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EDITORIAL

The profession of Medical Physics along with the associated technology and medical procedures have benefited from
extensive innovations and developments for now more than a century. Knowledge of these developrappleatiohs

provides a foundation for the continuing contributions of physics and engineering to advances in medicine and healthcare
along with an appreciation of our medical physics history and heritage.

The goal of the IOMP History of Medical Physicsoject is to document this significant era of achievements and provide
insight into the motivations and developments that have established Medical Physics as a major science in the field of
medicine and global healthcare.

This first Special Issue of ¢hlIOMP Journal Medical Physics International (MPI) begins the series of publications linked
with that project, announced last year at MPI, 2017, No1,696@\pril 2017).

Over the past year the project was announced at various professionall ehe®®\PM Annual Conference in Denver, the

IPEM Annual Conference in London (Esher); the ASizeania Congress of Medical Physics in Jaipur; the IOMP RCB
Regional Coordination Board (including the Presidents of all professional Federations), etc. Wislisthacesof the RCB
Questionnaires were sent to all IOMP Member Societies, almost all of which are now completed. This included an invitation
for various organizations and individuals to consider developing materials for the project.

The plan is for theproject to be published in 12 volumes. In this Special Issue, prepared for publication durif®p28,17
there are three chapters from two of the volumes. The chapters are about the Histaigy ofukbes development, the
History of Film-Screen Receptodevelopment and the History olLlearning development.

These were prepared to be used as Guides for the development of future chapters in this large project. Using the experience
from another large project-encyclopaedia of Medical Physics), we are genthat such Guides are setting important trails
in the parallel work of various specialists from many countries.

It is obvious that the History is not a static publication and in future will be further upgraded with materials about new
developmentsprojects and applications. We believe that the History of Medical Physics project will form a sound record of
the developments of our profession. It is planned that the initial development of the project will take several yeail and it
be regularly upgaded in the future.

We welcome the contribution of colleagues from all societies in the various volumes of the History. To facilitate the progres
of the development of this |l arge project we fingthéWald d a
Congress in Prague (Monday, 4th Jun8,&n).

We look forward to your further contributions to the Project

MPI Co-Editors: Perry Sprawls and Slavik Tabakov
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X-RAY TUBES DEVELOPMENT - I10OMP HISTORY OF MEDI CAL PHYSICS

Rolf Behling, Philips Healthcare
Roentgenstrasse 24, 22335 Hamburg, Germany
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11. Production

Studying the history of medical -Kays and the evolution of the technology of its sources has been sparking
fascination and heuristic insight over more than a centurye.g¢#i 10]. Todayvacuum electronic Xay tubes remain
the dominant and affordable sources of medical diagnostayX, sed9] and[11], despite of their deficiencies, see
[12]. This article will illustrate the various branches of the development of the technology, and briefly mention a few of

those scientists, craftsmen, business leaders, findra;, who have driven this field of innovatiaélthough many other



MEDICAL PHYSICS INTERNATIONAL Journal, Special Issue, History of Medical Physics 1, 2018

physical processes are employed to generatayX for special applications, it is expected, that bremsstrahlung
(stopping radiationjrom X-ray tubes will remain the dominant agent indical X-ray diagnostics for the decades to

come see[11].

After initial remarks on the way -Xays entered the clinical routinbjgspaper a part of the | OMP
Medi cal \illigcess m slépth the paths taken for improvement of medeeay tubes for radiography,

angiography, dental and mammography application.

1. Enabling technologies and physics in the 19th century

Ongoing technical evolution cul mi na traygdwhat happeredt dawrd Wi
of Friday,November 8, 1895 in the Physical Institute of the University of Wiirzburg, GermanyFigeee 1. Figure
2shows the greenish glowing glass wall o f. Tha greeémish colore 6 s
signalsgeneration of Xrays by the electrons impact on the glassget Their intgaction with the atomic nuclei is
essential to generate the highly energetia)X photons which are capable of penetrating at least portions of a human

body, see e.g[9], [13,14] The required ingredients for thispdy generation ariree electrons, an accelerating electric

field and a suitable target material.

Figure 1Repl i ca of C. W. R°ntgends first experiment al e (
actively pumped si mpl e RGmkodfknetor.t Rbfigen discoderedadysiat dawrg & &-riday
November 8, 1895. (Photo taken at the German Réntgen Museum, Remdareidp, Germany.)
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production
area

Figure 2 Crookes tube with shadow cross in usera)s emerge upon impact of electrons (cathode rays) on the glass \
the right. Sukpicture: the uncharged tube. (Credit-Kru, https://@mmons.wikimedia.org/w/index.php?curid=30680(
accessed Aug. 102017)

Ancient Egyptians had already dealt with high voltage associated with the electric eel, as early as 2750 B.C. By
1644, Evangelista Torricelli evacuated glass tubes with falliagcany. In 1657 0. von Guericke attempted to separate
| arge evacuated fAMagdebur ger 0 h a&lHaukshgehtreereldes, discovérdd sparksr s e s
of light through partly evacuated vessalé. Morgan may well have generatedr&ysin 1785 during experiments on
insulation by vacuum. Since the mid of the nineteenth century, voltages of tens of kilovolts at powers of tens of Watts
have become availabld. Plickergeneratedife e el ect rons i n parftomd858.Latard Wum ( Aic
Hittorf extended these experimentsrh 1869. Sir William Crookes deflectedectronsmagnetically P. Lenard sent

them through thin sheets of metal into free air.
1. 2E1 OCAT1 80 AEOAT OAOU

Rontgemepeated enar ddés experi ments on cathode rays wusing a f
a Lenard tube, charged by [18]. H® Ihaiced) & peculRreybllovksiraerd dlow bfrad uct o
remote scintillator screen, sefl3,14,16] Without knowing, & r eady fi ve years before R
Goodspeed and his assistant W. N. Jennings had exposed pletdgldrays in Philadelphia, UJA7]. But,then, the
teamfailed to have d i n a | clue on the cause Alsdabouthive yeard betontge® si o n o
discovery |. Puluj from University of Strasbourg observed effectsof&Xy s and p u bLunmineus Eldctrical p ap e
Matter andthe Fourth State of Matter, but he did not r e ¢ o grays. Rénthentidstead,r e c e i
identified the source of the miraculous agent. é4perimented with different kinds of tubes, varied electrical and

geometrical parameters, vacuuonditions, objects downstream of the obviaugin of X-rays detection technology

and identified key characteristics of the newly discoveagliationin a period of weeks. Although he speculated and, in

10
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part, misinterpreted, Rontgen laid the firm grodadearly diagnostic and therapeutapplication of Xrays. Many of

the effectswhich hesawfor the first time under controlled conditiqrase stillbeing employedFor instance, he shifted

the origin of the Xrays by magnetic deflection of cathodegasnd, thus invented the magnetic focal spot deflection,
which servesto this dateto improve image quality in computed tomography (CT).Roérdigen di scovery
application in medicine, triggered the establishment of the Nobel Awards, the firstingghesent to him in 1901.

2. Early clinical use and industrialization from 1896

Within the first yearfrom the discoverymore tharonethousand articles on-¥ays were published worldwide. On
January 19, 1896 the first Xray picture on the American continent was produced intentionally at the Davidson
College, North Carolina, sé&8]. On February "8, 1896 a diagnostic Xay of the broken wrist was taken at Dartmouth
College, Hannover, NH, USA. Yale University in New Hav€onnecticut, USA.

Figure 3 On March 28, 1896, Hermann Kummell (a), head of the surgical department and his team of the New
Hospital in Hamburg, Germany, initiated the first installation of amayX system worldwide in a clinical setting in the
preparation room of the new operation theater. Hermann Gocht(b), assistant of Kimmell and his friend and colleag
Opitz (c) bought the first tubes from the glass blower C.H.F. Miller (d) in downtown Hamburg, anédnitelsystem. (e
Actual pictures of the former operation house and (f) entrance of the hospital, now University Medical Center Eppend
(Photo (a) picture archive of Medizinhistorisches Museum Hamburg, Germany, UKE.)

Upon the initiative of thénead of one of the surgical departments, Prof. Dr. Hermann Kimheffirét sustained
installation of Xray equipment globall§in a public clini) was put in operation on March?0 1896 i n t h
Gener al Hospit al 0 . This indtitatombstillregists a<s thddniversity Medical Center Hamburg
Eppendorf (UKE, se¢3],[16], [19], [20] and Figure 3). Kimmell had sent his assistants H. Gocht and G. Opitz to
downtownHamburg,who metwith the glass blower C.IH. Muller, whose company was later acquired by Philips, The
Netherlands. Gocht, Optiz and Miiller enthusiastically experimented with the new radiation and its sources and installe

the first clinical equipment in a preparation room of the new operatiatrétteln those days, key users hachtve a

Translation from[20], page 779. Herman Gocht, recalling1914 the eventswhich happened eightegrears beforeMeanwhile,
March 20", 1896, had arrived; on this day the firstrXy apparatus was put into service in the surgical department of Kiimmell at the

11
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wide set of competences. They mastemagtical physics, vacuum physidsgh voltageelectronics and radiology
LaterGocht became a leading radiologist. Unfortunately, all three and many of thearkersand staff diedaterfrom
radiatiorrinduced illness.

Work in physics laboratories went on as well. Less than a week after the first clinical installation in Hamburg,
Siemens and Halske, Germany, filed the first)y tube patent, DE91028 on MarcH"268%, sed8].Figure 4shows a
sophisticated ion tube from C. H. rducetdeecherge of thevemitthd Xayu t o ma
photons The discharge process started at lower high geltahen the gas pressure was elevaikhy other companies

alsobegan producing Xay tubes, see e.f21].

Gold metal, (b)
London 1901

0 ybai:@

Nr. 15 (c)
1898

(a) C.H.F. Mdller catalog, about 1900

Boiling water
cooler

. Spark-gap for
automatic gas
regulation

Figure 4lon tubesproducebythe C.H.F. Muller AG, Hamburg, Germany (later Philips), about 1900. (a) Catalog from
1900. (b) Mller ion tube, which won the gold medal for the best tube out of 28 in the London Roentgen Society cor
1901. The tube is on exhibit in the &ste Museum, London, UK. (c) First water cooled tube after Prof Dr. B. Walter (phy:
Hamburg Germany). The automatic gas regulator is activated with an adjustable spark gap when the tube voltage ri
falling gas pressure inside the glass eopel

Figure 5illustrates how the high electron current density in an ion tube nearly destroyed the anode by surface
melting. The C.F.H. Miller tube shown Kigure 5 (a), serial number 82456, was produced in Hamburg, Germany,
around the year 1910, and had indeed been in use. During the phase of negative charging of the cathode by the inductor
residual gas was ionizeBvery ion impacting o the cathode cup at the higin Figure 5 (d) releasedip to a dozen of
initially slow electrons. The electrostatic field formed by the concave cathode cup accelerated the electrons between
cathode and anode at the leftHigure 5 (d), and focused them into the focal spot on thgpeo target (b)A melting
pattern of the overheated focal spot is clearly visible. As copper evaporated and chemically reacted with residual gas,

Eppendorf Hospital. Kimmell had acquired the Rhumkorff appar@indiictor) from the company Keiser and Schmidt in Berlin
(Germany). It generated 25 cm long spaflemark: this corresponds to a peak tube voltage of 80 With)the help of a Deprez platinum
circuit breaker. We used two existing accumulator battenies fReiniger, Gebbert and Schall, Erlangen, (Germany), which were
otherwise used for light and cauterization in surgical manipulations. Florence Miller delivered the tubes to us.

1.

12
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and as ions were implanted in the cathode, the gas pressure inside the sealed vessel dropped over sioterdvanuf
devised sophisticated countermeasuoesvercome this problentas releasing material in a remote appendix (c) was
heated to ré i | | the mobile tube such that the tube was fis

reduced hgh voltage and deliver photons with lower energy for better contrast of soft tissue.

Figure 5(a) lon tube similar to the one depicted in Figure 3. (b) Glgseiew of the copper target. Repeated heavy elec
impact overloaded the ellipsoidal focgdot. Melting and reolidification led to cracking of the surface. (¢) Regulator for
production from heated potassium hydroxide, which engaged automatically when the discharge between anode ar
ceased at insufficientgas pressure andthe indwcltage exceeded a predefined level. (d) The concave cathode cup shov
of oxidation and areas cleaned by ion impact. (e) Production label and serial number 82456 of the C.H.F. Miller AG, t
Germany (later Philips).

Reiniger, Gebbert and SdhaAG, Erlangen, later Siemens, Munich, Germany, delivered tubes and scientific

equipment to Prof. Rontgen as early as 189@ure 6 demonstrates the ingenuity at the time, an ion tube for

stereoscopic viewing.

13
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Figure 6 lon tube for stereoscopic imaging from 1912 after Dr. Fiirstennau produced by the H. Bauer GmbH, Jena,
or Radiologie GmbH, Berlin, Germany. (Picture taken at the Siemeaag Xibe museum Rudolstadt, Germany.)

The company of E. Gundelaah Thuringia, Germany, another competitor, claimed to have produced 45,000 tubes by
April 1905, C. H. F. Mueller, Hamburg, Germarnry50.000. Machlett New York, NY, established in 18®hich
became a division of Varian in 1989, now Varex, Salt Lake Qifly, USA) was probably the first producer in the
United States, sej@2]. Toshiba, Japan, began producingay tubes in 1915, sdeigure 7(this fiGibao tube was the
predecessor of a large variety of products from the company

Figure 7 Tos hi ba -réyGukeh the firsixJapanese domestizay tube, developed and commercialized in 191!
Toshiba Denki, later Toshiba Electron tubes & Device Co., Ltd (TETD, now Canon, Japan, group). Many typmstabgs
have been devel oped omjtgibreadt.i ngCofurrane styhiosf fAlrGistha bXxa Sci

14
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3. Victims of X-rays and safety measures

The biological harm caused by high doses of the new radiation became obvious early [08]. ddany of the
pioneering surgeons, scientists, and manufactigtiaff, suffered severelyAbout 360 casualties have been repogaed
that time Someradiographersacrificed their own healttvhenadjusting the equipment by imaging their hands before
exposing patientsThe exhibit of the cancerous hand of a radiographer can be seen at th& Gémtgen Museum in
Remscheid_ennep, Germany. A number of people were also killed or injuresldnyrical shockThe increasing quest
for reduction of the dose of ionizing radiation resulted in improvements of-ttay Keam quality by Xay filters and
radiation shields against primary radiationray sources were encapsulagtl measures against scattered radiation
taken. High voldge supply was shielded and improwefety standardever e def i ned. Philips
prot ect &dnd Rkt tubes in the 1920s, séégures 12to 14. The Medid" tube allowed for changing the
beam quality by an Xay filter changer in a rotatable sleeve. Later, beam limiting devices (like the modern one depicted
in Figure 15)were introduced, which aNeed for adding selectable filters. Over the yearsa)X beams became harder
and more monochromatic. Whereas, Rontgen first generatagiodwith a tube voltage of 80 kVp and a glass filter of a
few millimeters thickness only, the minimal required equintfdtration for typical radiographs grew to the current 2.5
mm aluminum equivalent. This helped reducing the skin dose of patients without jeopardizing the photon flux at the
detector. Powerful angiography tubes, like the Philips MRC 200 0508 from $B6@n inFigure 36 (ith liquid
bearing cooling and a large anode disk of 200 mm diameter) allowed for enhancing the thickness-ralytfitiex
further to up to 0.9 mm coppe®till, no wait time for cooling was necessary. The workflow was even imprdved
spectrum for this higlldose application became more and more monochromatic. For a comparison of spectra anc

intensities sef9], Figure 3.5.

4. High vacuum vs semivacuum

In the era of ion tubes, discharge ionization of a-adjusted amount of residual gas within a sealed glass envelope
produced electrons at the cathode by ion impact. The discharge plepesgledstrongly otihe volatile gas pressure.
Tubecurrent and Xray photon fluxvaried with the tube voltage in an unfavorable manmbkeygrew steeply with the
high voltage appliedThe X-ray intensity varied even more strondlystead, one wished to have the inverse correlation
to optimally employ tke thermal capacity of the focal spot area. Higher tube voltage, which causes a harder photor

spectrum with better penetration of the object, would allow for lmgehecurrent.

Already in the year 1882, E. Goldstein had successfully maintained gas discharges for the production of cathode ra
(electron beams) at comparatively low gas pressure by heating the cathod@3]seBut, given the required
temperatures of much beyond 1000&Cprovide for the full electron current, statdenitter material was missing.
Instead, ions served to release the majority of electirons the cathode to bedéine main discharge. As many other
scientists and engineers, J. E. Lilienfeld and WCDolidge ai med at A-sp tibeseimiépendedt oftthee )
individual vacuum conditionThis meant, enabling high tube current at low high voltage, in other words reducing the
resistance of the tubeilienfeld attacted an incandescent lamp to an ioAray tubeFigure 8depicts one of the many
Lilienfeld tubes produced. A comparatively weak thermionic cathode, showigime 8 (b), comprised a heated

filament and sent a small electron current through an auxiliary anodéhroygha hollow cathode to pfenize the

15
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residual gas in the tube. This starting process ignited and controlled the main gas discharge between cathode and anod:
inside the pink colored glass envelope shown at the bottoRigafe 8 (a). The amplified electron impact from the
main dischage on the tungsten inlay in copper eventually generated highy Xlux. For the first time, Lilienfeld

decoupled tube voltage {My spectrum) and tube current-(Ay intensity) inabetterway than using thgas regulator.

(b)

Thermionic
cathode

Auxiliary
ring anode

Figure 8 (@) Lilienfeld ion X-ray tube with thermionic electron production to-orize residual gas. (b) Thermionic electr:
Xray fAsoftenerd, an el ect r-mmze theoresidualegaswihis rhodeh marks theitransityon ket
ion tubes and high vacuutmbes. (Photo taken at the German Rdntgen Museum, Remé&meidp, Germany.)

16
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W. D. COOLIDGE.

TONGSTEN AND METEOD OF MAKING TEE SAME FOR USE AS FILAMENTS OF INCANDESCENT
ELECTRIC LAMPS AND FOZ OTHER PORPOSES,
APPLIOATION TILED JUNE 1, 1933,

Patented Dec. 30, 1913,
Fig. 3.

CE

1,082,938,
Tig

Figure 9 Phot o of the il

lustration
filed in 1912. (Sourcehttps://patentimages.storage.googleapis.com/pages/US108298B accessed October 1,22017).

(b)

W. D. COOLIDGE.
VACUUM TUBE.
APPUCATION FILED MAY 3, 1612,

Patented Oct. 31, 1916,

1,203,496.

(\ Fig.4. g\ Fig?
IG%F@ \ @
f A ””n_o,s {

Witnesses e | nventor

e ML Lo , | Williem D.Coolidge

7z .
fB T | ==

!

His Attorney

page of W.D. Cool

(b) Photo of the 1913 patent of Coolidge for the hot cathode high vacuaytube.
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Figure 10 Photo, taken on April 3) 1913, of one of the original experimentatay tubes used by W.D. Coolidge at the (
Research laboratory (Schenectady, NY, USA). It incorporated a tungsten thermionic emitter inside a highly esealedi
glass envelope. This concept allowed for very stable operation and repeatable results during imaging. For the firstyti
production was easily controllable by setting tube current independently from penetrating power and image conrasg &
function ofthe tube voltage across the anod#hode gap. Anothdifirsto for this tube was the use of tungsten as a ta
material. (b) Closeip photoof a series production unit delivered from 1914. (Pictures courtesy of GE.)

Since 1909V.D. Coolidge, who had before studied at the same institution as LilieftfreddUniversity of Leipzig,
Germany was working at the GE Research Laboratory in Schenectady, NY, USA, primarily on incandescent lamps.
Employing his inventiorof light emitting ductile ungstenwires, seeFigure 9, he proposed a simplified-¥y tube
Coolidge demonstrated publicly on December 27, 1913 for the first time in New York City at a dinner party given in
his honor by Dr. Lewis Cole, who was the first physician teehas office equipped with the new tube. A ductile heated
tungsten wire was capable of emitting the full tube currenteven at low tube vyolttigeut amplification by a gas
dischargeUnlike the previous tubes, this omgas highly evacuated. The tungsteine withstood the high temperatures
of about 2000AC, which were required accor df9n@polilge Ri ch
coopeated with |. Langmuir (Nobel Prize for Chemistry 1932)at GE, who had graduated from the University of
Gottingen, Germany in 1906. Coolidge was also &bleducehe distance between anode and cathode to avoid current
limitation by electronic space chargaccording to the Chillangmuir law, seg9]. X-ray production became much
better controllable, the tubesmore compactFigure 106shows an ancient exhibit ithe GE Xray tube museum in
Schenectady, NY, USKigure 11 depicts Langmuirand Coolidge at GE Research in 19t the visiting J. J.
Thomson

18
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Figure 11 I. Langmuir (left), W.D. Coolidge (right) from GE Research, Schenectady, NY, USA inWB23he visiting
J.J. Thomson (middle), who discovered the electron, (Picture courtesy of GE.)

However lon tubes were still improving.In 1916e Victor Xray Company of Chicago, IL (later to be acquired by
General Electric, USA), produced ion tubes #llwith hydrogen(to reduce the ion sputtering effect from electrddes
aimingto improve durabilityto have bettehigh voltage stability and tehrinkthe parallel spark gafReportedly there
were instances of cold cathode tubes being employed as lath & 1 18 $hé rheantimethermionic cathodes have
taken over. Despite of many attempts to lower the emitter temperature by material with lower work function, notably
barium and thorium, tungsten has remained the electron emitter material of chthieecimeemically and physically
harsh environment of an encapsulateda)( tube. In the meantime, field emission cathodes captured some niche space
in diagnostic Xray tubesDedicatedcontrolgridsin front of the emittersvere needed for these field enmitiidevices to
preserve the independency between tube voltage and tube ctinergreat former achievement of Lilienfeld and
Coolidge

The new technical simplification of the workflaaiteredthe professional landscape. Before, the selection of the right
ion tubes and adjustment of the technique factors required high technical skills. Radiographers had to be bo
physiciansand physicists in medicine. The inventions of Lilienfeld and Coolidge marked the separation between
radiologists, medical physicisééd engineers.

19
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5, G°t zeds |l ine focus

Given a size of a typical imaging geometry of about a meter distance betwagrsurce and detector, thery
fan beam is usually in the order @bproximatelyl0° to. 20° wide in axial direction, perpendicular te target. The
surgeon OGotze concluded from the nearly isotropic polar distribution -@&Xintensity from the anode afrdm the
factthat we use only a small portion of the generatedy$ (max ca. 20° axial), that it would be beneficigbtionarily
use only a portion of Xays, namely those which are emitigtder a grazing angle. He proposed an axially elongated
physical line focal spot, which maintains its (apparent) optical shortness when seen from the patient perspective
(effective focal spot)A mapping of a rectangular Gotze focus on the damaged target of a rotating anddesioven
on Figure 22 The anode witth | o c k e d (otdrfwasodestroyéd)with two shots taken without rotation, which
mapped the thermal focal spot by melting the tubhgen t op | ayer . G°tzebs patent f
Mdiller, later Philips, from 1922 onwards. Compared with a usual elliptical focaltepahermal capacity of the anode
and the space charge limited electron current grew by nearly andadrdexgnitude By May 1915, Elof Benson had
filed the application folUS patent1174044 which may be interpreted as an early realization of a line focus. He
proposed to direct cathode rays (the electron beam) onto a rectangular array of plane suriacesmtettarget, the

cross section of which would resemble agawoth pattern. However this structure was never commercialized.

This line focusconcept has become standard. The anode angle is always minimized to maximize the power rating,
adapted to theystem geometryR°® nt gends fir-shyahodeaswasenan Xheet of gl @
about 90°. He took off Xays normal to the glass wall. As the available sourcesmafyX became more powerful, the
distance between tube and detecimuld be enlarged. As mentioned before, the characteristic angles ofrthefan
beam shrunk to about 20° to 30° in each direction. The anode body produces a shadow in the image. The small fan angle
allowed for limiting the fan of used-kay photons to thse, which are emitted very closely to the direction along the
cone of the anode at a grazing angle of 10° to 15° of the center beam. It turned out beneficial with respect to image
sharpness and power rating to usea)s close to the shadow which the amodpr oduces. Compared
glass anode, the physical focal spot size and its thermal capacity could be improved by nearly an order of magnitude.
This attempt finds its limit inthesoa | | e d # .PAdeldegmeés fclastotth@anode shadowhe X-ray intensity
drops by intringg attenuation in the targeX-rays are generated sevemstrometers below the surface of the target and
have to pass a few tens of micrometers of target material. This process also modifies the spectrum. Thesefmte, the

angle has to match with the system geometry.

In 1923, Siemens patented a dual focal spot tube, which alloptedizingthe spatial resolution in the imag#/ith
this BianguliX™ tube, the company further introduced an anode target with two radially separated focal spot trackswith
different anode angles in a rotating anode tube, see below, which allowedtimnfnihe tradeff between width of the
X-ray fan beam, the desiredasial resolution and the power rating. Such a tube is depicted belBigure 18 The
image projection (and resolution) changes when a different focal spot is selected. Therefore, most of the modern tubes
comprise superimposed focal spots with identicaelde angle, typically between 9° and 15°. The small anode angle
allows for a greater gain of-Kay flux than employing the relativistic forward enhancement of thrayXproduction.
Thus, shortly after R°ntgends dinBEigue eeflegtiontdrgeth haee bécamee s i
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standard for diagnostic imaging-rdys are produced at the same side of the anode where the electrons impinge, see e.¢
Figure 4.

Rotating frame
a) 1896 (c) 1930 exp.

Rotating anode
d) From 1929 e)

_I_ Movable glass frame

T

@ Cathode hangs from pulley

Electron impact on glass

b) From 2003

Figure 12 Competing concepts. Left: rotating frame, right rotating anode tubes:

(a) Firstidea of a movable target byR.W. Wood (before N8y1896): The cathode hangs from a pulley while the are
electron impact on the glass frame and may oscillate. (b) Sgemating frame tube of the Stralfiseries for CT with
magnetic fixation of the electron beam. (c) Experimental rotating frame tube, with magnetic fixation of the cathode
Phonix AG, Rudolstadt, Germany, and later Siemens. {&pimercialized atating target tube Rotafi¥(1929) from Philips,
(e) tube housing assembly for this tube. (f) Clopeview of a current rotating anode glass tube in operation.

(Figure (a) adapted from [22], Fig. 91), (b) courtesy of Siemens, (c) taken in the Siemsnsuke museum Rudolstac
Germany, (d) and (e) courtesy of Philips.)

6. Rotating targets

The concept of the rotating target probably originated with R.W. Wood[2déeThe point of electron impact
determines the origin of -Xays in spaceMoving the target with respect to the stationary electron beanth
introducing convection cooling in addition to heat conductieads to significant increase of electron beam intensity
and reduction oéxposure timesf stationary anodeubeby up to two orders of magnitude. A comparison can be found
in [9]. Given the thinking in the year 1896, deigure 2, Wood proposed a rotatable glass franigch acts as the
anode, sedigure 12 (a), while he cat hode hangs f r omis aprepusbriofethS.i e\wWend ®
Stratord™ rotating frame tube for CT, sef5] and Figure 12 (b). Notably, W Coolidge from GE filed a patent
application in 1915 for US patent 1,215,116, where he suggested rotating the tube frame, while keepiagsihet foc
stationary in space through deflection of the electron beam. Exactly this principle was realized 90 years later b
Siemens for the Stratdf, seealsd9], paragraph 6.1.4. Siemens and Dunlee, Aurora, IL, USA (later Philips)
experimented witlotherrotating frame tube concepissinga magnetically fixed cathode. Such an experimental tube is

shown inFigure 12 (c).
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Another suggestionrotating only theanodein the vacuum space inside theray tube came reportedly from E.
Thompson at GE in 1896. But, it was not realized in practice until 1918.§oolidge, wharotated theanode with a
speed of 750 r.p.m. (12.5 Hz) and a focal track radius of 19Thentube was not put on the market, however.

I. Stator: 'A i
l' (focal track)

s '—] 1 Ll Rotating anode
‘ i w/ pairs of
Compact lead shield — cooling fins

Figure 13 Cut out model of the first industrialized rotating anaalge inFigure 12 (d). It allowedbetter heatdissipationat
moderate temperatures, whiotherwisethe copper anode material restricted, A. Bouwers attached cylindrical cooling fins
rotor, interleaved with stationary fins. Varian (now Varex), Salt Lake City, UT, USA, employed this concept again frden
19906s for the MCBSBhiligsmarketectiie Rotaltbteu tseera e siif ul | yo protect
electrical shock. It was rated with peak power of up to 30 kW ina 2 mm wide focal spot (ared,1®cahtrack radius 2.
cm,20 Hz rotor frequency). Compared witte tstationary anode Metalf%(predecessor tubethe RotaliX™ tube featured a-9
fold improvement of the power rating, see also [9], figure 6.43.

tatable sleeve for
tion of the X-

Figure 14 A Ful |y pr ot e c Meudedfronrthe 1020ipssA rofaathlé sieeve allowed for setethe Xray
filter thickness. (Photo taken at the Medizinhistorisches Museum Hamburg, Germany, UKE.)
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s’ ~

N o ¥ A

Figure 15 Currentbeam limiting device from Philips, with beam limiting aperturdsch allowsaddng of additional
X-ray filtration. The cover was removed.

E. Pohl publicly demonstrated a rotating anode tube in Stockholm, Sweden inAt@28&his A. Bouwers of the
newly established Philips National Laboratory in Eindhoven, The Netherlands, commercialized it with Philips under the
commer ci al name RotalixE in 1929. This was the start
introduced a rotating copper anode with tungsten inlayFgpee 12 (d), (e), andFigure 13. Howeveruncoated ball
bearingsin vacuum are subject of cold welding of steabith steel. After a few rotations, the rotors were
blocked@ f r o0).zBouwers solved this problem by usingighly refined grease for lubricatiorin these tunesa
fisquirrelcage® motor transferred mechanical torqueside thevacuum, se¢26]. As a downside of this concept, ball
bearings practically interruggthe heat conduction from the anode to ambient. Moreover, the coppeostii® anode
limited the allowable teperature toabout400°C. The low temperature hampered heat dissipation by thermal radiation.
Fromaheuristp er specti ve, Bouwer d6s anode wlabBnpreve thisheintrodocedar y
finned anode structure, with interleavedtiginary and rotating fins tmaximizethe heat radiating surface area. This
idea was raisedi n t h & by M&i@8n0(Bow Varex, Salt Lake City, UT, USA) for their highd CT tubes with
graphitebacked grooved anodes, 48¢ Four years after Philips , Siemealsolaunched rotating anodes by taking a
slightly different pathse¢21]. Instead of a bulky large area radiator at moderate temperature, A. Ungelenk from
Siemens in Rudolstadt, Germany, tried rotating high temperature tungsten disks to exploit the special characteristics

the StepharBoltzmann law, which states that the rate of heat dissipation is proportional to akafit Tamients Tanode
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being the anode surface temperature aggichthe temperature of the environment. The first attempt with a rotating
tungsten foil &iled, se€Figure 16. Instead, from 1933 on, the Siemens Paltbabe shown irFigure 17was delivered
with a thicker and more stable-&lingsten anode. GE introduced a similar tube R2Til 1936, when Coolidge served

as the director of the Research Ladiory.

Cathode

L
LE

~

~— Thin target

Needle bearing
and rotor
system

Figure 16 Experimental rotating target tube from 1927 by PhonixRdntgenréhrenfabriken AG, Rudolstadt, Germar
Siemens. (Picture taken in the Siemers) tube museum Rudolstadt, Germany.)

E))

Tungsten anode disk

.
, T, ////4.'

Ball bearing

Rotating heat shield ' Cathode

Figure 17 (a) Rotating anode system of a Siemens PBftiibe, equipped with an ailingsten high temperature ano
disk and produced from 1933 by SiemdtainigerWerke AG, Rudolstadt, Germany. While the RotBfixube primarily
stored enthalpy at moderate temperas in the finned copper / tungsten anode and radiated heatfrom a large surfa
the PantiX" design aimed at employing the StepfBo | t z m&%nn awi Tt o achieve high
(b) Earlier version without a heat shield at tlmating anode. (Picture (a) taken in the SiemensyXtube museurr
Rudolstadt, Germany, (b) taken at the Medizinhistorisches Museum Hamburg, UKE, Germany.)
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Figure 18 Siemens Bianguli®’ tube. Its anode has two separated focal spot tracks with different anode angles. |
taken at the Medizinhistorisches Museum Hamburg, Germany,UKE.)

The benefit of this high temperature concept is high heat dissipation when the anode is atatdithigrseeFigure
19 of a Philips tube. Philips used the high temperature concept with the Super Rotalix C&rtubieseries, sdselow
inFigure 51, delivered from 1980 onwardgsrimarily for angiography and cardiologwork, and avoided graphite
backing of the almetal anode, as shown with the Siemens Opti 150 tubgyure 20. But, given the melting point of
tungstent he al |l owabl e temperature diff er en c ehightentpevatuetube f o c |
i s | ower t ha ihisweducds th®pemnitted thérmal pulse power for comparable focal track speed and foca
spot size. Taliminish this effect Siemens enhanced the rotor speed to more than 90 Hz in 1934. 150 or 180 Hz rotor
frequency havdbecomestandard in the industrsince the late 19564 Figure 21 depictsatypical currentX-ray tube
assemblyand describests major components. In 1982 Siemens delivered the Opti 110/12/50 tube with even 280 Hz
rotor frequency used for magnification imaging. However, this high speéed a challenge for ball bearing

systemdrigure 22llustrates the effect of a bearing failure.
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Figure 19 Thermal picture of a rotating anode tube during the exhaust process. The rectangular thermal focal spc
hot trail of the focal track are visible on top of the light from the filament of the cathode at the bottom, reflectbe fraode.

Figure 20 Brazed graphitdacked RW/TZM compound anode in a Siemens Opti 150 30 50 radiographic tube.
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Leakage radiation §

Near focal -
hield and
Fixed aluminum filter spot aperture riefharzr;al
protection
+75KV receptacle X-rays Qil

Glass tube
(insert)

Expansion bellow

-75KV receptacle

Ball Stator Focal spot
bearings (motor) (origin of X-rays)

Figure 21 Function and major components of a conventional radiographiy Xube assembly from Philips, which h
been in productioninsimildror m si nce the 195008s.

Figure 22 Eroded focal track of a rotating anode. Malfunction of the rotor during two subsequent trials to rotate
two marks of molten target materigthe marksmap the shape of the rectangular electronic foca).spot
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7. Stationary anode tubes

Si nce t he, the aogncept df eotathhd anodes, either spinning in vacuum or as part of the tube frame, has
become the basis for all modern high performanemyXtubes.The stationary focal spot remained the thermal weak
point, mainly due to the limited heat conduction and heat capacity of tungsten. The industry devised sophisticated
cooling mechanisméor the back of the target, like tungstiencopper brazed structuraad water coolersn any case,
an about one millimeter thick layer of tungsten remained necessary as the first heat spreader. Some attempts were made
to cool the tungsten slab directly, but without using hazardous overpressure, steam quenched tlen diédieat
from this hot interface. The gain of performance of stationary anode tubes leveled off over time. However, stationary
anode tubes are still important elements of the tube portfolio for surgamn@nd detal application, where eithéw
and steady photon flux is required, or the system geometry is short efogigte 23shows the Siemens ERG 80 6
stationary anode tutfeom 1942 which has the benefit of large lotgrm heat thsipation through cooling fingigure
24is apicture of he Philips tube FO 17 with superimposed dual focalssjpotsurgery Garm systemsnd employs a
scattered electron trdfigure 46 demonstratea small derdl tube for 50 kV tube voltage without such a trap. With such
a small tube voltage and current, beadttered electrons may impinge on the glass wall without causing major discharge

problems.

Figure 23 Siemens stationary anode tube ERG 80 6 with cooling fins from 1942. (Photo taken in the Siemrer
tube museum Rudolstadt, Germany.)
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Figure 24 Closeup photo of the Philips superimposed dual focal spot stationary anode tube FO 17 for suagima
systems.
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8. Components development
8.1.Anodes

All-t ungsten rotating anodes, tdbéin k84, lackductilitydithe enateriavantd dre Si e
prone to rupture when cold. The high specific mass makes them heavy and brings a large momedttia af
disadvantage when the tube rotor has to start before an exp@suthe other hand,ush amdes can be heated to
extremely high temperatures beyond 2000864 radiate heat welbut require préheating to prevent rupture from
thermemechanical stress. The introduction sgfecifically lightermolybdenum backed rheniutangsen compound
anodesirt h e dveastbedefore a big step forwardoAe millimeterthick top layer of rheniurtungsten (RT) alloy,
backed by an up to sesal millimeter thickpowder sinteredtanium-zirconiummolybdenum (TZM) bodyhas become
common and is still the basistenology for most rotating

Anode tubesModern tubes often emploggmented rotating anodes to minimize residual strairfigeee 38,

Figure 25 GE-CGR vascular tube with graphite target, coated with tungsten and rhenium.(Photo courtesy of GE.)
From t he 19 &GCR,srancel later AE, praduced a vascular tube with a light weight target, depicted in

Figure 25. This type of tube was the first in the market to incorporate a rotating anode whose target structure was made
principally of graphi¢. This weight reduction was key to prolonging the life of the ball bearings in vacuum. The great
thermal emissivity of graphite is also a beneficial. This first type of graphite amwderised a coating dfingsten
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directly onto a graphite substrate upen electrochemical sdfath process, with a thin rhenium layer interposeder

designs were produced through chemical vapor deposition of tungsten from tuamgbteeniunhexafluoride gas.

Philips took a side path and used their high pressure forging facility in Eindhoven, The Netherlands, to produce
heavily forged T rFgwe 2 dtxenefitsaateextrense Imechanieabstrengthy lew porosity in
the top layer and, thusxeellent durability.

For heavyduty applicationin angiography Siemens first and latather vendorsntroducedgraphitebacked R¥
TZM, materal as depicted iRigure 20. Metal center section tubes enabled trapping of backscattered electrons on a
stationay structure, primarily close to the-bay port, see belowkigures 43 Figure 44. Liquid bearing technology,

which emerged in 1990, helped as well to efficiently dissipate heat instead of storing it in the anode.

Trinodex ™ anode Patent JP54034517B2

LLLIIITIIII 1117

LR, 72177
AAARAANARNRRRANRNNNNY

Fig.1 : _~(2) W95.5%/Re4.5% conversion top layer
P

1' =2 (3) Tungsten under layer

it (4) Titanium molybdenum zirconium (TZM) body

2
“gssssssssssssew(, Sintering at 2200°C, 25 kN/cm?

Pneumatic forging at
i ,7 /s 1600°C (compacted from 8
,,,—‘;;i‘\'\’éi'\'\'\'\‘\Ei=(\"'\'€i€ii"“‘-»\-.,__ mm to 6 mm total
;-’-’““‘I‘IIIIIAKIIIIIVIIII’;“\\&. .
G =< thickness), then heat

Fig.4 treated at 1000°C

Figure26 Phi | i ps Tr i nprabtectof from A973] et forgeafrom three metal slabs.

8.2.Cathodesand electron focusing

Improvemend of the anode demanded improvemeotsthe cathode. Producers like C.H.F Miller in Hamburg,
Ger many, i mproved the spatial i mage resolution alrea
socal | edTiWlFea,ussi mi | a&ted inFiguret5.nTke metalle cathdeplate, which spills out electrons
upon ion impact, was given a concave form, such that the negative charge carriers, starting normal to the surface, we
focused into a millimetesized spot on the anode. TWector X-ray Company of Chicago, Il (latéo be acquired by
General Electric to become GEXCO, the forertmr o f t o d ay 6used ByHrogeheaa theaghotisaspeeigs
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inside the tube to reduce sputtering effects, and applied-amagued pull electrode in connection with the anode, which

erhanced the electron current, $eégure 27.

Figure 27 Hydrogen ion Xray tube with field enhancing pull ring on anode potential, introduced in 1916 by the Vict
Ray Company of Chicago, IL, later to be acquired by General Electric to become GEXE@, f or er unne
Healthcare. (Photo courtesy of GE.)
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Figure 28 Photo of an original laboratory Coolidge tube, taken on April 30 1913, showing a Wehnelt type focusi
about the thermionic tungsten emitter. (Photo courtesy of GE.)

Statiyﬂéry

Figure 29 Bell-shaped focusing elements of a stationary anode of a Coolidge tube. (Photo courtesy of GE).
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Figure 30 Focusing elements of a stationary anode tube with line focus from C.H.F. Mdller, Hamburg, Germar
Philips. The line focus is mapped in the melting structure on the anode.

After introducing thermionic electron emission, W. Coolidge first encafesuithe tungsten thermionic emitter coil
by a small metallic cylinder, as can be seefigure 9 (b). He also experimented with a focusing ring, as depicted in
Figure 28. In later versions a bedhaped cathode focused the electronsfFagpare 29. Siemas used such a form as

well for their first laboratory model of a rotating anode tube, as depicted abBigiie 16.

The introduction of line focal spots led to a rectangular shape of the focusing cup, as demonstrated for a tube from
C.H.F. Muller (later Philips) ifrigure 30. The rectangular focal spot can clearly be identified by the erosion pattern on
the stationary mode. The classic form emerged by the introduction of larger focusing electrodes to improve the
definition of the focal spot even when changing the tube current and tube voltage. Space charge effects, and focal spot
Aibl oomi ngo became des pllaweée fort hjghemtibe aurrenBigare 3 shows a tube from the
Philips production plant in Eindhoven, The Netherlands, which served to supply the Dutch market during/&/dtld
and shortly after. The cathode head was integrated in a large calatelgvhich shielded the glass insulator from
bombardment by backscattered electrons.
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Figure 31 Hidden cathode in a Philips tube from the production plant in Eindhoven, The Netherlands. (Picture take
Medizinhistorisches Museum Hamburg, Genyp&KE.)

Figure 32 Closeup view of the thermionic cathode for superimposed focal spots of a Philip&'SRa.00 tube.

Figure 32 depicts a typical modern dual focal spot cathode for an 80 kW rotating anode tube for radiography. Coiled
tungsten wires of 250 um diameter are mounted into a cathode head which shapes the electric field in such a way tf
electrons are focused into thaxél spot on the anode. The back of its edge can be seen blurred in the front of the picture.
On the other hand, space charge effects are electron optically taken into account during design in a such way that
focal spot dimension would not substantialhange with tube current and tube voltdggure 52illustrates the electric
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field distribution for a single emitter tube, which leads to a well focuededtron beam. Other than with magnetic
focusing, electrostatic focusing largely benefits from invariance of the electron trajectories from tube voltage, when the
tube current is small and space charge can be ignored. But, due to the relatively hghrarfiedensity, space charge

effects cannot totally be avoided. In 1998 Siemens introduced a flat tungsten sheet emitter for the Pantix P40 tube for
mammography, in 2003 for the StratdrCT tube, se@5] and[9], and in the GigaliX” tube series in 2013, s€&gure

54. Flat emitters improve the starting conditions of electrons, and enable enhancing the fed&ttriehich helps

reducing space charge limitations of the emission current. Philips introduced this technology for th€ GIRGbe in

2007.

Figure 33 Ball bearing system for Philips SR®tube series tube with 90 mm target diameter.
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Figure 34 Low noise radial spring supported ball bearing system in a Philips glass tube.

8.3.Bearings and rotor systems

Ball bearing tubes have seen major improvements as Miglire 33shows a ball bearing system for a standard

radiographicXr ay tube |1 i ke the Philips SRO 33100. Since the
from 1980 on with silverfor selected tadwas roltednpsEng a I
suspension of lead particulates in VaséltheSilver was coated galvanic since 1980 for the Super Rotalix Céfamic
tube, SRC 120, sdeigure 51 I n t Waianl3al9l&ké Gity, USAnow Varex), introduced ion coating, which

has become the current standard coating technology.

Philips tackled rotor noise and vibration by implementing a radial spring suspension of one of the individual
bearings, which enables the anode rotor to spin nearly-fazeeabout its intrinsic axialxé of inertia, sed-igure 34.
The same principle applied to the stradiyiee bearing of the SRC tube showrFigure 51 The center of gravity was
suspended between two bearings to ewainthe radial load. This concept was later adapted by Siemenkefor t
Akron™t ube series from Siemens in the 19906s, by GE fo
for the MCS 70xx CT tube series.

Still, the rotor life of ball bearing tubes is limited to several hundred hours rotation time. It ioteersfential to
stop the rotation after eaclposure.Figure 22 shows the focal spot track of a rotating anode with its typical erosion
pattern from thermal cycling. Two melting marks indicate that the tube was damagéallbseaof the rotation system
As an alternative, major vendors, Philips, Siemens and GE tried magnetic bearings. But, controlof the magneti

suspension, and current transfer turned out to be difficult.
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Another challenge of all ball and magnetic bearing based concepts is the resithadpy, which remains in the
anode when the temperature drops and the visible glow of the anode ceases after a patient haybaserekigure
19. In 1989 Philips retrned to the roots of Bouwers and introduced a gaflinotium-tin lubricated spiralgroove
bearingto keep the rotor coollThis heat conducting liquid metal lubricant allows combining the benefits of great heat
conduction of stationary anodes and its flat characteristics of heat dissipation, which is proportional to the temperature
difference with ambient, and heat radiation. Theeimion of the liquid metal bearing for-bay tubesdates back to the
1 9 & 0nbthe Philips Research laboratory in Eindhoven, The Netherldtsdmarket introduction in the Maximus
Rotal i x Cer amincl89 was b quanfuM R&p) §8&]. Figure 35 shows the assembprocessof its
bearingsystem Cardiology and angiography application benefittiest, before the platform concept has also been
introduced for CTWait times for the rotor to speed up could be skipped, as the liquid bearing has virtually infinite life
time. It may spin all daylts great heat conductidmas accelerated the clinical workflow. Large anodes with high
momentum of inertiganbe used. The tube runs without any audible ndifgure 36showsa cutout picture of the
first product. In 1987 the author wagpr oj ec t manager and RoQtGenmmildeinlabgraaryin o f P h
Hamburg,Germany, and the team was frustrated. During tests of the first prototypéwabggars beforg@lanned
market introductionthe device did not show any sighgenerating Xrays at all. The nested liquizkaring was soaked
with gas. High voltage could not even be switched Bwentually, those problemweresolved. The MRE" platform
has featured unprecedented durability and continues to be the basis odvedapohents. Toshiba, Siemens, and GE

followed.

Figure 35 Final assembly of a liquid metal bearing system for the Philips MR0O0 angiography tube series.
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Figure 36 First rotating anode tube with liquid bearing and 200 mm anode Biskps MRC"™ 200 series for
cardiology and angiography.

8.4.Tube frame

i. Glass
Glass envelopes have remained standard technology for low and medium performance diagnodfigtobes

illustratesthe blowing of a glass frame and the tempering prdeegse 38s a closeup picture of the Xay window

portion of a conventional glass tube for radiography and fluoroscopy. The near focal spot apertureis visible, which limit:
off focal radiation and the builb X-ray filter. Issues with glass insulationisa from the illcontrolled charging by
electron and ion impact and coating by metal from the thermionic cathode or from theFigade 39 illustrates the

blue glow of the glass wall caused by electron and ion impact. Some vendors introduced rougliened 6t e d 0 ) ¢
improve this.Figure 40 showsa CTtube from Dunlee, Aurora I. USA, a Philips subsidiary. A special assembly for

surgery Garm systems manufactured by Varian (now Varex), which comprises a glass tube, is shigureid L

39



MEDICAL PHYSICS INTERNATIONAL Journal, Special Issue, History of Medical Physics 1, 2018

Figure 38 Closeup view of the radiation port of a Philips tube housing assembly for radiography and angiograp
exchangeable near focal spot apertureagaffigbcal radiation and intrinsic radiation filter.
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Figure 39 Photo of a glass tube during the exhaust process with electron bombardment of the anode. The blu
the inner glass wall (top, about the cathode region) signalscontinued impackstattered electrons and ionson the gla

Figure 40 Frosted glass wall of a tube from Dunlee, Aurora, IL, USA, subsidiary of Philips, to improve the ele
stability under bombardment by backscattered electrons.
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Figure 41 Varex tube @®-lll tube assembly with RAER9 glass insert for surgical-&m systems. (Picture courtesy
Varex.)

ii. Metal center section
Bouwers from Philips had already implemented a metal center section in a statiormya t ube Met al i »

1 9 X0addre-used thisX-ray shielding and protection technolofyrt he f i rst r ot atiingP29% node
seeFigure 12 (d) andFigure 12 (e) aboveFigure 42shows a GE tube MA25 for angiography from 197andFigure

43 depicts the details of glassetal joints and the beryllium-¥ay window of the PhilipSuper Rotalix Metal tube
series, |l aunched in the | at e-pda®tib@ & subjectsborhbardment eftscatterect e n t
electrons from ta focal spot, special attention has to be payed to thermal management attheikdow area and the
unbalance between cathode and anode cuffenire 44 illustrates the thermal fingerprint at thery port of bipolar
angiography tube. Cooling oil arked where temperatures of the frame (from of impact of backscattered electrons)

exceeded ca. 200°C during operation.

I n t h e glabDtEbBsdw noedestructive testing had become available for tube voltages & than 28 kV.
The assembliesweteul ky and di fficult t o shpPhilips HamburgS3emnany suocgededn t
replacing glass for high performance stationary anode tubes by compact metal frames with ceramics insyl28jrs, see
A cutout model of the first metaleramics tube on the market, the Philips Super Rotalix Ceramic"SRD 0612, is
depicted inFigure 51 This design initially caused severe problems by effects of surface flagmal@uncture of the
ceramics insulators when high currents were applied. Vacuum ultraviolet radiatiaps,Xons and scattered electrons
destabilized the isolating capabilitieBroper shielding of electrical triple points, improved processing artérbet
ceramics solvedhe issues Typical traces of tube arcing in a metal center section tube are well visibiguire 45.
Despite of these rough conditions the metal electrodes survive. Eventualbyehrotust technology of all metal

ceramics tubes eenged, which isvell receivednotablyin the US market.
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In addition to the tube housing, metal center section technology also enables a high degree of recycling of vacuu
components. The SR tube and its successors, notably the Philips MMR@Gbe sers with lquid bearingseeFigure
36, canbe disassembled andsealed multiple timeBegining with the SRC tube, metal ceramishnology has been

introduced by all major vendors of higierformance tubes.

Figure 42 GE MX-125 metal centesection tube for the emerging angiography application, introduced in 1972. (
courtesy of GE.)

Beryllium window

Figure 43 Philips metal center section tube technology with steel frame, alumina coated beryimynnihdow and
glassmetal joints.
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Figure 44 Carbonized beryllium Xay window after impact of electrons backscattered from the focal spot gfcdali
angiography tube.

Figure 45 Traces of arcing between metal electrodes of a metal center section tube for angiography. Alglasddv.
have imploded under such severe arcing.

44



MEDICAL PHYSICS INTERNATIONAL Journal, Special Issue, History of Medical Physics 1, 2018

9. Special applications and features

9.1.Dental X-ray

In dental systems, the small distance betweeayXsource and image receiver allows for low tube voltages and low
power ratings in singlshot dentalapplication.Figure 46 depicts a simple stationary tube for 50 kV tube voltage.
Figure 47shows a ut-off picture of a Philips Orali®' dental tubéhousing assembly including high voltage transformer
and rectifying circuitry The tube comprised a kind ®¥ehnelt electrod, which consists of a cathode plate which is
isolated from the electron emitter coilue current and focal spot siaere stabilizedising self-controlled resistive
biasing.The tube current is being fed into the electron emitter by smeha resistor, whereas the focusing electrode is
directly connected to the negative high voltage terminal This produces negative bias (with respect to the electrc

emitter) at the focusing electrode. As a result, the focal spot width is reduced aledtitom @mission seBtabilized.

Figure 46 Philips dental tube FO12 for the Ordlixtube head, shown in Figure 36b, and centimeter ruler.
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Figure 47 Cutoff picture of a Philips Orali®'dentaltube head. Tube current and focal spot size were stabilized v
Wehnelt electrode and selbntrolled resistive biasing. (Picture taken at the Medizinhistorisches Museum Har
Germany,UKE.)

9.2. Mammography

Despite of being more costly than-glhssframe technology, metal center sections, which employed -aay X
window from beryllium, helped reducing-bay attenuation and filter strength for the soft radiation required for
mammography applicatianFigure 48 depicts a cathodgrounded mammography tubgroduced between 1980 and
1991 by VEB Ro6hrenwerk, Rudolstadt (Rorix), GDR, now Siemens. Although glass techselvggd wellfrom a
thermal and high voltage perspectiee tube voltagedetween 18 kV an80 kV, a glass frameauses undesired hard
X-rayfiltration. In the beginning of mammography glass tubes were indeed being used. But, it became clear very soon,
that softer radiation was required for an optimal contiasibise ratioin the images of soft tissue with potentially
embedded malign caloifations First, Xray windows from beryllium were attached the glass frame, and
molybdenum or rhodium -kdge filters were addedrigure 48shows a better solution. Except for the necessary
insulation by glass, the erditube frame was made of metal.baryllium window with low attenuation and Xay
filtration was brazedn. The cathode of the tulveas grounded. Thisraplifies fbiasingg t h e  daaninimze the
focal spot width.Instead,CGR, France, a GE company, introduced an anode grounded sahutit®92Figure
49shows acutout model of the tube housingsemblywith the Statorix 52.2 (DMRjube produced from 1992. The
tube has two comparatively large focal tracks, coated with rhodium and molybdenum, and positioned on the perimeter
of the anodelt delivers minimal off-focal radiation and allows faonvenienpatient positioning.

According to the records of Varex, Salt Lake City, UT, USA, mammography tubes were the-fingtsgurces
which the predecessor company Varian producedyiggeee 50.
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Figure 48 Mammography tube with metal center section, cathode grounded, produced between 1980 and 1991
Rudolstadt (Rorix, later Siemens), Rudolstadt, GDR.(Photo taken in the Sieanapdu¥e museum Rudolstadt, Germany.)
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cathode heating

supply

Qil expansion
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Focal spot on molybdenum target

Figure 49 GE DMR mammography tube assemblyray focal spots on molybdenum and rhodium targets position
the perimeter of the anode. (Photo courtesy of GE.)
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Figure 50 The first tube produced by Varian, Salt Lake City, UT, USA (later \Jatbe mammography tube B113 wi
metal center section, cathode grounded. (Picture courtesy of Varex.)

9.3. Angiography / cardiology application

Increasingfluas s copy appl i csa and theecessitytotrecoedeqlencedadd images in cardiolagyd
angiography procedures (instead of single exposures), exceeded the technical capability of the glass tubes. at the time
Tube life wasinacceptable; the limited thermal energy per patient, which the tubes could sustain, was inappropriate
and hamperetheimage quality andhework flow. The introduction of a graphite target by GE, Biggure 25, at least
minimized the starting time and improved the durability of the balls bearings during long runs of an angiographic
procedure.
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Figure 51 First allmetalceramics rotating anode tube in the market, introduced in 1980 by Philips, pioneering a
performance tubes of major vendors. ThisSR@ibe series featureda comparatively large high temperature Triffodarde
(at that tim¢, compactdesign, scattered electron trap, rotating anode insulator to minimize thapaof the motor for shor
startup time, silvercoated straddle ball bearing system with radial spring bearing suspension and dwiad pineust spring.

Philips improvedt he si tuation by introducing the full met al
0610, sed-igure 51, which featured a relatively large anode, suspended on a radially-spppgrted straddle bearing
system with a rotating ceramics insulammaximize the efficiency of the motor. High patient and staff dose associated
with angiographic diagnostics and therapy on site demanded for counter measures. One of them is enhancing X
filtration to narrow the spectrum. A powerful tube like the MR@s required to benefit from hard filtration without
introducing image noise and waiting times for cooling.

Another major step forward was the introduction of a tube current switch that operated without changing the tube
voltage. Philips introduced it faangiography and cardiology tubes of the MEGeries in 1992, in 1996 with the
MRM™ tube seriesand later also with SRM metal center section tubes in radiography/fluoroscopy systems as grid
controlled fluoroscopy GCFE. Already in 1937, Si emen

to the curent modulation in radio valves.
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Figure 52 Ray tracimg of electrons. Planar cross section through the emitter coil. Biasing of the control electrodes a
focal spot deflection, as used in CT application, and also for switching the electron beam off.

Figure 52 demonstrates the basic principle @décton beam focusing, biasing aswitching off the emission of
electrons Charging the electrodeshich surround the thermionic emitpeith a negativecut-off potential quenches the
electron emissianThe electron emitter is isolated from the rest of tha@de head. Upon application of the negative
bias, the equipotential line, which represents the potential of the electron emitter adibiftgg only electrons which
still experience a pulling electric fieldind whichemerg from areas close to therger of thecathodecoil) to escape.
Atcutof f t he entire emitter is fAcoveredo by a r abpoutel i ng
bias, which allows for controlling the image resolution electronically. Fyrihéfigure 52, a means for deflection of
the electron beam is showas usedn many Xray sourcesor CT. Figure 53hows the grid switch box, which Philips
has been integrating in similar form into the tube housing assembly of the MRC tube series for angiography and
cadiology from 1993 onwards. Other manufactutease at least temporarifgalized this feature with bias supply from
the highvoltage generator, like Toshiba, and Siemens with early MéYfaliloes and the latest angiography tube series
Gigal i x E.shdm inRguré G4bemes with fAgriddedo flat electron em
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Figure 53 (a) Grid switching electronics for Philips angiography tubes, integrated in the tube housing assembl
MRC™tube line, sedigure 28 (b) Electric schematics: The tube voltage remains unchanged when, upon an optical sic
tube currentye is stalled by applying a negative voltageslf several kilovolts between isolated cathode head and tuny
emitter. As the spectrumdoesh change, this fAgriddingo avoi dsayfluxwant

SEVENS.

SIENENS M

s pman
lllnl:‘l"' L
.

SIEMENS

Figure 54 Siemens angiography tube of the GigBYigeries, launched 2013, with grid switchable flat electron em
and liquid bearing. (Picture courtesfySiemens.)

9.4. Compactnesdn radiography

The quest for ampachess, versatility and scalability has inspired Varex, Salt Lake City, UT, USA to offer a series of
single polar fAanode end digweaishshevdthe dawitGfla mammogaphy subertypee
from patent literature. Rotating anode anday focal spot are on ground potential, positioned proximal to one end of
the tube housing assembly. The cathode is charged with negative high voltage potentitiinArgtalectron trap
collects backscattered electrons from the focal spot and reduces the electrical power supplied to the rotating anode. Tt
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small insulating gap keeps the efficiency of the motor drive up. Its magnetic stator is positioned pataltee wit

cathode.
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Figure 55 (a) Logo on one of the first anode end grounded (AEG) tubes developed by Varian, now Varex, Salt La
UT, USA. (b) Drawing of an AEG tube frompatent application US20120321048A1. (Picture (a) courtesy of Varex.)

10. Production

Electrical stability and mechanical precision ofa§¢ tubes under high voltage of up to 150 kV and temperatures of
up to 3300°C in the focal spot can only be guaranteed by-ceettolled and clean production. Over decades,
production yield at major maragturers were in the range of 50% to 90%. Meanwhile, stringent process improvement
andhigh qualitymaterial supplyrugged design, and high investment in production technology resulted in reduction of
the scrap rates by at least an order of magnitbideire 56 illustrates the evolution of production environment over
nearly a century.

The development of the-Kay tubes continues, as an essential component of medical diagnostic imaging.

52



MEDICAL PHYSICS INTERNATIONAL Journal, Special Issue, History of Medical Physics 1, 2018

Figure 56 Assembly rooms at C.H.F. Miller, Hamburg, Germany,r|&eilips, around the year 1925, andin 2017 at
PhilipsX-ray tube plant in Hamburg. (Picture courtesy of Philips.)
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1. Introduction and Overview

Radiographic receptors in which the image is recorded and displayed on photographic type film were used for more than a
century after the introduction ofray imaging of the human body in 1895 by the physicist, Wilhelm Roentgen. Over this
period of time here have been many innovations and developments in the design of the technology and clinical applications
establishing radiography and other forms efay imaging as a major medical procedure. Wittayx imaging being a
physical process it has provided apportunity for physicists to be major contributors in research and development along
with providing scientific support for effective and safe clinical procedures. This provided a foundation for medical physics
to develop as a major and highlyspectegrofessiowith academic programs and degrees at universities and certification
by professional organizations.

The history of screefilm radiography development is extensively documented and published in the many scientific
papers on the various developnts, textbooks of the period, and especially many historical review books and articles, often
published on anniversaries of significant events. A selection of some of the most significant publications documenting the
history is included in the bibliogray at the end of this chapter. It is not our purpose to repeat what has already been
extensively published. Our plan here is to develop an understanding of the issues that were the motivations for the research
and developments that provided the historicahdation.

Over a century of research and development onlftised radiographicreceptors has produced greatly extended visibility
within the human body with the lowest possible radiation exposure. That is what we will now explore beginning with some
basic background.

Medical radiography is the process of producing fixed or recorded images of the internal structures, functions, and signs
of disease or injury within the human body usingadiation. Technology for the production of radiygins consists of two
major components as illustrated in Figure 1: a source of-thdiation consisting of an-ray tube and associated electrical
energy sources, located on one side of the body, and the image receptor located on the other. Theédwsiopoaent of
x-ray tubes and related equipment is described in other chapters. Here we consider the receptor introduced in Figure 1.
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Figure 1. The general function of a radiographic receptor and the effects that are determined by design titgracteris

The receptor is t hetheioviviploxn eyt i magt @Troeé¢ emigvdsgsdm the p
latent image and converts it into a visible image.

Over the course of history there have been two very distinct and differentofyperseptors. The firstvhich was used
for over a century, was based on a chemical process that formed images on sheets of photographic type film in contact w
fluorescent screens and generally designatdidnascreen radiography The second was ghysical method using digital
electronic technology and designatedimgtal radiography

In this chapter we trace the development ofinc r een r adi ography from its origi

and demonstrations up to and includinggbience and technology associated with the final design characteristics at the time
film-screen was replaced with digital technology. An overview of this evolution is shown in Figure 2.
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