the catalogue is the third document of the machine's growth, and often the
most honest: it lists what could be bought, which is to say, what worked [X24].

And the factories created the machine's first global trade. A tube made in Munich or Chicago could be sold
in Bombay or Buenos Aires, and was: the trade directories of the 1900s list X-ray apparatus dealers on every
continent, and the repair correspondence of the early hospitals shows machines crossing oceans for
servicing. The machine was a world industry within a decade of its birth - perhaps the first medical
technology to achieve that, and the template for every one that followed [X24].
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Chapter 45 - The modern giants

The general radiology machine of today - the room with the table, the chest stand, the ceiling tube - is sold
overwhelmingly by a handful of multinationals, and the CT scanner, its flagship sibling, by fewer still. The
league table has been remarkably stable for thirty years: Siemens Healthineers and GE HealthCare at the top,
Philips and Canon Medical (the former Toshiba Medical) behind them, with Fujifilm, Shimadzu, Hologic in
its mammography niche, Agfa and Carestream in radiography and software, and - the real change of the last
decade - United Imaging of Shanghai rising from below [X34][X35][X-F58]. The scale is best given in the
houses' own figures. Siemens Healthineers, the Erlangen-based descendant of Siemens-Reiniger, reported
about €22.4 billion in revenue in fiscal 2024, with 72,000 employees, and flagged marked growth at its
Imaging division, which spans X-ray, CT, MRI and molecular imaging. GE HealthCare - spun out of
General Electric in January 2023, carrying the Victor X-Ray line of descent - reported $19.7 billion in 2024
revenue across its four segments, of which Imaging is the largest. Philips, which absorbed the Hamburg tube
house Miiller generations ago, reports its Diagnosis & Treatment businesses in the same league, and Canon
Medical Systems remains the quiet number four. Hologic, built on mammography, holds the breast-imaging
niche worldwide [X29][X34][X-F12]. The insurgent is the interesting story. United Imaging Healthcare,
founded in Shanghai in 2011, spent its first decade winning the Chinese market with aggressively priced,
fully featured CT and MRI systems, went public on the STAR Market in 2022 in one of China's largest
offerings of that year, and went abroad: a North American headquarters and plant in Houston, opened in
2020, now ships systems into the American market. Its rise - alongside a tier of Chinese radiography
specialists such as Wandong and the detector maker iRay - has changed the industry's geography: China is
no longer only the biggest growth market for X-ray machines but an exporter of them, and the established
houses now price and engineer with that fact in view [X-F58][X32]. The giants' business model deserves a
note, because it explains much of the machine's modern design. The machine itself is sold near cost in
competitive tenders; the money is made over its life - in service contracts, parts (a CT tube is a five-to-six-
figure spare with a life measured in scans), software licences, and upgrades. Installed-base economics keep
the system houses vertically hungry: they would rather build their own tubes and detectors than buy them,
which is why the independent component makers of the next chapter matter - and why they are periodically
squeezed, courted, or acquired [X33][X33]. The giants' endurance is itself a datum. General Electric,
Siemens, Philips: three firms founded on nineteenth-century electricity still hold the machine's commanding
heights, through the tube era, the intensifier era, the digital era and the AI era. Their secret is not any
technology but the installed base's logic - service networks, regulatory files, radiologists trained on their
consoles - which compounds like interest. Dislodging an incumbent in this industry has never been done by
a better machine alone [X33][X37].
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Chapter 46 - The tube merchants

Behind every system house stands the tube trade, and it is smaller than you would think. The X-ray tube is
one of those components - like aircraft engines or float glass - whose manufacture is hard enough that the
world gets by with very few makers [X33]. Making one is a chain of crafts. The anode begins as powder
metallurgy: tungsten, or tungsten-rhenium alloy, pressed, sintered and forged into a target disc, faced and
machined, often backed with molybdenum and graphite for weight and heat capacity. The cathode is a
wound tungsten filament in a focusing cup. The envelope is borosilicate glass or, increasingly, metal-
ceramic; the vacuum must be held for years at levels the lamp industry never needed; the bearings that spin
the anode run in that vacuum, lubricated not by oil but by films of soft metal - historically lead or silver,
lately liquid gallium alloys in the premium lines. Then the insert is mounted in a lead-lined, oil-filled
housing, aged on test rigs, and shipped. The whole thing is a consumable: a hard-worked CT tube may last a
year or two, and the replacement business is as important as the new one [X33]. The independent champion
of this trade is Varex Imaging of Salt Lake City, spun out of Varian in 2017: the largest independent maker of
X-ray tubes and detectors, supplier to most of the system houses and to the replacement market, with fiscal
2024 revenues of $811 million. Its European rival is the Comet Group of Switzerland, whose Yxlon and
Comet X-ray lines serve industry and medicine; its American heritage rivals - Machlett, Dunlee - were
absorbed long ago, Dunlee now Philips' tube arm. Below the majors, replacement-tube specialists (Chronos
in Britain, IAE in Italy, and a growing Chinese tier) re-manufacture and compete on price. The system
houses keep their own tube shops for the flagships: GE, Siemens, Philips and Canon all build CT tubes in-
house for their premium scanners, which is why the independent tube market is simultaneously
indispensable and capped [X33]. The tube trade's nerves were exposed in 2025, when China's commerce
ministry opened an anti-dumping investigation into imported CT X-ray tubes from the United States and
India - a probe aimed at exactly the component China's localisation drive had not yet fully mastered, and a
signal that the tube, obscure as it is, sits on the geopolitical map of critical medical technology. The
investigation jolted the shares of GE HealthCare and Varex on announcement, a rare moment when the tube
trade made front-page market news [X32]. The tube industry's concentration has a second cause beyond
difficulty: liability. A tube that fails in service can injure a patient or a reputation, and the qualification
burden - years of life-testing, field data, regulatory files - protects incumbents as surely as any patent. New
entrants therefore arrive from adjacent physics: display-panel makers entering detectors, semiconductor
firms entering photon counting. The machine's components are barriers to entry disguised as products [X37].
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Chapter 47 - The detector industry

The flat-panel detector is the machine's other hard component, and its industry is even more concentrated. A
diagnostic panel is a large-area semiconductor device: an amorphous-silicon thin-film transistor array - the
same family of technology as a laptop screen, but built to tolerate radiation and read out in milliseconds -
topped with either a scintillator layer or a direct-conversion selenium layer. The capital and process know-
how keep the maker list short [X-F55][ X-F55].

Three names dominate the open market. Varex, again, is the largest independent panel maker. Trixell, a
French joint venture with Siemens and Thales parentage, supplies much of the European industry. iRay
Technology of Shanghai has risen fastest, riding the same Chinese localisation wave as United Imaging, and
now ships panels across price points worldwide. The system houses that build their own - Canon has deep
semiconductor history from its display work, and Fujifilm converted its photographic chemistry into
scintillator and panel expertise - keep the premium designs internal [ X-F55].

The next detector generation is already on the market, and it is a semiconductor jump of the first order:
photon-counting detectors. Instead of converting X-ray light in bulk, these use cadmium telluride or
cadmium zinc telluride crystals - CZT, the same family as radiation detectors in physics labs - to register
each photon individually and measure its energy. The gains are spectral imaging (sorting photons by energy
to see materials separately), lower dose, and sharper images; the cost is formidable crystal manufacture and
readout electronics. Siemens Healthineers brought the first clinical photon-counting CT, the Naeotom Alpha,
to market in 2021, and it has been winning placements - and awards - since; the industry's other majors are
racing to answer. CZT crystal supply, grown by a tiny number of specialist houses, is one of the bottlenecks
examined in Part VI [ X-F40].

The panel's afterlife in the industry is the flat-panel detector business itself: a concentrated, technically
ferocious market supplying not just medicine but every industrial machine in Part VII. The same amorphous-
silicon plate that reads a chest reads a pipeline weld; the same scintillator chemistry serves both. Detector
makers think of medicine as the demanding front end of a much larger sensing business - one reason the
panel's price fell so fast once volumes grew. The hospital, as so often in this book, is one customer among
many for a technology the ray made possible [X27][X37].

The physics of the panel repays one closer look. In the indirect detector, the scintillator's light spreads as it
travels, blurring the image - hence the needle-structured cesium iodide, whose crystals act as light pipes and
keep the blur in check. In the direct detector, amorphous selenium converts the photon straight to charge
with no light stage at all, and the sharpness is limited only by the pixel. The two architectures have competed
for thirty years; the market's answer is that both won, in different examinations. The mammography suite's
detectors are built for the sharpest image in radiology, bought with the simplest physics [X25].
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Chapter 48 - What the machine weighs

So what, in money, is the X-ray machine? The honest answer is a family of overlapping markets, and the
cleanest reading separates the machine from its siblings [ X34][X35].

The X-ray systems market proper - radiography and fluoroscopy machines, fixed and mobile, excluding CT -
was valued at about $8.4 billion in 2024, projected by Grand View Research to grow at a little over three per
cent a year to roughly $10.2 billion by 2033; North America holds about a third of it, and radiography
machines slightly more than half the modality mix. CT scanners are counted separately and are comparable
in size: the diagnostic imaging market overall - CT, X-ray, MRI, ultrasound, mammography, nuclear
medicine - was projected by MarketsandMarkets at $26.5 billion in 2025 rising to $32.9 billion by 2030,
with CT and X-ray the two largest X-ray-based slices. Around the machines sit the adjacent trades: flat-panel
detectors, a market in the low single-digit billions; X-ray tubes, a few hundred million of OEM and
replacement business a year; mobile C-arms and fluoroscopy systems about $2.6 billion in 2024; dental X-
ray, the most numerous machines of all, $2.3 billion in 2023 and forecast to near $4.2 billion by 2030;
industrial radiography equipment a niche still under a billion; food-inspection devices - of which X-ray
systems are a leading class - a $3.3 billion market in 2025 heading for $5.1 billion by 2030; and airport
security X-ray, whose checkpoint renewal alone runs to billion-dollar contract series, as Part VII describes
[X34][X35][X30][X-F10][X-F11][X-F14].

Add the service tail - the maintenance contracts, the tube replacements, the software - and the machine's full
commercial weight comfortably exceeds twenty billion dollars a year before a single contrast agent is sold. It
is not one of the world's giant industries; it is smaller than the market for smartphones by two orders of
magnitude. But its position is disproportionate to its size: it is the entry point of nearly all modern diagnosis,
the largest man-made source of population radiation exposure, and a strategic technology whose supply
chains now figure in trade investigations [X32][X32].

One number from the demand side completes the picture. The machine's product is not sold; it is consumed
as examinations - 3.6 billion a year by the World Health Organization's estimate, which works out at roughly
one examination for every two people on earth, every year. The per-examination equipment cost implied by
the market figures above is a few dollars. The machine's economics, like its physics, are a study in scale: an
expensive instrument, amortised into the cheapest window into the human body that medicine has ever had
[X32][X34].

The market's geography is shifting under the giants' feet. China's domestic manufacturers moved from
components to complete systems to premium CT in two decades, and Indian and Korean firms hold the
value tiers the giants abandoned. The result is a price ladder that finally reaches downward: the district
hospital that could never afford the flagship can now afford the machine. Competition, more than charity, is
closing Chapter 65's divide - which is, in its way, the most Rontgen-like outcome the market could produce
[X37].
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Chapter 49 - The supply chain

A hospital sees a machine; the industry sees a chain. The X-ray system on the wall is the tip of an assembly
network that reaches into semiconductor fabs, scintillator foundries, glass-working shops and high-voltage
component plants, and the chain's weakest links have become visible in recent years [X37].

The tube is the classic constraint. A modern rotating-anode tube is not a commodity but a precision
instrument - a spinning disc of tungsten-rhenium on a molybdenum-graphite substrate, bearings that run at
ten thousand revolutions per minute in vacuum, glass or metal-ceramic envelopes that must hold both
vacuum and 150,000 volts. Only a handful of firms - the system giants' own tube divisions and independents
like Varex - can build them at scale, and lead times stretch when demand surges, as it did for CT tubes
during the pandemic [X37].

Detectors pulled level as a constraint when the digital transition concentrated the panel business.
Amorphous-silicon flat panels ride the semiconductor industry's capacity; cesium iodide and gadolinium
oxysulfide scintillators ride specialty chemicals; photon-counting cadmium telluride rides a thin materials
base of its own. Varex, which sells both tubes and detectors, lists the hazards plainly: geopolitical tension
over rare earths, semiconductor shortages hitting digital detector availability, raw-material squeezes on
tungsten for cathodes and anodes, and regulatory changes that can halt shipments while paperwork adapts
[X37]. The machine's ubiquity, it turns out, rests on perhaps the least visible industrial network in medicine -
one the COVID years taught every hospital procurement officer to worry about by name.

Hospitals have responded with strategy as much as complaint. Multi-year service contracts shift the risk to
the manufacturer; group purchasing pools aggregate leverage; some health systems now qualify second
sources for components they once bought from a single vendor. The chain's lesson of the 2020s - that a
machine is only as available as its scarcest part - has been absorbed into procurement policy. The instrument
on the wall looks solitary; behind it stands one of the most deliberately managed supply networks in
healthcare [X37].

A word about the service geography the chain creates. Tube and detector plants cluster where the skills
cluster - a handful of sites in the United States, Europe, Japan and, increasingly, China and India - and every
machine in the world is, in part, an export of those places. The installed base of Part VIII thus carries an
invisible dependence: the hospital in Kampala or Kochi runs on parts made far away, on lead times it does
not control. Building regional manufacturing and service capability is not industrial vanity; it is Chapter 65's
access divide addressed from the supply side [X37].
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Chapter 50 - Tungsten

Open the machine anywhere and you find the same stubborn element doing the hardest work. The filament
that boils off electrons is tungsten, because nothing else survives white heat in vacuum for years. The anode
target that converts those electrons to X-rays is tungsten, because the ray yield rises with atomic number and
nothing with a higher number also has tungsten's melting point - 3,422 degrees Celsius, the highest of any
metal. The collimator jaws that shape the beam are tungsten or lead. Even the word "target" in tube physics
has come to mean the tungsten button at the heart of everything [X8].

That concentration of function is a strategic fact. China produced just over 80 per cent of the world's
tungsten supply in 2023, and the United States has not mined tungsten commercially since 2015; in 2025
Beijing added eight categories of tungsten products, and the methods for making them, to its export-control
list [X37]. The X-ray industry felt it immediately, because tube makers buy tungsten as precisely machined,
vacuum-clean, metallurgically fussy components - not as commodity metal - and the number of firms on
Earth able to make a rotating anode disc or a high-purity filament to specification is in the low dozens [X37].

The element thus joins the machine's short list of irreplaceables. Engineers have hunted alternatives for a
century - molybdenum targets serve mammography's soft rays, and liquid-metal-jet anodes substitute
gallium alloys for niche high-power sources - but the general-purpose radiographic tube remains a tungsten
device. Whoever holds the element holds, in a real sense, the shadow supply; every tube in every hospital is
a small claim on a mine in Jiangxi.

The element's biography matches the machine's. Tungsten entered technology as the lamp filament -
Coolidge's ductile-tungsten process, the very work that led him to the X-ray tube, was done for General
Electric's lighting business - and it has been leaving and re-entering ever since: lamp to tube to armour-
piercing round to cutting tool and back to the anode [X8]. Its name is Swedish for "heavy stone", and the
machine wears that stone at both ends of its electron beam. No other element appears in this book so often;
the history of the X-ray machine could almost be written as the history of what humanity has asked tungsten
to withstand.

There is a small poetic footnote. Tungsten's name in the periodic table, W, is not from "heavy stone" but
from wolfram, the mineral - "wolf's froth", so called because it devoured the tin in the smelters' furnaces.
The element has been eating other metals' lunches for five hundred years. In the X-ray tube it found its
calling: the devourer of electrons, spitting photons [X5].
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Chapter 51 - The tube rebuilders

An X-ray tube is a consumable wearing the clothes of a capital good. The filament erodes atom by atom, the
anode track roughens under repeated thermal hammering, the bearings wear - and after some tens of
thousands of exposures, the heart of a machine that cost a hospital a fortune must be pulled out and replaced.
That rhythm built an industry inside the industry: tube manufacturing, tube rebuilding, and the service
economy that keeps the world's installed base alive [X37].

The rebuilders work to a watchmaker's standard. A remanufactured tube receives a new insert in a cleaned
housing, fresh oil, re-certified vacuum and high-voltage testing, and goes back into service at a fraction of
the new price - an economy that matters most to exactly the facilities Chapter 65 describes, where a new
tube's cost can equal a year's budget. The major manufacturers, meanwhile, sell not only tubes but uptime:
service contracts, remote monitoring that phones home before a filament fails, exchange pools that put a
replacement on a plane the day a tube dies [X37].

The service economy is also where the supply chain of Chapter 49 becomes personal. A hospital's radiology
department is only as reliable as the logistics behind its most fragile part, and the COVID era's freight chaos
taught the industry to stockpile tubes the way it once stockpiled film. Tungsten may be mined in Jiangxi and
machined in a handful of specialist works, but the machine's real lifeline is the courier van with a foam-lined
crate in the back - the last mile of a hundred-and-thirty-year supply chain [X37].

The used and rebuilt tube trade writes its own ethics chapter. A remanufactured tube that meets specification
is a bargain and a blessing; a worn insert sold as new is a hazard with a serial number. The industry's answer
is documentation - exposure counts, test certificates, traceable rebuild records - and the regulators' answer is
to treat reprocessors as manufacturers in their own right. Between those two disciplines, the second life of
the machine's heart has become respectable: not a grey market, but the circular economy's oldest corner,
running since before the Coolidge tube was old enough to wear out [X37].

The rebuilders' craft extends to the machine's second heart: the high-voltage generator, whose tanks and
cables age under stress, and the detector, whose scintillator yellows with absorbed dose over the years. A full
remanufacture touches every subsystem and ends with the phantom images of Chapter 43 as the final exam.
The certificate that results is, in effect, the machine's second birth certificate - and the circular economy it
represents keeps thousands of systems in service that poorer health systems could never replace [X37].
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Chapter 52 - The second life of machines

An X-ray machine does not die; it moves. The CT scanner replaced in a Rotterdam hospital begins a second
career in a clinic in Lagos or Lahore; the refurbished digital room that a district hospital could never afford
new arrives through a broker with fresh calibration and a warranty. The trade in pre-owned imaging
equipment is one of global health's quietest and most effective mechanisms - and one of the machine's oldest
patterns, since even the 1896 tube ordered from Paris was, in a sense, the technology travelling to where it
was needed [X-F26][X37].

The second life is engineered, not accidental. Refurbishers strip the machine to its frame, replace the tube
and detector where wear demands it, renew the bearings and cables, update the software, and test the whole
against the same phantoms and dose standards as a new unit. Regulators treat the result as a device in its
own right, with its own documentation - Chapter 54's rule book extends to every rebirth [X37].

The ethics run in both directions. A well-refurbished machine with service support is access made flesh; a
worn-out donation without parts or training is a burden disguised as generosity, and the receiving world's
warehouse yards hold the corpses of both kinds. The difference is everything this book has catalogued:
service networks, spare parts, trained operators, honest measurement. The machine's second life, like its first,
is only as good as the system wrapped around it [X37].

The brokers' catalogues tell the market's real geography. A ten-year-old CT scanner lists for a fraction of its
first price; a basic radiography room changes hands for the cost of a luxury car; and the listings read like a
map of the machine's migration - out of the replacing hospital, into the upgrading one, and onward to the one
that is buying its first. Every rung of the ladder depends on the rungs above. When Part VI's manufacturers
launch a new generation, they are, without meaning to, stocking the world's secondary market a decade early
[X37].

There is a final, fitting symmetry. The first X-ray machines were themselves hand-me-downs of a kind -
physics apparatus repurposed for medicine, built by instrument makers from the stock of the electrical trade.
The machine has always circulated: from laboratory to hospital, from capital to province, from rich world to
poor. Its history is not a line of replacements but a cascade of adoptions, each machine finding the place
where it is, for a while, the best available. The cascade is still running [X-F26].

The second life extends, at its end, to a third: the harvested machine. Tubes pulled for spares, detectors tested
and resold, gantries scrapped for their copper and lead - the machine's corpse feeds the living fleet. Even the
tungsten returns to the melt. An instrument built of the world's most strategic materials cannot afford a
graveyard; the machine recycles its dead as dutifully as it images its living [X37].
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Chapter 53 - The engineer's apprenticeship

The machine has a hidden workforce that patients never see: the field service engineers, the people who
arrive with the oscilloscope when the beam will not come. Their apprenticeship is long - high-voltage safety,
vacuum practice, detector calibration, the diagnostic art of hearing a bad bearing in a spinning anode - and
their territory is the gap between the factory's drawing and the hospital's Tuesday morning [X37].

The engineer's craft is a branch of the machine's knowledge found in no textbook. They know which model's
filament fails in monsoon humidity, which hospital's power dips at eight in the morning, which detector's
connectors loosen with a particular cleaner. The service logs they keep are, in aggregate, the industry's truest
quality data - the machine as it actually behaves, not as it was designed to [X37].

Their world is changing with the machine: remote diagnostics interrogate the system overnight, predictive
analytics schedule the engineer before the failure, and the augmented-reality headset brings the factory's
expert into the rural hospital's room. But the trade's core is immovable: someone must still open the cabinet,
discharge the tank, and lay hands on the high voltage. The machine that sees inside everything still needs a
human to see inside it [X37].
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Chapter 54 - The rule book

The machine is among the most regulated objects in ordinary life, and the rule book has three layers. The
first is physics codified: international standards, above all the IEC 60601 family for medical electrical
equipment, which specify everything from leakage radiation to the accuracy of the displayed dose. The
second is market permission: in the United States, most diagnostic X-ray systems reach the market through
the Food and Drug Administration's premarket notification route - the 510(k) - demonstrating substantial
equivalence to a device already legally sold, while the agency's electronic-product radiation rules impose
performance standards on every X-ray cabinet made or imported. The third is practice: national radiation-
protection authorities license facilities, mandate quality assurance, and enforce the dose limits the ICRP
recommends [X-F59][X-F32].

The framework grew from the martyrs' ledger. Dose limits, shielding calculations, personnel monitoring, the
qualified-expert requirement - each clause can be traced to a casualty list. International coordination came
early by regulatory standards: the forerunner of the ICRP was issuing recommendations by 1928, and the
International Basic Safety Standards, jointly sponsored today by the IAEA and other bodies, give developing
regulators a ready-made code [X-F32].

Regulation shapes the industry's economics as surely as tungsten does. A new tube design or detector panel
must clear the same gates as a whole machine; software that reads images, including Al, is regulated as a
medical device in its own right; and the paperwork of equivalence favours incumbents with deep regulatory
departments. The result is an industry where innovation is constant but its path to the bedside runs through
the rule book - which is, in the end, the martyrs' memorial written into law.

The rule book also reaches backward in time. Older machines do not escape it: periodic inspection, dose
audits and, increasingly, outright replacement schedules retire the high-dose elders of the fleet. The
regulation of software updates, of refurbished systems crossing borders, and of the AI readers now layered
onto the machine keeps the agencies' dockets full [X-F51]. A regulator once described the field as "catching
up with a moving train" - the train being the machine's own inventiveness. The chapters of Part IX are, from
the rule book's desk, a list of next year's work.

India's own rule book illustrates the framework's reach. The Atomic Energy Regulatory Board licenses every
diagnostic X-ray installation in the country - type approval of the equipment, layout approval of the room,
licensing of the operators, periodic inspection - under the Atomic Energy (Radiation Protection) Rules. For a
book in the Industries of India series, this is the machine's local constitution: the same three layers of
physics, market permission and practice, written in Delhi [X-F26].
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PART VII - THROUGH MATTER

The X-ray machine escaped the hospital almost immediately. The same properties that read a fracture read a
weld, a casting, a suitcase, a mummy, a painting, a crystal. This part follows the machine through the non-
medical world: the inspection bays of aerospace and pipelines, the airport checkpoint, the food factory, the
museum basement, the synchrotron hall and, at the end, the sky itself - where the machine's descendant, the
X-ray telescope, reads the hottest matter in the universe.

Outside the hospital the machine has built a second empire, less celebrated and nearly as large: it inspects the
welds that hold up bridges, the baggage that boards aircraft, the food that fills supermarkets, and the cargo
that crosses borders. The same physics, pointed at the world's goods instead of its bodies.
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Chapter 55 - Welds, wings and pipelines

Industrial radiography began within months of the medical kind. A foundryman looks at a casting the way a
surgeon looks at a limb: the disaster is inside - a cavity, a crack, an inclusion - and the only non-destructive
way to see it is to shine through. By the early 1900s the machinery trade was radiographing castings and
welds, and the technique grew with the things that could not be allowed to fail: boilers, ships' plates, aircraft
structures, pipeline girth welds, nuclear pressure vessels, rocket motors [X27].

The physics is the hospital's physics pushed harder. Thicker steel wants harder rays, so industrial sources run
to hundreds of kilovolts; where the machine's reach ends, betatrons and linear accelerators take over for ship
plate and rocket casings, and radioactive isotopes - iridium-192, cobalt-60, selenium-75 - provide the
portable source for pipeline work where no mains power exists. The detectors are the same lineage: film in
cassettes first (industrial film radiography persists for its resolution), then computed radiography plates, then
digital detector arrays, and lately full CT - industrial computed tomography is now a quality department of
its own, measuring turbine blades and battery cells inside and out to micron tolerances, without cutting a
single part [X27][X-F15].

The economics differ from medicine in one instructive way. The hospital machine amortises over patients;
the inspection machine amortises over failure - over the crash that did not happen, the recall that did not
ship, the pipeline rupture that did not burn. That is why industries with catastrophic failure modes spend
hardest: aerospace radiographs every critical casting and weld; the oil and gas pipeline trades run
radiography crews behind every spread of welders; additive manufacturing, the newest customer, CT-scans
printed metal because its failures are born inside. The market for all of this is modest next to medicine -
industrial radiography equipment runs under a billion dollars a year by the standard counts - but it is the
oldest continuous non-medical use of the ray, and it has been quietly certifying the industrial world for 125
years [X-F14][X27].

There is a pleasing symmetry worth noting before we move on. The machine that began by seeing through
hands now spends much of its industrial life seeing through things made by hands: the weld bead, the brazed
joint, the cast housing - the same question, "is it sound inside?", asked of steel instead of bone.

The weld inspector's verdict is binary and expensive. A pass lets the structure carry its load for decades; a
call for repair can hold a fabrication line for days. That is why the standards bodies codify the acceptance
criteria - which pore is acceptable, which crack is never - and why the inspector's certificate carries legal
weight. Industrial radiography has its martyrs too, in the opposite direction: the bridges and boilers that
failed for want of an image. The machine's industrial chapters are, at bottom, about the price of not looking
[X28].

The weld image has its own aesthetic, unknown outside the trade: the clean seam's uniform grey, the
porosity's pepper, the crack's dark wander. Inspectors describe reading welds the way radiologists describe
reading chests - the systematic sweep, the known normal, the anomaly that stops the eye. The machine
makes one kind of reader everywhere it goes; only the anatomy changes [X28].
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Chapter 56 - The machine in the mine

The machine's furthest industrial outpost is the mine, where the ray is asked to sort the valuable from the
waste at conveyor speed. X-ray transmission sorting reads each lump of ore's average density and atomic
signature as it passes; X-ray fluorescence sorting reads its surface elements; and the air jets that follow expel
the barren rock, lump by lump, thousands per hour. Moseley's staircase, industrialised into a gatekeeper [X-
F61].

The economics are elemental. Every tonne of barren rock rejected at the sorter is a tonne not trucked, milled,
and chemically processed; the mine's energy, water and reagent bills fall by the sorter's accuracy. In an
industry chasing ever-lower grades, the machine's ability to read ore before committing to it has become a
margin-maker - and a green technology, in the mining industry's own accounting [X37].

The mine closes the machine's industrial circle. Tungsten leaves the earth to become the anode; the anode's
ray returns to the earth, in a sense, to find more. The element that devours electrons spends some of its
working life hunting its own ore - the machine eating its tail, profitably [X37].
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Chapter 57 - The checkpoint

The most widely encountered X-ray machine in the world is not in a hospital. It is in the airport security
lane, and its story begins with hijackings. The epidemic of aircraft hijackings around 1970 forced systematic
passenger screening; by the early 1970s the United States had made screening of all carry-on baggage
compulsory, and the conveyor-fed cabinet X-ray scanner became the standard instrument - a low-dose
transmission machine that painted the bag's contents in false colour by material class, orange for organics,
blue for metals, green between [X26][X26].

The checkpoint machine has had three technical generations. The first was simple transmission radiography:
one view, one energy, an operator's eye for a pistol shape. The second added dual-energy sensing - two
detector layers measuring the attenuation at two photon energies, separating materials by their effective
atomic number - which turned the machine from a shape-finder into a substance-sorter, able to flag the
organic signatures of explosives. The third, arriving now, is the medical crossover: computed tomography at
the checkpoint. CT baggage scanners had screened checked luggage since the 1990s; bringing them to the
passenger lane took twenty years of cost and throughput engineering, and in April 2023 the U.S.
Transportation Security Administration awarded contracts worth up to $1.3 billion for up to 1,214
checkpoint CT units from Analogic, IDSS and Smiths Detection - machines that let liquids and laptops stay
in the bag because the computer, not the officer, is doing the seeing [X30][X26].

The checkpoint also supplied the machine's sharpest privacy controversy. In the 2000s, backscatter body
scanners - which use a fine pencil beam of soft X-rays reflected from the skin's surface to image beneath
clothing - were deployed at American and European airports. They worked, and they produced an image of
the body under the clothes; the public revolt, the health questions (small but nonzero doses to every
passenger), and the software answer (automatic threat detection on a generic outline instead of an anatomical
image) ended with backscatter units removed from U.S. checkpoints by 2013, replaced by millimetre-wave
machines that use no ionising radiation at all. The episode is the machine's social contract in miniature: the
ray is accepted where it is invisible to the person being seen - and rejected, even at trivial dose, when it
renders the person seen [X26].

The screening industry itself is a compact specialist market - Smiths Detection of London, whose full-size
CT systems the TSA itself now buys, alongside a tier of American and Chinese specialists whose rise has
drawn the same geopolitical scrutiny as Huawei's - selling machines, software and, increasingly, automated
detection algorithms to aviation, borders, ports and event venues. Its machines are cousins of the hospital's,
engineered for different anatomy: the anatomy of a bomb [X30][X26].

The checkpoint machine is also the machine's most democratic image: no appointment, no referral, no report
- the examination is over before the subject knows it happened. That frictionlessness is its power and its
problem. The privacy debates of the body-scanner era were fought precisely over images made of people
without their cooperation, and the regulatory answers - automated detection, generic outlines, the retirement
of the backscatter systems - show the machine adapting to consent as a design requirement [X26]. The
hospital asks; the checkpoint does not. The ray is the same; the covenant is not.

83



The checkpoint view: a dual-energy baggage scanner's image, colour-coded by effective atomic number.
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Chapter 58 - The container's shadow

The biggest X-ray machines on Earth do not fit in buildings; the buildings fit around them. Every day, the
world's ports and borders pass shipping containers, trucks and railway wagons through gantry-mounted
linacs and fixed tube arrays that see through steel walls the way the casualty department sees through skin. A
shipping container is the machine's most opaque routine patient - forty feet of corrugated steel packed to the
doors - and the instruments that inspect it run at millions of electron-volts, using the same bremsstrahlung
physics as the therapy beam, pointed outward instead of inward [X-F41].

The technology splits by question. Transmission radiography - the container's silhouette, dense cargo
standing out dark - answers "what is in there"; dual-energy systems add "what is it made of", separating
organic from metallic by how the two spectra fade; and Compton backscatter imaging, which reads the
photons scattered back toward the source, paints the organic surface layers of a vehicle from one side - the
technique that once scanned airline passengers, retired from checkpoints by 2013, lives on at borders where
the subjects are trucks [X26]. Drive-through portals scan hundreds of vehicles an hour; the machine that
took minutes per plate in 1896 now makes a usable image of a moving lorry in seconds [X-F41].

The stakes are the trade system's own: contraband, weapons, human beings hidden in trailers, and the simple
honesty of a customs declaration. The container X-ray is also the purest expression of the machine's non-
destructive creed - the alternative is opening every box by hand, which no port on Earth could survive. So
the giants stand at the gates, seeing through everything that moves.

The civil liberties of the freight machine are simpler than the passenger kind - nobody's body is in the beam -
but its scale creates its own problems. The shielding must protect the port's workforce across a career of
shift-long exposures; the interlocks must fail safe when a driver strays; and the images, which can reveal
commercially sensitive cargo, are themselves regulated data. Even the container's shadow, it turns out, has its
rule book - Chapter 54's clauses translated into concrete, steel and customs law [X-F41].

The inspection images themselves have become a forensic archive. Customs services keep the scans,
compare a returning container's image against its history, and train their analysts on libraries of anomalies
the way radiologists train on teaching files. The parallel runs deeper than metaphor: the cargo analyst's craft
- the systematic sweep, the known normal, the satisfaction-of-search trap - is the reading room's craft,
transplanted to a different anatomy. The machine teaches the same eye wherever it is pointed [X-F41].
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Chapter 59 - The clean plate

Every year the food industry learns the same lesson the foundry learned: the dangerous thing is inside. A
fragment of glass in a jar, a bone chip in a chicken fillet, a stone in the rice, a shard of stainless steel from a
worn blade - all are invisible from the outside, and all of them cast X-ray shadows. X-ray inspection systems
now stand on the packaging lines of the world's food factories, scanning every single unit of production at
line speed, rejecting the contaminated pack by air-jet before it reaches a case [X52].

The machine is the industrial radiograph miniaturised and automated: a shielded tunnel over the conveyor, a
low-energy tube above, a linear detector array below, and software doing in milliseconds what the
radiologist does in seconds - finding the dense thing that should not be there. Dual-energy versions separate
materials; the newest systems hunt the hard cases - thin glass in glass, bone in poultry, wire in shredded
cheese - that defeated earlier detectors. The trade's specialists are the weighing-and-inspection houses,
selling into the same food factories as their metal detectors and checkweighers, with the X-ray machine
winning the contaminants that magnetism cannot find: glass, stone, bone, dense plastics [X52].

The market context shows how far the ray has travelled from Wiirzburg: food inspection devices altogether -
X-ray, metal detection, vision, weighing - form a market of about $3.3 billion in 2025, forecast to reach $5.1
billion by 2030, with X-ray systems a leading class within it [X52]. The driver is not fear but arithmetic: a
single recall costs more than a line of machines, and regulators and retail chains now write foreign-body
inspection into their standards. The X-ray machine, born in a physics institute, ends this part of its story as a
humble gatekeeper of dinner.

The food machine's unseen benefit is the recalls that never happen. A single contaminated batch, caught at
the line, costs a company a shift of product; missed, it costs a brand and occasionally a life. The economics
explain the technology's steady march from high-risk lines - baby food, poultry, ready meals - toward
ubiquity: the inspection machine is cheap insurance priced per pack. In the long chain from farm to shelf, the
X-ray station is the last pair of eyes, and it never blinks.

The food line's machine has one distinction from its medical cousin: it may be the only X-ray system most
people benefit from daily without ever knowing it exists. No consent form, no report, no three minutes in a
cold room - just a jar that does not contain glass. The invisibility is total, and it is the industry's proudest
metric: the public never thinks about food X-ray inspection precisely because it works.
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Chapter 60 - Bones of the past

The machine's quietest career is in the basement of the museum. Anything old and opaque that cannot be
opened - a mummy, a fossil in its matrix, a painting, a sealed reliquary - is exactly the patient the X-ray
machine was built for, and curators have been putting antiquities under the beam almost as long as
physicians have [X22].

The mummy came first. Within months of the announcement, experimenters in Europe and America were
radiographing Egyptian mummies, and the field has grown up with the machine: from film plates balanced
in tomb shafts to mobile units in store-rooms, and now to CT, which unwraps a mummy layer by layer
without touching the bandages - reading amulets in the wrappings, disease in the bones, the embalmer's
mistakes. Tutankhamun's mummy was CT-scanned in the Valley of the Kings in 2005; animal mummies,
fossils, bog bodies and the Herculaneum scrolls - carbonised papyri read by X-ray phase contrast and
machine learning, without unrolling - have followed [X24][X-F46][X-F47].

Paintings have their own chapter in the annals. Beneath many an old canvas lies an earlier composition, and
X-rays pass through paint in proportion to the heavy elements in the pigment - lead white above all - so a
radiograph shows the underdrawing and the abandoned design. The National Gallery in London was X-
raying its pictures by the 1920s. The modern refinement is elemental mapping with X-ray fluorescence:
raster the painting in a micro-beam, record which elements sit where, and the hidden image appears in its
true colours. The famous demonstration came in 2008, when a synchrotron team scanned Van Gogh's "Patch
of Grass" and recovered, in full colour, the head of a peasant woman painted over years before - an image
invisible since 1887 [X-F36].

The common thread is the machine's unique civility: it is the one investigative tool that leaves the object
untouched. Everything else the museum might do to know the inside - unwrapping, unrolling, scraping,
cutting - destroys a little of what it studies. The ray asks the question and leaves no mark. That is why the
conservation laboratory's X-ray room, like the foundry's inspection bay and the hospital's radiology
department, has become unthinkable to retire.

The museum's machine has its own physics compromises. A painting cannot be dosed twice if the first image
fails, and a mummy cannot be asked to hold still - but both can be imaged slowly, at leisure, with techniques
no living patient would tolerate. Conservation radiography exploits that freedom: long, low exposures, ultra-
fine detail, and now phase-contrast methods that make even the carbon ink of a sealed scroll stand out from
the carbonised papyrus beneath it. The dead and the painted are, in a sense, the machine's ideal patients -
infinitely patient themselves [ X24][X-F46][X-F47].
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Chapter 61 - The reading of crystals

There is a second way the ray sees, and it built a science rather than an industry: diffraction. When Laue,
Friedrich and Knipping proved in 1912 that a crystal diffracts X-rays, they opened two roads at once. One
established what the ray is - an electromagnetic wave of atomic spacing. The other established what the
crystal is - because the diffraction pattern, read backwards, is a map of the atoms [X2].

The Braggs, father and son, took the second road immediately. William Henry Bragg built the first X-ray
spectrometer; William Lawrence Bragg found the law - n-lambda equals two-d-sine-theta - that turns spot
positions into atomic distances; together they solved the structures of salt and diamond within two years and
won the 1915 Nobel Prize, the younger Bragg at twenty-five the youngest laureate ever. X-ray
crystallography then became the microscope of the solid state: metals and alloys first, then minerals, then the
molecules of life. The twentieth century's most famous X-ray image is not of a hand but a cross of black
smudges on film: Photograph 51, Rosalind Franklin's 1952 diffraction picture of hydrated DNA, whose
geometry told Watson and Crick that the molecule was a helix of two chains, and under what spacing - the
keystone measurement of the double helix [X-F38].

The lineage runs straight to the present. Protein crystallography solved myoglobin and haemoglobin, then
the structures by the tens of thousands; synchrotron sources - particle accelerators built to produce X-rays of
unprecedented brilliance, descendants of the tube as cathedrals are descendants of the chapel - did the
solving at scale from the 1980s; and the field's accumulated structures underwrote the databases from which,
in 2020-21, the machine-learning system AlphaFold learned to predict protein shapes outright. Every Nobel
season still rewards work that began as spots on a detector [X-F53].

For this book, the crystallographic line is the proof that the machine is an instrument of knowledge in the
broadest sense. The same discovery that shows a surgeon the fracture showed physics the electron, the
chemist the bond, the biologist the gene, and the materials scientist the alloy. Few machines have ever
carried so many sciences on one pair of terminals.

The crystallographic tradition also keeps the machine's oldest skills alive. Long after the hospital went
digital, the beamline scientist still thinks in film-era terms of exposure and background; the phrase "one
more frame" survives into instruments that take thousands of frames a second. And the Braggs' spectrometer
has a direct lineal descendant in every materials laboratory on Earth: the bench-top diffractometer, a machine
whose whole purpose is to ask the ray what it is made of. The hospital's machine answers "what is inside";
the laboratory's answers "what is it". Both questions began on the same Munich bench in 1912 [X2][X-F53].
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Chapter 62 - Stars that burn dark

The last place the ray sees is the sky. X-rays from space are stopped by the atmosphere - fortunately for us -
so X-ray astronomy waited for rockets. The first extrasolar X-ray source, Scorpius X-1, was found by a
sounding-rocket detector in 1962, surprising everyone: the sky, it turned out, is bright in X-rays wherever
matter is very hot or very violent - gas at millions of degrees, matter falling onto compact objects, the
wreckage of exploded stars [X-F48][ X-F49].

The telescope is the X-ray machine inverted. Instead of a source throwing rays at a patient, the telescope
catches rays thrown by the universe; instead of a shadow on film, grazing-incidence mirrors - gold-coated,
nested like barrels, since X-rays reflect only at skimming angles - focus the photons onto detectors that are
cousins of the medical panel. The Einstein Observatory made the first true X-ray images of the sky in 1978;
Rosat mapped it in the 1990s; and in 1999 NASA's Chandra and ESA's XMM-Newton began the modern
era, with Chandra's optics sharp enough to separate the points of a supernova remnant's torn shell [X-F48]
[X-F49].

The harvest is a catalogue of the extreme: black holes weighing themselves by the gas they tear, galaxy
clusters floating in hundred-million-degree plasma, the dark matter's gravity read in that plasma's glow,
Cassiopeia A's explosion debris mapped element by element. The medical machine and the observatory
share more than the photon: Chandra's managers and the radiology suite's physicists buy from the same
detector physics, wrestle the same charge-coupled devices, and trade algorithms with the CT reconstruction
community. The ray that began in a Wiirzburg glassblower's bulb ends, for this book, as one of astronomy's
eyes - the band of the spectrum in which the universe tells us where it is hottest, youngest and most violent
[X-F48][X-F49].

The astronomy chapter closes one of the machine's longest loops. The detectors above the atmosphere and
the detectors under the hospital's ceiling now trade technology freely: the CCDs that flew on the X-ray
observatories descend from the same silicon that reads the mammogram, and the photon-counting discipline
of Chapter 79 was astronomy's method before it was medicine's. The sky and the clinic keep lending each
other their eyes. Rontgen, who took astronomy seriously enough to build instruments for it in his youth,
would have recognised the bargain [X-F48][ X-F49].

There is a last resemblance between the sky's machine and the hospital's, and it is the human one: both are
operated by small teams in dark control rooms, watching monitors, waiting for photons. The Chandra
controllers and the night-shift radiographers would recognise each other's shift patterns, each other's alert
fatigue, each other's quiet pride in an instrument that must not miss. The ray gathers its tribes wherever it is
caught [X-F48][X-F49].
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Cassiopeia A, the remnant of an exploded star, in broadband X-rays (NASA/Chandra).
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Chapter 63 - The cathedral machines

The X-ray tube's most extravagant descendants are buildings. A synchrotron light source is a ring hundreds
of metres around, in which electrons are driven to near light-speed so that their forced turning makes X-rays
of a brilliance no tube can approach - beams a billion times brighter than the laboratory instrument, delivered
to dozens of experimental hutches at once. If Rontgen's apparatus was a candle, the synchrotron is a
lighthouse [X-F37].

What the cathedrals do with that light is the machine's ordinary work raised to a power. Crystallography at
synchrotron sources solved the structures of the ribosome, of viruses, of the proteins that drugs must fit - the
same Bragg physics as Chapter 61, with brighter beams and smaller crystals. Imaging at synchrotrons
resolves the inside of fossils, engineering alloys and lung tissue at micron scale; X-ray fluorescence
mapping, as Chapter 60's Van Gogh showed, reads chemistry across a surface pixel by pixel. Industry buys
beamtime as readily as universities do: jet-engine blades, battery electrodes and pharmaceutical formulations
are all routine synchrotron patients [ X-F37].

The newest cathedrals go further. The X-ray free-electron laser - kilometres of accelerator producing pulses
a million million times brighter than the tube, each lasting millionths of a billionth of a second - can
photograph a molecule's structure before the pulse destroys it, "diffraction before destruction". It is the
largest possible answer to the question Rontgen asked in 1895: what happens when you shine this light on
that? The answers now fill the Protein Data Bank and the databases from which the AI systems of Chapter
68 learned their trade. The tube and the cathedral, it turns out, are one family - the small machine in every
hospital, and the national facility that keeps teaching it new tricks [X-F37].

The cathedrals have a waiting list, which is their own kind of testimony. Beamtime at a major synchrotron is
won by proposal and peer review, and the queue of experiments - archaeology, structural biology, battery
chemistry, palaeontology, quantum materials - reads like a table of contents for the sciences the machine has
colonised. No one in 1895 could have imagined that the ray's descendants would need to be scheduled
months in advance, by nations. The little tube on the Wiirzburg bench has great-grandchildren the size of
stadiums, and they are fully booked [X-F37].

The cathedral machines also keep the machine's oldest bargain. Beamtime is awarded on merit, free at the
point of use for work that will be published - Rontgen's no-patent principle, institutionalised at national
scale. The result is a global commons of the ray: a graduate student with a good question and a small crystal
can command, for a week, one of the most expensive scientific instruments ever built. The democratisation
that began when the discovery escaped its discoverer continues at the end of every beamline [X-F37].

91



PART VIII - THE DEPENDENT WORLD

In which the machine's volume, reach, workforce and dose ledger are reckoned - and the gap between those
who have it and those who do not.

The chapters here reckon with what the machine has become: the busiest diagnostic instrument on Earth, and
still a scarce one for most of humanity. Its billions of examinations are a triumph; the third of the world that
shares in them is the measure of work remaining.
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Chapter 64 - Billions of shadows

The scale of the machine's present work is easiest to state as a number, and the number is almost past
imagining: about 3.6 billion diagnostic medical examinations involving ionising radiation - X-ray
examinations above all - are performed every year, and the count keeps climbing as more of the world gains
access to medical care [X32]. Roughly three hundred and fifty million of those examinations are performed
on children under fifteen [X32]. No other medical instrument of any kind can show a ledger like it.

Arithmetic makes the point another way. Three and a half billion examinations a year is more than a hundred
million working days of radiography somewhere on Earth every day; a chest film every few seconds in
every large hospital on every continent, forever. Each is a small transaction - a referral, a queue, a position
against a panel, a breath held, an exposure measured in milliamperes and thousandths of a second - but the
aggregate is the diagnostic foundation of modern medicine. Trauma care, tuberculosis programmes,
pneumonia in children, hip fractures in the old, the monitoring of chemotherapy: all of it runs on the
machine's output.

The number also defines the machine's standing obligation. When an instrument is used billions of times, its
error rates and its dose rates are public-health quantities, not technical footnotes. A tenth of a millisievert
saved from a chest examination, multiplied across the annual volume, is a population's worth of avoided
exposure; a percentage point of unnecessary examinations is thirty-six million needless irradiations a year.
The chapters on dose and on access that follow are, in the end, chapters about this one enormous figure and
what the world owes it.

And the number is uneven in a way that should discipline how we read it. Those billions of examinations are
concentrated where the machines are: the high-income world images early and often, while much of the
globe images late or never. The aggregate figure, impressive as it is, conceals the divide that Chapter 65
describes - a planet where the same beam is routine for some and rumour for others. The machine's story,
told in volume, is therefore two stories at once: a triumph of access already achieved, and a map of the
access still owed.

A final way to feel the number: if the year's examinations were printed as films and stacked, the pile would
topple any building on Earth; if their photons were counted, the sum would exceed the stars visible in the
sky. The machine does not think in such terms. It hums, clicks, and moves to the next patient - three and a
half billion times a year, one shadow at a time [X32].
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Chapter 65 - The access divide

The machine's billions are not evenly spread. In 2012 the Pan American Health Organization stated bluntly
that two-thirds of the world's population lacked access to diagnostic imaging - and more than a decade of
progress since has narrowed but not closed the gap [X-F20]. The divide is geographic and economic: a
patient in Tokyo or London can be scanned within the hour, while a patient in rural Uganda may be a day's
travel from the nearest functioning X-ray set - and the set may be down for want of a part, a generator, or a
radiographer.

WHO's work in Africa puts a face on it. At Mengo Hospital in Kampala, radiologist Michael Kawooya
spends part of every clinic explaining to patients what the machine is and is not - that an ultrasound carries
no radiation, that an X-ray's tiny dose is not part of the cure, that a justified scan should not be feared and an
unjustified one should not be demanded [X32]. Where the machine is rare, knowledge about it is rarer still;
WHO's radiation-safety programmes in the region train referrers and radiographers together, because an
access gap is always also a workforce gap and an education gap [X32].

The closing of the divide is being engineered, slowly. Portable and hand-carried digital units, solar-capable
systems, teleradiology links that carry images from a district clinic to a reader in a capital, cheap robust
detectors that forgive unstable power - each development attacks a different part of the gap. The machine
that began as a luxury of university towns is being rebuilt, in its second century, as a tool for the places that
have never had one. The chapters of this book that celebrate its reach should be read with this one open
beside them: reach, for most of humanity, is still the unfinished part of the story [X-F20][X32].

The divide has a mirror inside the rich world as well. Rural hospitals close their imaging services before
their doors; the uninsured delay the scan until the emergency makes it unavoidable; and the travelling
machine - the mammography van, the mobile CT - stitches the gaps the fixed infrastructure leaves. Access is
not only a problem of far away. Wherever the distance to the nearest working machine exceeds the patient's
means or time, the divide opens under the machine's own feet, in the very countries that invented it [X32].

The divide's arithmetic is finally simple. Imaging capacity tracks income almost linearly: scanners per
million people vary a hundredfold between the richest and poorest countries, and radiologists per million
vary more. Closing the gap is therefore not a research problem - the machine is a solved technology - but a
financing and workforce problem, which is harder. Every chapter of this book that celebrates a new
capability should be read against that arithmetic: capability is not access, and access is the unfinished half of
the machine's story [X-F20][X32].
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Chapter 66 - The people who make the picture

Behind every image stands a profession most patients never name. The radiographer - the technologist, in
American usage - positions the patient, sets the factors, shields what must be shielded, judges whether the
image answers the question, and absorbs the human weight of the encounter: the frightened child, the trauma
victim, the elderly patient who cannot hold still. Radiologists report the images; radiographers make them;
medical physicists keep the machine honest; and all three professions are, in most of the world, in shortage.

The American registry's surveys tell a story that other countries recognise: vacancy rates for imaging staff
climbing to near record highs, with computed tomography hardest hit - a vacancy rate of 19.4 per cent in the
2024 survey, an all-time high - and radiation-therapy and dosimetry posts several times their pre-pandemic
levels [X36]. Machines outnumber the people trained to run them safely, and the bottleneck is training
pipelines: clinical placements, lecturers, and years of supervised practice that no crash course can replace.

The workforce question is safety-critical in a way that short-staffing in, say, administration is not. Dose
discipline, patient identification, shielding judgement and image quality are all operator functions; every
chapter of this book about the machine's precision is silently a chapter about the precision of its operators.
The martyrs of Chapter 37 died before the profession existed; the profession exists so that their story cannot
repeat, and its strength - numbers, training, standing - is as much a part of the machine as the tungsten in its
anode.

The pathway into the profession is long by design. Two to four years of accredited education, clinical
placements under supervision, national registration, and then the sub-specialties - CT, mammography,
interventional work, sonography - each with their own credentials. The length is the point: the machine
forgives nothing, so its operators are trained until the safe action is the reflexive one. When a radiographer
positions a frightened patient with one hand and reaches for the exposure switch with the other, a century of
professional formation is standing in the room with them [X36].

The pipeline has become a policy problem in its own right. Training capacity, not applicant interest, is the
bottleneck: clinical placement sites are finite, accredited programmes expand slowly, and the professions
compete with better-paid sectors of the same labour market. Some systems now fund expansion directly,
treating radiography places as infrastructure. The machine's workforce, like its tungsten, is a supply chain -
and it, too, can be managed or neglected [ X36].

And the profession has its own geography of prestige. In some systems the radiographer is an autonomous
practitioner, reporting images and managing protocols; in others, a button-pusher by regulation. The
difference is not competence but law - and the world's radiographer shortage is quietly rewriting the law, one
scope-of-practice review at a time. The machine's operators are becoming, by necessity, the machine's junior
physicians [X36].
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Chapter 67 - The pandemic machine

In the winter of 2019-20 the machine met its largest simultaneous patient. As COVID-19 spread, the chest
radiograph and the chest CT became two of the pandemic's essential instruments: not the first-line test - that
was the swab - but the triage tool that answered the emergency department's urgent questions. How much
lung? How fast is it moving? Is this worsening? The portable X-ray machine, trundled to the isolation
bedside, did work no laboratory test could do at the speed the crisis demanded [X32].

The pandemic stress-tested every theme of this book at once. Access: field hospitals needed machines faster
than factories could build them, and mobile and hand-carried units had their proving decade compressed into
months. Supply: tubes, detectors and parts joined the global queue for freight, and Chapter 49's chain
showed its strain. Dose discipline: serial imaging of the same lungs, day after day, forced justification
conversations about cumulative exposure even in a crisis. Workforce: radiographers worked in full protective
equipment, cleaning a detector between patients while the queue lengthened, and the profession's shortage
deepened in the aftermath [X32][X37].

The machine's image of the disease - the ground-glass shadow at the lung's edge - entered public
consciousness as few radiological signs ever have. For a generation that had never thought about the ray, the
pandemic was an introduction: here was the old instrument, a hundred and twenty-five years on, still the
fastest way to see what a new disease was doing inside the chest. The beam goes on, indeed - through every
emergency the species has yet managed to invent.

The pandemic also left the machine a research windfall. Chest imaging datasets of unprecedented size,
curated under emergency conditions, became training ground for the Al readers of Chapter 68; triage models
that learned the ground-glass signature are now being re-pointed at pneumonia and tuberculosis. And the
operational lessons - portable-first imaging, detector hygiene, staff protection - are written into the new
normal of every department. The machine emerged from 2020-22 as it emerged from 1914-18: tested at
scale, trusted more broadly, and busier than ever [X32][X-F51].

One quiet legacy deserves recording: the pandemic normalised the portable examination. Bedside
radiography, once the exception reserved for the immobile, became the default for a whole class of patients,
and departments discovered that the portable image - taken in isolation, read remotely, delivered without
transport - was often simply better logistics. Some of that shift has persisted. The machine learned, in the
crisis, to travel light; it has not entirely unpacked [X32].

The pandemic's imaging lessons were catalogued with unusual speed: professional bodies published
portable-radiography protocols, detector-disinfection procedures and triage thresholds within months, and
the literature of COVID chest imaging - thousands of papers in two years - became the fastest corpus the
machine had ever generated. The beam had met a new disease before, in 1918, without the wit to record it.
This time the machine watched, counted and published [X32].
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Chapter 68 - The machine that reads

For a hundred and twenty years the machine made shadows and humans read them. The newest resident of
the reading room is a second reader made of mathematics. Machine-learning systems now triage chest
radiographs for pneumothorax on the way to the radiologist, flag intracranial haemorrhage on CT, measure
bone age, quantify coronary calcium, and pre-populate measurements the radiologist used to make by hand.
Regulators treat them as medical devices in their own right, and the cleared-product lists have grown from a
novelty to a catalogue [X-F51].

The machine-learning reader's anatomy is worth understanding plainly. It is trained on archives of images
paired with reports or outcomes; it learns statistical shadows - the texture of a nodule, the asymmetry of a
fracture - rather than anatomy the way a student learns it; and its failures are of its archive: trained mostly on
one population, one manufacturer's machines, one disease prevalence, it can misread the rest. The
profession's response has been to assign it the roles where volume is the enemy - triage, measurement,
second looks - while the accountable signature remains a human's [X-F51].

Its deepest effect may be upstream, on the image itself. The same mathematics denoises low-dose CT,
reconstructs sparse data into diagnostic pictures, and standardises technique across operators - quietly
shifting the dose ledger of Chapter 41 downward. The partnership, at its best, is the oldest one in this book
wearing new clothes: the machine sees, and judgement - now partly silicon, still mostly human - decides
what the seeing means.

The governance is maturing with the technology. Regulators now require cleared Al tools to declare their
training populations and performance limits; professional bodies frame them as assistants whose output a
qualified reader must confirm; and the courts have begun, quietly, to treat an unexamined Al flag the way
they treat an unexamined image - as an opportunity the accountable human was given. The reading
machine's final form is not settled. But its direction is: not a replacement for the reader, but a second pair of
eyes that never tires, never blinks, and never signs the report [X-F51].

The economics of the reading machine will decide its reach. If Al triage lets one radiologist safely serve ten
sites, the access divide of Chapter 65 narrows; if it merely accelerates the already-rich reading rooms, the
divide widens in relative terms. The technology is neutral; the deployment is a choice. The machine's history
suggests the optimistic reading - every previous automation, from the intensifying screen to the digital
detector, eventually spread - but "eventually" is a word with a long tail, and the waiting world is impatient
[X-F20][X-F51].
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Chapter 69 - The healing beam

The ray that reveals can also destroy, and the discovery was made within months - by accident, on skin. The
same physics that burned the pioneers was turned, almost immediately, against disease: by the first years of
the new century, physicians were aiming X-ray tubes at skin cancers, and a leukemia case treated at Calcutta
Medical College was reported in 1907, only five years after the first such report anywhere [X-F26]. The
paradox that radiation both causes and cures cancer has organised a medical specialty ever since.

Early radiotherapy was bravely crude: tubes pressed to tumours, doses estimated by skin reddening, deep
cancers barely reachable. The cure for that was energy. Higher and higher voltages - the 200-kilovolt "deep
therapy" plants of the 1920s, then million-volt machines - pushed the dose maximum below the skin and into
the tumour. The modern instrument is the linear accelerator: a microwave-driven electron gun whose beam,
slammed into a tungsten target, makes X-rays of millions of electron-volts, shaped by multi-leaf collimators
into fields that match the tumour's outline from every angle. The Coolidge tube's grandchild, in other words,
delivers the cure the gas tubes promised and could not safely give [X2][X5].

This book is about the imaging machine, and the therapy beam properly belongs to another shelf of the
library. But the two share a tube, a target, a collimator, a physics of dose - and a history: the same discipline
that learned to measure the ray to protect the imager's patient learned to measure it to save the therapy
patient. When the later chapters speak of dose ledgers and rule books, they speak for both machines at once.

The two branches still share the clinic's geography. The radiotherapy suite's linear accelerator is
commissioned and audited by the same medical-physics profession that keeps the CT scanner honest; the
planning CT that maps the tumour is an ordinary imaging machine borrowed for an extraordinary purpose;
and the image-guided treatment that verifies the patient's position before every fraction is, literally, the
imaging machine riding on the therapy machine's gantry. Diagnosis and cure, separated for a century into
two departments, are converging again on the shared physics this book describes [X24][X5].

The therapeutic beam's modern refinement is precision so complete that the machine can treat a moving
target: the lung tumour that rises and falls with every breath is tracked, and the beam is gated to the
respiratory cycle, firing only when the tumour crosses the aim point. Imaging and therapy, the two branches
of the ray's medical family, meet here in real time - the machine watching its own treatment as it delivers it.
Rontgen's discovery has become, in the same room, both the eye and the knife.
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Chapter 70 - The trauma bay's eye

The machine's most disciplined performance is the one nobody schedules. The trauma bay runs on a doctrine
in which imaging is sequenced like firefighting: the chest and pelvis films in the first minutes, because the
bleeding chest and the shattered pelvis kill fastest; then the CT scanner, the modern trauma centre's true hub,
which surveys head to pelvis in under a minute and hands the surgeons a complete map of the damage before
the patient reaches the theatre [X24].

The choreography is the machine's wartime inheritance perfected. Curie's vans brought the ray to the
casualty; the modern trauma system brings the casualty to the ray - the scanner placed, by deliberate hospital
architecture, between the emergency doors and the operating theatres, so that no dying patient is ever far
from the image that will direct their rescue. The radiographer in the trauma bay works to a standard the
pioneers would not have believed: images of diagnostic quality taken through spine boards and oxygen
tubing, on patients who cannot hold still, under lights, in seconds [X24].

The trauma bay is also where the machine's economics are clearest. The scanners and suites around the
resuscitation room are among the hospital's most expensive square metres, and they earn their keep in the
only currency that matters: time. Every minute saved between the ambulance doors and the diagnosis is
measurable in survival, and no instrument in medicine buys minutes so reliably as the one this book is about.

The doctrine keeps evolving around the scanner's speed. Whole-body CT for the seriously injured, selective
imaging for the walking wounded, ultrasound for the unstable - the trauma team chooses from the machine's
whole family according to how much time the patient's physiology will sell them. What never changes is the
ordering principle the early radiographers invented on the fly in 1896: the image comes first, because every
decision after it depends on what it shows. The trauma bay is the purest expression of that principle the
machine has ever been given [X24].

The trauma bay also drives the machine's most stringent ergonomics. The CT gantry's aperture is sized for
the largest patient on a spine board with lines and tubes attached; the table's weight limit and travel are
trauma specifications, not conveniences; and the scanner's speed is bought, ultimately, for the unstable
patient who cannot wait. When the marketing brochures boast of sub-second rotation, this is the buyer they
are boasting to: the resuscitation room at 3 a.m., where the machine's speed is a clinical fact measured in
lives [ X24].

The trauma bay's last instrument is the archive's clock. Every trauma image is timestamped, and the intervals
- door to scan, scan to report, report to theatre - are audited as quality measures. The machine's speed is thus
no longer a boast but a managed quantity, graphed month by month. In the department where seconds are the
currency, the machine is the mint [X24].
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Chapter 71 - The screening net

The machine's boldest use is on people who are not ill. Screening - imaging the healthy to catch disease early
- asks the hardest question in radiology: can the ray find enough hidden sickness, soon enough, to justify
exposing millions of people who would never have been harmed by the disease it finds? The answers have
been fought over for half a century, and the fighting has made the machine better [X25][X32].

The successes are real. Chest radiography carried the tuberculosis campaigns of the mid-twentieth century,
when mobile units toured whole towns and miniature films were read by the million; the descendants of
those vans still run active case-finding in high-burden countries, now with digital panels and, increasingly,
Al triage reading the films where radiologists are few [X32]. Mammography's screening programmes,
argued about in every decade, remain the model of a screening debate done honestly - benefit weighed
against overdiagnosis in public [X25]. And low-dose CT of the lung, proven in the trials of the 2010s to cut
lung-cancer deaths in heavy smokers, added a third screening service built on the machine's ability to see a
nodule the size of a grain of rice.

The screening net is the machine as public health: not one patient and one question, but a population and a
probability. Its ethics are the whole book in miniature - the beam's gift and the beam's price, weighed not for
a patient but for a people. When the weighing is done well, the net saves lives no clinic could have saved;
when it is done carelessly, it spends health on reassurance. The dose ledger of Chapter 41 is never more
carefully kept than here [X32].

The net's future is already visible in the pilot programmes. Al triage stretches scarce readers across more
films; portable digital units and drones for sputum transport push case-finding past the road's end; and the
dose per examination keeps falling, which shifts every cost-benefit calculation in screening's favour. The
argument of this chapter is not settled - it is re-run with every new trial - but its centre of gravity moves
steadily toward the machine: as the ray gets cheaper, faster and gentler, more of humanity's hidden disease
falls inside the net [ X32][X-F51].

The screening chapter's hardest lesson is that the machine's accuracy is not the programme's accuracy. A
good machine read late, or read by too few eyes, or followed up by a broken referral chain, saves no one.
The public-health engineers of screening therefore design the whole pathway - invitation, examination,
reading, recall, treatment - and audit it end to end. The X-ray unit is the cheapest link in that chain. The
expensive links are the human ones [X32].
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Chapter 72 - The reading room

Every image in this book ends its journey in a dim room, on a bright screen, before a trained pair of eyes.
The reading room is radiology's cockpit, and its design is a century of ergonomics in service of one task:
finding the thing that is wrong. The lighting is low so the greys keep their subtlety; the monitors are
calibrated and audited so a grey in Chennai is the same grey in Chicago; the worklist is the day's queue of
human worry, study by study [X-F42]. The radiologist's craft is pattern recognition disciplined by method.
The systematic sweep - airways, bones, soft tissues, the corners where lesions hide - exists because the eye
loves the obvious and misses the second finding; the profession's name for that failure, satisfaction of search,
is taught to every trainee alongside the physics. The report that leaves the room is a legal document, a
clinical handoff and often the pivot of a treatment decision; its language is standardised into lexicons so that
"probably benign" means the same thing to every reader [X-F42]. The room is changing under the machine's
own pressure. Volume grows faster than the workforce of Chapter 66; Al triage reorders the worklist so the
bleeds are read first; home reporting and teleradiology dissolved the room's walls. But the essential
transaction is unchanged since 1896: a shadow falls, and a human being must say what it means. The
machine sees; the room decides. The room has a second function that outsiders rarely see: it is where the
machine's errors are caught. Every imaging chain fails occasionally - a mislabelled study, a laterality flipped,
a detector artefact mimicking disease - and the reading radiologist is the last inspector before the image
becomes a decision. The double-read of screening mammography, the discrepancy meeting where trainees'
overnight reports are reviewed, the morbidity conference where misses are dissected in front of peers: these
are the reading room's quality instruments, and they are run with the same seriousness as the machine's own
calibrations. A department that stops auditing its eyes will eventually be failed by them [X-F42]. And the
room, for all its technology, remains a place of apprenticeship. The trainee sits beside the consultant, the
studies scroll past, and the craft is transmitted as it has been since the beginning: case by case, shadow by
shadow, mistake by kindly corrected mistake. The Al reader joins that bench as a third presence - useful,
fallible, untrusted until proven. The reading room's deepest function has never changed: it is where the
machine's seeing becomes a human community's knowing [X-F42]. The room's final evolution is already
visible: the distributed reading room. The worklist floats in the cloud; the reader may be in the hospital, at
home, or on another continent; the AT has triaged the queue; and the report flows back into the record before
the patient has left the building. The room was always an idea - a place where images meet judgement - and
the idea has finally escaped its walls. What it must never escape is its discipline [ X-F42].
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Chapter 73 - Grey to gold

The digital image's greatest trick is invisible: it is not taken, it is rendered. The detector measures a range of
photon counts spanning thousands of levels; the display shows two hundred and fifty-six greys; and between
the two sits the window - the operator's choice of which slice of the data to spread across the visible range.
Window narrow on soft tissue and the muscle's subtle lesions emerge; window wide on bone and the cortex's
fine cracks appear. One exposure, infinitely many images [X-F42]. Processing goes far beyond windowing.
Edge enhancement sharpens trabeculae; equalisation flattens the chest's hopeless dynamic range so lung and
mediastinum share one image; noise reduction trades grain for smoothness; and computer-aided detection
draws the circle that asks the radiologist to look again. CT adds the whole third dimension: multiplanar
reformatting, maximum-intensity projections that light up vessels, volume renderings that turn a stack of
slices into a surgeon's rehearsal model [X24]. The craft migrated from the darkroom to the workstation
without losing its character. Where the film-era technologist chose developer temperature and exposure, the
digital radiographer chooses reconstruction kernels and post-processing presets - and the same judgement
applies: the settings must serve the clinical question, not the aesthetics. A beautiful over-processed image
that hides a lesion is a failure; a grainy honest one that shows it is a success. The grey scale, it turns out, was
always a language; the digital machine merely gave its speakers a larger vocabulary [X-F42]. There is also a
quiet standardisation at work. Vendors ship reconstruction presets tuned to each examination, and
professional bodies publish guidance on which kernels and windows suit which questions, so that a study
made on one machine resembles the same study made on another. The resemblance matters more than the
artistry: longitudinal comparison - is the nodule growing - is only possible when today's image and last
year's are made of the same greys. The rendering choices that look like cosmetics are, in fact, the machine's
memory keeping faith with itself [X-F42]. Colour, long foreign to the machine, has arrived through the back
door of computation. Dual-energy and photon-counting data let the workstation paint materials - iodine in
red, calcium in blue, uric-acid stones in their own hue - and the renderer's volume views dress the slices in
photographic flesh. The purists grumble, and sometimes they are right: a coloured image can persuade
beyond its evidence. But the same maps that impress the surgeon also guide the needle. The grey scale
remains the machine's native tongue; colour is its new dialect, spoken where it earns its keep [X-F40]. The
grey language has its grammar police: the professional societies' display standards, which define how a
calibrated monitor must render each step from black to white. The calibration is verified with a photometer
on a schedule, and a workstation that drifts out of tolerance is pulled from service like a faulty tube. In the
digital reading room, the monitor is the final optical element of the machine itself - and it is maintained with
the same seriousness as the anode [X-F42].
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Chapter 74 - The wired archive

The image used to be an object: a sheet of film, one copy, kept in a folder in a basement, fetched by trolley
and lost about as often as any other piece of paper. The digital detector abolished that object, and what
replaced it is an institution: the Picture Archiving and Communication System - PACS - and the DICOM
standard that lets a scanner from one manufacturer, an archive from another and a reporting workstation
from a third agree on what an image is [X-F43]. DICOM, first published in its modern form in 1993 by a
joint committee of manufacturers and radiologists, does for the image what the container did for freight: one
envelope, one labelling scheme, one set of rules for exchange. The PACS holds the images; the worklist tells
the scanner which patient is on the table; the report attaches to the study; and the whole study - every slice,
every prior examination - follows the patient across the enterprise in seconds. The film library's trolley-
pushers became data managers; the lost film became an entry in an audit log [X-F42]. The wiring stretched
the machine's geography to breaking. Teleradiology moves the image, not the patient or the radiologist: a
scan taken at midnight in a district hospital can be read by a wide-awake specialist three time zones away,
and the access divide of Chapter 65 is being narrowed as much by bandwidth as by hardware. The machine's
product, after a century as chemistry on plastic, is now information - and like all information, it travels. The
archive changed the machine's accountability as much as its logistics. In the film era, a repeated exposure
vanished into the bin; in the archive, the repeat is retained, counted and audited, and dose-monitoring
software aggregates every examination's output into department-level ledgers. The data flows both ways: the
same network that moves images to readers moves exposure records to physicists. The wired archive is,
among other things, the dose ledger's bookkeeper - the machine watching itself, at last, as closely as it
watches the patient [ X-F42][X31]. The archive's scale would have been unimaginable in the film era. A large
hospital's PACS holds tens of millions of images, petabytes deep, replicated and backed up against every
failure the engineers can imagine; the annual production of the world's scanners is a measurable fraction of
the planet's new data. Storage, bandwidth and migration - the next system must read the last system's files -
are now line items in the imaging budget. The machine's product has always been memory; it simply used to
fit in a basement [X-F42]. The archive's political economy deserves a note: whoever holds the PACS holds
the patient. Image portability - the patient's right to carry their studies on a disc, a link, a national record - is
now a regulatory demand in the rich world, and the machine's images flow second only to its photons. The
film folder that once belonged to the hospital's basement has become the patient's property in law. The
shadow, at last, belongs to the body that cast it [X-F42].
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Chapter 75 - The teaching file

Every radiologist is made the same way: by looking at more images than seems reasonable, until the
abnormal announces itself. The teaching file - the department's curated collection of instructive cases, each
one a question with a proven answer - is the machine's school, and it predates the profession's exams. The
film library's marked folders, the museum of classic cases, the professor's private hoard of beautiful
disasters: this was how the machine's seeing was taught for a century [X-F42]. The digital archive
transformed the school's plumbing without changing its pedagogy. The teaching file is now searchable,
taggable, shared between institutions; national societies maintain great case collections; the trainee in Kochi
can study the same proven case as the trainee in Chicago. Simulation extends the school to the machine
itself: phantom patients and virtual workstations let the learner err without a victim [X-F42]. The school's
deepest lesson is not pattern but humility. Every teaching file is a museum of misses - the tumour hidden
behind the clavicle, the fracture visible only in retrospect - assembled precisely so that the next reader will
not repeat them. The machine's history is written in its images; its future is taught from its mistakes.
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Chapter 76 - The shadow in court

The image's authority was tested early in the place where authority is argued: the courtroom. Within a year
of the discovery, lawyers were offering radiographs as evidence - a fractured limb's true extent, a bullet's
lodging place - and judges were deciding whether a shadow on a plate could be sworn to. The precedents
accumulated quickly on both sides of the Atlantic: by the early 1900s the X-ray plate was accepted evidence
of fracture and foreign body, with the operator summoned to vouch for how it was made [X-F44]. The
forensic role has only widened. The radiograph dates abuse in the patterns of healing fractures; identifies the
dead by the serial numbers of their implants and the shapes of their sinuses; authenticates or exposes the
disputed painting, the smuggled antiquity, the altered document. In mass disasters, forensic radiology is now
standard: the dead are scanned before the pathologist begins, so that the image guides the examination and
the record outlives the body [X-F44]. The court chapter completes an argument this book has made from the
start: the machine's product is not a picture but a fact. A fact can be cross-examined, and radiographs are - on
exposure, on identity, on interpretation - but their standing rests on the same foundation as every other use in
these pages. The ray does not flatter, and it does not forget. The law, like medicine, learned to build on that.
The evidentiary rules evolved with the technology. Digital images brought new questions - about
manipulation, about the chain of custody of a file rather than a plate - and the PACS audit trail answered
them: every image is logged, timestamped and immutable in the archive, its history of viewing and
annotation preserved. The courtroom shadow of the twenty-first century is more tamper-proof than the film
it replaced, because the archive remembers every touch. The ray's testimony, like the ray itself, has only
hardened with age [X-F42]. There is also the machine as plaintiff's Exhibit A in its own history: the early
malpractice cases turned on exactly what the plate showed and when it was taken, and they taught hospitals
to keep the images. Retention schedules - how many years a study must be preserved - are courtroom logic
written into archive policy. The wired archive of Chapter 74 is, among its other duties, the machine's legal
memory, kept for the day a decade-old shadow must speak again.
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Chapter 77 - The patient's three minutes

For all this book's physics and industry, the machine's essential encounter lasts about three minutes, and it
belongs to the patient. It begins before the examination: the referral, the scheduling call, the instruction to
fast or to drink the contrast, the journey, the queue, the gown that ties at the back. Then the room itself -
colder than expected, because the machine's electronics like the cold - and a stranger's hands positioning an
arm, a shoulder, a chest against the detector's hard, cool surface [X32].

Then the instruction that has not changed in a hundred and thirty years: hold still; breathe in; hold your
breath. A hum, a click, a stillness of a fraction of a second in which the ray does its work unseen and unfelt -
X-rays produce no sensation at all, which is both their danger and their mercy. Then it is done, and the
anticlimax is total: no picture shown, no answer given, just "the radiologist will report to your doctor." The
image goes one way, the patient another, and the result arrives days later by a different road [X32].

The profession has learned to take those three minutes seriously. The frightened child gets the decorated
room and the patient radiographer; the claustrophobic get warning and rehearsal; everyone gets the right to
ask about dose and to be answered plainly, as WHO's campaigns insist [X32]. The machine cannot feel, so
the people around it must feel for it. The best radiology departments are measured, in the end, not by their
equipment lists but by those three minutes, multiplied by every patient they will ever meet.

And when the answer comes back, the machine's three minutes turn out to have been the easy part. The
report's language - "opacity", "lesion", "cannot exclude" - lands on the patient as a second encounter with the
machine, this one conducted entirely in words. Radiology's modern reform movements push for reports the
patient can read, and portals that deliver the image itself alongside them. The shadow that began as a
mystery for doctors is becoming, slowly, something patients are allowed to see and hold. It is their body,

after all, that made the picture [X32].

There is a last, small anthropology of the examination that every radiographer knows: the patient who
apologises for needing the image; the patient who jokes about glowing; the patient who asks, every day,
whether the machine will make them infertile, or sterile, or radioactive. The answers are always the same
and always worth giving again, because fear of the ray is a tax the machine still collects on the uninformed.
WHO's campaigns and the profession's consent conversations are, at bottom, an attempt to abolish that tax
[X32].
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Chapter 78 - Four-legged patients

The machine's least discussed patients are the ones who cannot lie still on command. Veterinary radiography
began almost with the discovery - the zoos and cavalry stables were early customers - and today it is a
routine arm of the art: the horse's hoof and the racing greyhound's hock, the dog's swallowed toy, the cat's
asthma, the zoo tiger's tooth. The equipment is the hospital's in miniature - smaller tables, portable
generators for the stable yard, the same tungsten physics - but the practice is its own discipline, because the
patient arrives with a strap, a muzzle, and no interest in the proceedings [X-F42]. The animal patient drove
technique in one direction the human machine never needed: positioning by persuasion. Sedation protocols,
foam wedges, sandbags and patience replace the spoken instruction; the radiographer reads body language
the way a clinician reads a chart. The economics differ too - veterinary imaging is bought with the owner's
wallet, not a health system's budget, which made the digital transition slower in the stable than in the
hospital, and made the used-equipment market a lifeline [X-F42]. The chapter belongs in this book because
the machine's promise was never limited to one species. Anything with an inside is its patient. The same
beam that found the needle in 1896 finds the fishhook today, and the profession that grew from the martyrs'
ward counts among its members the people who kneel in straw at midnight, holding a frightened horse's leg
against a cassette, waiting for the click that settles the diagnosis. The caseload spans the animal kingdom in a
way human radiology never will. Avian patients demand speed, because a stressed bird's reserves are
minutes deep; reptiles need warming before their images mean anything; the zoo's great cats are scanned
under anaesthesia with a logistics plan worthy of a head of state. The machine's indifference to its patient -
photons are photons - is what makes all of this routine: the same tube that images a racehorse's fetlock
images a tortoise's shell, and the interpretation, not the instrument, is where the species changes. Veterinary
radiology is, in that sense, the machine's most democratic branch [X-F42]. The economics of the animal
machine have one further twist: the patient cannot consent and the owner must pay, so veterinary radiology
became a market test of the examination's value. Owners weigh the scan's price against what it will change -
surgery or not, treat or palliate - and the discipline's imaging is correspondingly lean: the study that answers
the question, and no more. Human medicine, insulated by reimbursement, might read the lesson with some
discomfort [ X-F42].
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PART IX - THE NEXT SHADOW

In which the photon is counted one by one, the reading is shared with machines, and the machine itself
shrinks toward the bedside - and the book looks back at the beam that started everything.

The machine's future is arriving faster than its second century's first decades can absorb it. Photon by photon
counting, readers made of mathematics, instruments that fold into a suitcase: the ray that changed the world
in a few weeks of 1895-96 has not finished changing. This part looks at what is coming, and then looks back.

The final part is short, because the future always is. It contains no predictions, only trajectories already
visible: the photon counted one by one, the image read by two kinds of mind, the machine carried where it is
needed. The X-ray machine's history suggests that its next century will be stranger than its last. The only
certainty is that the beam will still be on.
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Chapter 79 - Counting the photons

Every detector in this book so far shares a hidden crudeness: it integrates. Photons arriving at a scintillator or
a photoconductor are converted to charge and summed, and the sum is all the machine knows - a small
photon and a large one count the same, and electronic noise rides along in the total. The newest revolution in
the machine's sensing changes that premise. Photon-counting detectors, built from semiconductors such as
cadmium telluride, register each arriving X-ray as an individual pulse and measure its energy: the beam
becomes a census, photon by photon, sorted by colour.

The consequences run through everything a CT scanner can do. Because low-energy photons are no longer
drowned by noise, dose can fall. Because the photons arrive sorted by energy, the scanner gains spectral
information on every pass - material separation that previously required two scans or two sources. And
because the detector pixels can be made small without noise swamping them, resolution jumps: structures at
the limit of CT - the lung's smallest airways, the inner ear's bone, a stent's struts - come into reach [X-F40].

The technology crossed from laboratory to clinic in 2021, when the first commercial photon-counting CT
system was cleared for clinical use, and the other major manufacturers are racing to follow [X-F40]. It is, in
the long view, the detector half of the machine finally catching up with the source: the Coolidge tube gave
radiology control over making X-rays in 1913; photon counting, a century later, gives it control over reading
them - one at a time, in colour.

The engineering that makes the census possible is forbidding. Each photon's pulse must be shaped,
discriminated and counted in nanoseconds, millions per second per square millimetre, without the
electronics drowning in their own pile-up; the cadmium telluride must be grown, contacted and bonded to
readout chips at defect rates the display industry would never tolerate. That the technology reached the clinic
at all is a testament to thirty years of detector physics - much of it borrowed from the high-energy physics
community, where counting individual particles has always been the whole game. The hospital's newest
scanner is, among other things, a particle-physics experiment that moved in and put on a gown [X-F40].

For the patient, the revolution will feel like nothing - a scan much like any other. What changes is the ledger:
less dose for the same answer, or more answer for the same dose, and material information that today needs
a second scan arriving in the first. The machine's long trajectory - every decade buying information with less
radiation - finds in photon counting its steepest trade since film gave way to the intensifying screen [X-F40].
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Chapter 80 - The shrinking machine

The machine's first century made it bigger: from the tabletop coil of 1896 to the CT gantry that fills a room
and weighs tonnes. Its current century is, just as decisively, making it small. Flat-panel detectors untethered
the radiograph from the darkroom; battery-powered portable X-ray units now travel to the bedside, the
nursing home, the disaster zone and the sideline of the football pitch; hand-carried ultrasound took the
stethoscope's place in the pocket, and its X-ray cousins - handheld dental units, mini C-arms for the
operating theatre, van-mounted CT for stroke - put the ray on wheels and on shoulders [X-F39].

The shrinkage matters most where Chapter 65's divide runs deepest. Portable digital radiography is the
backbone of active tuberculosis screening in communities far from any hospital; solar-capable systems and
ruggedised detectors are built explicitly for clinics with unreliable power; teleradiology carries the images to
readers a continent away [X32][X-F20]. The machine that once required the patient to come to it - and to a
building with three-phase power and a lead-lined room - increasingly goes to the patient.

There is a pleasing symmetry to close on. Réntgen's apparatus was a bench-top device that anyone could
build, and within weeks everyone did. Then the machine grew into the basement fortress of the radiology
department, guarded by physicists and fed by dedicated power. Now, at the end of this book, the trajectory
bends back toward the bench, the bedside and the field - not by returning to the Crookes tube, but by folding
a hundred and thirty years of anode physics, detector science and dose discipline into something a single
radiographer can carry. The shadow goes where the patient is. That, more than any single invention, is the
machine's mature idea of itself.

The engineering of smallness is a story of trade-offs mastered. A portable generator cannot wallop the anode
the way a fixed room's supply can, so exposure techniques are tuned to what a battery can deliver; a
handheld unit's scatter field is the operator's own body, so shielding moves from the walls to the apron and
the backscatter screen; and wireless detectors replace the last umbilical to the building. Each trade-off would
have been fatal in 1990; each is routine now, because the detector's sensitivity rose to meet the shrinking
source. The machine got smaller only when the machine got better [X-F39].

And the shrinkage is not finished. Research laboratories now demonstrate X-ray sources on chips, detectors
printed on flexible films, and imaging systems whose whole electronics fit behind the panel. The machine's
endpoint may be the disposable radiograph: a patch, a pill-sized source, a readout on a phone. That future
would close the book's longest arc - from the machine you visit, to the machine that visits you, to the
machine you wear [X-F40].
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Chapter 81 - The bent ray

Every image in this book is a shadow. The physics that casts it is absorption: the bone stops more photons
than the flesh, and the detector reads the difference in what survives. It is a peculiar way to see, when one
stops to think about it, because light - ordinary visible light - does most of its seeing a different way. A
windowpane barely absorbs light at all, yet we see it; a fibre of glass, a film of oil, a cell under a microscope
all announce themselves not by stopping light but by delaying it, bending it, shifting its phase. Frits Zernike
won a Nobel Prize for teaching the visible-light microscope to read those delays, and biologists have never
looked back [X-F63]. The X-ray machine, for a hundred and twenty-five years, has thrown the same
information away.

The waste is real, and it is largest exactly where the machine is weakest. The soft tissues that conventional
radiography renders as one grey blur - cartilage, ligament, tumour margin, the architecture of a breast - differ
from one another far more in how they shift the ray's phase than in how they drink it. For the light elements
that make up flesh, the phase effect is stronger than the absorption effect, sometimes by orders of magnitude.
A machine that could read phase would see soft tissue with the crispness that bone has enjoyed since 1896.
The physics was never in doubt. The problem was that an X-ray wave is a ferociously difficult thing to
compare against itself, and phase is a comparison [X-F63].

The first answer was a jewel. In 1965 Ulrich Bonse and Michael Hart, at Cornell, cut an interferometer from
a single, highly perfect crystal of silicon - three thin blades of crystal, carved from one lattice so that every
atomic plane in the instrument stood in perfect relation to every other. An X-ray beam entering the first blade
was split in two by diffraction; the halves travelled separate paths, one through the specimen, and were
recombined in the third blade, where their interference spelled out the phase shift line by line. The Bonse-
Hart interferometer offered a sensitivity to the body's subtle variations that absorption could not touch - and
it demanded conditions that no hospital could ever provide: perfect crystals, perfect alignment, and above all
the narrow, brilliant, parallel beam of a synchrotron [X-F63]. For thirty years phase-contrast radiography
lived at the great light sources, beautiful and stranded, a technique without a machine.

What brought it home was a trick with gratings. A fine grating of lines, placed in the beam, sets up an
interference pattern that repeats itself at measured distances downstream - the Talbot effect, discovered with
ordinary light in 1836 by the same Henry Fox Talbot who gave photography its negative. A second grating
reads the pattern, and a specimen placed in the beam betrays its phase shifts as distortions of the stripes. The
grating interferometer has a decisive virtue: it does not need a perfect wave. Add a third grating at the source
and the arrangement works with the messy, diverging, many-coloured beam of an ordinary hospital tube. In
the years around 2006, Franz Pfeiffer's group and others demonstrated exactly that extension, and phase
contrast escaped the synchrotron [X-F63]. A sister technique, edge illumination, achieves the same
translation by pointing the beam at the sharp edge of a coded aperture, so that the slightest refraction swings
photons on or off the detector [X-F63].

What the new sight shows is startling. Dark-field images, read from the scattering of the same gratings, light
up the lung's alveoli - structures far below the detector's resolution, betrayed by the air-tissue boundaries that
scatter the ray. Phase images of breast tissue show tumour margins and the fine strands of duct architecture
that absorption smears away; the first pre-clinical mammography studies have shown exactly the advantage
a century of blurred soft tissue predicts [X-F63]. Cartilage, the invisible casualty of every arthritic joint on a
plain film, stands up in phase contrast as if it were bone. The ray, it turns out, has been carrying a second
picture all along, superimposed on the shadow, and the machine is only now learning to develop it.

The industry, characteristically, is translating the physics into engineering before the engineering is finished.
Gratings for large fields of view are among the most demanding micro-fabricated objects ever asked of a

111



production line: gold walls micrometres wide and hundreds of micrometres tall, laid down with
semiconductor discipline. Dose arithmetic must be fought for, because every grating drinks photons the
patient paid for. And the reconstruction software must turn stripe distortions into three separable images -
absorption, phase, dark field - from one exposure. These are the problems of a young technology, and they
are exactly the problems the old one solved between 1896 and 1913 [X-F63]. Réntgen's machine read only
what the ray lost. Its great-grandchildren are learning to read what the ray went through. When they do it
routinely, the soft half of the body - the half this book has watched the machine strain to see through contrast
inks and magnets alike - will finally have a native contrast of its own.
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Chapter 82 - The small world

In the early 1980s, in a workshop at the London Hospital Medical College, James Elliott built a scanner for
objects that would never complain about the dose. His subject was not a patient but a snail. The
reconstructed slices of a small neotropical snail, published as the first X-ray microtomographic images,
looked unassuming - but they carried the whole logic of Hounsfield's machine down to a scale Hounsfield
never attempted: pixels measured in micrometres, and a specimen stage in place of the patient couch [X-
F64]. Micro-computed tomography was born, and the machine acquired a new clientele: everything too
small to be dissected and too precious to be cut.

The physics is the CT chapter's physics with the magnitudes reversed. Resolution in a tomogram is set by the
fineness of the ray and the detector, so the micro-CT machine is built around the micro-focus tube - a source
whose focal spot is squeezed to a few micrometres - and detectors with pixel pitches to match. The specimen
rotates on a jeweller's stage while the cone-shaped beam projects its shadow; the Feldkamp reconstruction
turns a single orbit of cone-beam projections into a volume [X-F64]. Magnification is geometric, not optical:
place the snail near the source and far from the detector, and its shadow grows. There is no lens anywhere in
the instrument, because for these rays there are no lenses worth having. The price of the small world is time
and intensity: a high-resolution scan may expose for hours, and the specimens - fossils, foams, tablets, bone
cores - must simply sit still, as patients rarely can.

The clientele turned out to be a census of modern science. Palaeontologists slice fossil skulls without
touching the chisel, recovering inner ears and brain cases from stone that would have been destroyed by
preparation; microfossils a millimetre across, nested spheres from Ordovician seas, have been read shell by
shell from their tomograms [X-F64]. Bone biologists measure trabecular architecture - the internal
scaffolding that decides whether a hip survives a fall - and watch bone grow into the pores of an implant's
calcium phosphate lattice without staining a single section [ X-F64]. Materials scientists track fatigue cracks
growing inside aluminium castings between load cycles; battery engineers watch electrodes swell and
delaminate through a charge; pharmaceutical plants check the coating of every batch's sample tablets. The
machine that began as the surgeon's eye has become the laboratory's microscope, with the unique property
that its sections destroy nothing.

There is a pleasing symmetry in where the technique lives. The micro-focus tube is a direct descendant of
the fine-focus effort of Chapter 19 - Goetze's angled anode taken to its limit - and the reconstruction is
Hounsfield's. Even the synchrotron keeps a hand in: the great light sources run micro-CT beamlines whose
parallel, monochromatic rays give the cleanest volumes of all, and the same beamlines host the phase-
contrast methods of Chapter 81, so that the two frontiers of this part meet on one specimen stage [X-F64][X-
F63]. Rontgen's first image was of a hand. Elliott's was of a snail. Between the two lies the whole expansion
of the machine's ambition: not merely to see through the living body, but to see through anything at all, at
whatever scale the question is asked - down to the grain of the material, the pore of the bone, the cell's own
neighbourhood. The small world, it turns out, was opaque for exactly the same reason the body was, and it
opened the same way.
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Chapter 83 - The other lithography

There is one more machine in this book's family, and it will never meet a patient. It stands in the cleanest
rooms on Earth, it costs more than a hospital, and its job is to draw. Extreme-ultraviolet lithography prints
the circuits of the world's most advanced chips with light of 13.5 nanometres - a wavelength that sits exactly
at the soft edge of the X-ray range, on the spectrum's own border post, claimed by ultraviolet opticians and
X-ray physicists alike [X-F65]. This book claims it, with a caveat honestly stated: the boundary is a
convention, not a physics. What matters to our story is that the EUV machine solves, at industrial scale and
for a different customer, the same problems the X-ray machine solved first - how to make the rays, how to
shape them without glass, and how to live with a light that nothing transmits.

The kinship begins at the source, and the source is a small violence repeated fifty thousand times a second.
Molten tin is pushed through a nozzle and breaks into droplets crossing a vacuum chamber at seventy metres
a second; a pre-pulse from a carbon-dioxide laser flattens each droplet, and a main pulse then strikes it into
plasma, whose ions radiate the wanted wavelength [X-F65]. It is Rontgen's arrangement stood on its head:
where his tube threw electrons at a metal to stop them into rays, the lithographer throws light at a metal to
boil it into rays - and where the tube wastes ninety-nine per cent of its energy as heat, the plasma source
fights the same arithmetic with lasers the size of a small factory.

The kinship continues into the optics, which are no optics at all. Light at 13.5 nanometres is absorbed by
glass, by air, by everything - the same hostility the early tube men met when they found their rays would not
pass through a lens because no lens could be made. The lithographer's answer is the answer the synchrotron
halls learned: do not transmit, reflect. The EUV machine images its mask with mirrors of molybdenum and
silicon laid down in alternating films a few atoms thick, tuned so that the weak reflections from every
boundary add up into one usable one. Carl Zeiss builds the projection mirrors, polished to a figure accuracy
the company describes without blushing as the most precise in the world: scaled to the size of Germany, the
largest error would be a tenth of a millimetre [X-F65]. Everything runs in high vacuum, because air itself is
opaque - a fact every 1896 electrician knew and every modern fab re-learns.

And the kinship ends, as it should, in scale. The X-ray machine spent a century becoming a commodity - a
million rooms, three and a half billion exposures a year, a machine for everyone. The EUV machine went the
other way: a handful of customers, a single dominant builder in ASML, each tool an order of magnitude
beyond the price of the most extravagant CT suite, drawing transistor features at the 7-nanometre node and
below that no other light can draw [X-F65]. Between the two machines lies the whole range of what the
discovery made possible. One brought the invisible anatomy of the body into every town on Earth; the other
prints the invisible anatomy of thought itself, a few million transistors to the square millimetre, in a few
dozen factories. They share a spectrum boundary, a vacuum discipline, and a grandmother in Wiirzburg. This
book is about the one that visits hospitals. But anyone who reads it on a telephone is holding the other's
work.
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Epilogue - The beam goes on

In the Wiirzburg institute where the discovery was made, the laboratory is preserved: the coil, the induction
apparatus, the door through which Bertha Rontgen walked to have her hand photographed into history.
Pilgrims come to see the birthplace. But the honest monument is elsewhere - in the casualty department at 3
a.m., in the shipyard's weld bay, in the checkpoint queue, in the shipping container's scanned walls, in the
clinic in Kampala where a radiologist explains to a worried mother what the ray is and is not [X1][X32].

The X-ray machine asks the least of any instrument in medicine and industry: stand here, hold still, a breath,
a click. What it gives in return is the one thing no other tool gives - a look inside without a cut, a fact in
place of a guess. It has killed some of the people who loved it most, and it has saved more people than any
instrument except perhaps the microscope and the vaccine needle; the second fact exists because the first
was faced, written down, and engineered away.

Rontgen refused his patent, gave his Nobel money to his university, and asked only that the ray not bear his
name in German - a wish his countrymen declined to honour. He called it X, the unknown. This book has
tried to show that the unknown turned out to be a place: inside the body, inside the weld, inside the crystal,
inside the star. The machine is the door to that place, and after a hundred and thirty years the beam, still,
goes on.

And perhaps that is the right note on which to leave the machine: not a monument but a working instrument,
older than any of its operators, still being improved, still taken for granted. Somewhere tonight a
radiographer is lining up a chest film, a foundry inspector is developing a weld, a customs officer is scrolling
a container's shadow, and a child in Kampala is hearing that the picture will not hurt. All of them are inside
the same century-long story, and none of them needs to know it. The beam asks only to be used well. The
rest - the tungsten, the sieverts, the martyrs, the rule books - is this book's attempt to say what "well" has
cost, and what it has bought.

The beam goes on, and so does the book's subject: somewhere between these words and the reader's eye, the
machine is being reinvented again - a brighter source, a cleverer detector, a bolder application. A history of
the X-ray machine can never be finished, only paused. This has been a pause, long enough to say what the
machine is, what it cost, and what it is for. The rest is tomorrow's exposure.
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Chapter 84 - The museum of machines

The machine has begun to collect itself. The Deutsches Rontgen-Museum in Remscheid - Rontgen's
birthplace - keeps the discovery's world: the early tubes in their glass fragility, the induction coils the size of
sideboards, the fluoroscopes, the shoe-fitting cabinets retired from the department stores. In Wiirzburg, the
laboratory itself is preserved near the modern institute that bears his name; in Hamburg, the martyrs'
memorial stands in the hospital garden, as Chapter 37 records [X22][X27].

The collections teach what the text cannot: how beautiful the early apparatus was, and how dangerous. The
gas tubes gleam like laboratory glassware from a romance; the spark coils and static machines are mahogany
and brass; and the protective equipment - the first lead gloves, the first aprons, the eyeshields - arrives in the
displays only gradually, dated like an indictment. To walk the galleries is to watch an industry learn a lethal
lesson in real time [X22].

The museum impulse is, at bottom, the profession's memory keeping faith with its dead. Radiology is young
enough that its founding instruments still exist and old enough that its founders' sacrifices need explaining to
each new cohort. The glass bulbs under their bell jars are not nostalgia; they are the machine's conscience,
kept polished.

The collectors keep the science honest too. Tube collectors and radiological societies have rescued and
catalogued the surviving early apparatus, and their registries let historians date designs and trace the
industry's forgotten makers. When a modern engineer handles an 1897 tube - feels the thin glass, sees the
crude target - the century's progress stops being an abstraction. The museum of the machine is, in the end, an
argument that this history is worth keeping: not because the old machines were better, but because
everything the new ones do was learned the hard way, and the evidence should not be thrown out.

The memorial culture has one more, quieter venue: the profession's own journals, which still run historical
notes, still argue about dates and firsts, and still publish the photographs - the hands, the tubes, the
memorials - that keep the machine's memory exact. Dates in this book come from that literature and its
institutions. A science that forgets its anniversaries soon forgets its lessons; radiology, to its credit, has
refused to forget either.

Every science museum that keeps a spark coil and a gas tube discovers the same thing: switch on the replica,
hide a hand in the beam, show the bones on the screen - and the room full of children falls silent exactly as
the lecture halls of 1896 did. The machine's first wonder is intact. A hundred and thirty years of familiarity
have not worn it smooth; the shadow of the living hand still stops the chatter. The museum's truest exhibit is
that silence [X22].
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Glossary

**Anode** - The positive electrode of the X-ray tube; its tungsten target is where electrons stop and X-rays
are born.

**Bremsstrahlung** - "Braking radiation": the continuous X-ray spectrum produced when electrons
decelerate in the target.

**Cathode** - The negative electrode of the tube; its heated filament supplies the electron beam.

**Characteristic radiation** - X-rays of discrete energies emitted when inner-shell electrons of the target
atoms are ejected and the vacancies refill.

**Collimator** - Adjustable jaws, usually lead or tungsten, that shape and limit the beam to the area of
clinical interest.

**Computed tomography (CT)** - Cross-sectional imaging by rotating an X-ray source and detectors
around the patient and reconstructing slices mathematically.

**Contrast agent** - A substance, typically iodine-based or barium-based, introduced into the body to make
vessels or organs visible to the ray.

**Coolidge tube** - The hot-cathode, high-vacuum X-ray tube of 1913 whose independent control of
current and voltage defines the modern instrument.

**Crookes tube** - The nineteenth-century discharge tube, ancestor of the X-ray tube, in which cathode rays
were studied.

**Detector, flat-panel** - A solid-state plate of scintillator and photodiodes (indirect) or photoconductor
(direct) that replaces film.

**Dose, absorbed** - Energy deposited per unit mass, measured in grays (Gy).

**Dose, effective** - Risk-weighted dose for comparing different exposures, measured in sieverts (Sv); a
chest radiograph is about 0.1 mSv.

**Fluoroscopy** - Real-time X-ray imaging on a screen, the moving-picture mode of the ray.
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**Gas tube** - The original X-ray tube design, relying on residual gas for its electron supply; obsolete after
1913.

**Grid (anti-scatter)** - A plate of thin lead strips placed before the detector to absorb scattered photons and
sharpen the image.

**Half-value layer** - The thickness of a material that halves the beam's intensity; a measure of beam
hardness.

**Image intensifier** - The vacuum device that brightened fluoroscopy a thousandfold, largely superseded
by flat panels.

**]Jonising radiation** - Radiation energetic enough to remove electrons from atoms; the property that
makes X-rays both useful and hazardous.

**Mammography** - Low-energy radiography of the breast, using soft rays and fine detail for cancer
detection.

**Milliampere-seconds (mAs)** - The tube-current-time product, the radiographer's main control of photon
quantity.

**Peak kilovoltage (kVp)** - The tube voltage setting, the main control of photon energy and therefore of
penetration and contrast.

**Photoelectric effect** - Absorption of a photon by ejection of an inner electron; the dominant interaction
in diagnostic imaging of bone.

**Photon counting** - Detector technology registering and energy-sorting individual X-ray photons instead
of integrating their charge.

**Radiograph** - A single recorded X-ray image; also the act of making one.

**Radiographer / technologist** - The professional who positions the patient, operates the machine and
judges image quality.

**Radiologist** - The physician who interprets diagnostic images.
**Roentgen (unit)** - The older unit of exposure in air, named for the discoverer.

**Scintillator** - A material, such as cesium iodide or gadolinium oxysulfide, that converts X-rays to light
for a detector to read.

**Synchrotron** - A particle accelerator producing extremely brilliant X-rays for research - the tube's
descendant at cathederal scale.

**Tube housing** - The lead-lined, oil-filled enclosure around the insert that absorbs stray radiation and
heat.
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A short chronology

**1785** - William Morgan tabulates the energies of the vacuum discharge; the experimental road to the
tube begins.

**1875-79** - Crookes and others perfect the evacuated discharge tube.

**8 November 1895** - Rontgen notices a barium platinocyanide screen glowing beyond a shielded
Crookes tube.

**22 December 1895** - The radiograph of Bertha Rontgen's hand.
**28 December 1895** - "On a New Kind of Rays" submitted to the Wiirzburg Physical-Medical Society.
**11 January 1896** - First clinical use in Britain: a needle found in a woman's hand.

**14 February 1896** - Hall-Edwards X-rays a wounded sailor; the first X-ray-directed surgery follows
days later.

**1896** - The first burns and dermatitis are reported; the martyr era begins.

**1901** - Rontgen receives the first Nobel Prize in Physics, donates the money to his university, takes out
no patent.

**1905** - Elizabeth Fleischman, America's foremost woman radiographer, dies of X-ray cancer - the first
woman so killed.

**1912** - Laue, Friedrich and Knipping demonstrate X-ray diffraction by crystals; Coolidge patents the
ductile-tungsten process.

**1913** - The Coolidge hot-cathode tube: the modern machine's heart.
*%1914-18** - The Great War industrialises radiography; Marie Curie's "petites Curies" carry it to the front.
**1921** - Britain's X-ray and Radium Protection Committee issues its first recommendations.

*#*1925** - The First International Congress of Radiology founds the standing dose committee that becomes
the ICRP.
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**1936** - The X-ray martyrs' memorial is dedicated in the garden of St George's Hospital, Hamburg.
**1940s** - The shoe-fitting fluoroscope peaks in department stores; bans follow in the next decade.
**1950s-60s** - The image intensifier restores the living screen at survivable doses.

**1972** - Hounsfield and Cormack's computed tomography: the slice.

**1979** - The Nobel Prize in Physiology or Medicine honours CT.

**1980s-90s** - Digital radiography begins film's long retreat; the DICOM standard wires the machines
together.

**1996** - A century of the ray; the profession numbers its dead in the hundreds.

**2001** - Airport checkpoint X-ray becomes a security fixture worldwide after 11 September.

**2008** - Synchrotron X-ray fluorescence recovers a hidden portrait beneath Van Gogh's "Patch of Grass".
**2012** - PAHO reports two-thirds of humanity lacks access to diagnostic imaging.

**2021** - The first photon-counting CT scanner enters clinical use.

**Today** - About 3.6 billion X-ray examinations a year; the beam goes on.

The chronology compresses, as chronologies do, what the chapters let breathe. Every date above conceals a
room, a machine, and the people standing near it: the professor at his coil, the radiographer at her switch, the
inspector at his weld, the customs analyst at her screen. The machine's history is finally not a list of
inventions but a lineage of attention - a hundred and thirty years of people learning to look, and to keep
looking, at what the beam reveals.
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