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Wurzsure.  The Early Years

27 March 1845 J 2y

Wilhelm Conrad Rontgen is born in Lennep
(Remscheid, Bergisches Land)

1848

Rontgen's family moves to Apeldoorn (NL)

1861

Rontgen attends "Utrecht Technical School”

1863/64

Rontgen gets unfairly discharged from school
without a high school diploma ("Abitur”)

He nonetheless starts attending lectures in
chemistry, physics, zoology and botanics at
U Utrecht
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WORZBURG University Education and Habilitation (finally!)

1865 - 1868

student of mechanical engineering at Eidgendssisches Poly-
technikum in Ziirich (Clausius & Kundt among his teachers)
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1865 - 1868 L
Studien iiber Gase.
student of mechanical engineering at Eidgendssisches Poly-
technikum in Zurich (Clausius & Kundt among his teachers)
INAUGURAL-DISSERTATION
1869 |
Dr. Phil. at U Zirich on "Studien lber Gase" Erlangung der Doctorwiirde

vorgelegt
der hohen philosophischen Facultiit

der

UMVERSITAT zORIEH

WILHELM RONTGEN
von Apeldoorn (Holland).



I WORZBURG University Education and Habilitation (finally!)

1865 - 1868

student of mechanical engineering at Eidgendssisches Poly-
technikum in Zurich (Clausius & Kundt among his teachers)

1869
Dr. Phil. at U Zlrich on "Studien liber Gase"

1870

Rontgen moves to Wiirzburg as Kundt's Assistent,
however, habilitation is denied due to lack of Abitur

1872 - 1874

Relocation with Kundt to the new Reichsuniversitdt StrafSburg,
finally: habilitation in StralBburg
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I WORZBURG University Education and Habilitation (finally!)

1865 - 1868

student of mechanical engineering at Eidgendssisches Poly-
technikum in Ziirich (Clausius & Kundt among his teachers)

1869
Dr. Phil. at U Zlrich on "Studien liber Gase"

1870

Rontgen moves to Wiirzburg as Kundt's Assistent,
however, habilitation is denied due to lack of Abitur

1872 - 1874

Relocation with Kundt to the new Reichsuniversitdt StrafSburg,
finally: habilitation in StraRburg

1872

Rontgen marries Anna Bertha Ludwig who he had met in Zirich
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wurzsure Early Professorships

Helgoland

1875

"Extraordinarius" (Assoc. Prof.) at the Landwirtschaftliche
Akademie Hohenheim

1876

Return to StraBburg as "Extraordinarius" for Mathematical Physics
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UNIVERSITAT - .
wirzeure Professor in Wiirzburg

1888

Acceptance of full professorship at the newly erected
Physikalisches Institut in Wiirzburg as successor of
Friedrich Kohlrausch

1894
Rector of U Wiirzburg
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1895
Offer from U Freiburg (denied)

8 Nov. 1895
The Discovery of the X-Rays
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I worzsure. ROntgen's Research on Gas Discharge Physics

anode rays cathode
("Kanalstrahlen") rays

= electrons
[J.J. Thomson (1897)]

fluorescence cathode ] 1 [ anode
screen T -+
vacuum
pump

preceeding and parallel studies by: Wilhelm Hittorf (Munster)
William Crookes (London)
Philipp Lenard (Bonn)

fluorescence



I worzsure. ROntgen's Research on Gas Discharge Physics

Crookes tube Hittorf tube

Lenard tube Focus tube

Hittorf tube
(Foto: Rontgen-Geddchtnisstéitte Wiirzburg)

preceeding and parallel studies by: Wilhelm Hittorf (MUinster)
William Crookes (London)
Philipp Lenard (Bonn)



I Wurzsure. The Discovery: 8 November 1895

Rontgen's lab in the
Physikalische Institut mercury
vacuum pump

now:
Réntgengeddchtnisstdtte Wiirzburg and
EPS Historical Site

S M' _‘;‘k_
fluorescence Screen Hittdorf tube
platinous cyanide: Pt(CN),
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Rontgen's lab in the

Physikalische Institut mercury
vacuum pump

now:
Réntgengeddchtnisstdtte Wiirzburg and
EPS Historical Site
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I wurzsure.  The Discovery: 8 November 1895
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I wurzsore.  The Next 6 Weeks: Systematic Experiments

absorption by different minerals
- no birefringence in calcite!

wire coil on wooden core



I wirzsure.  The Next 6 Weeks: Systematic Experiments

X-ray image of a set of weights in a
closed wooden box




I wurzsore.  The Next 6 Weeks: Systematic Experiments

22 December 1895:
Bertha Rontgen's Hand
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UMIVERSIST The News Spreads around the World...

28 Dec 1895

Preliminary communication "On a new kind
of rays" to the Physikalisch-Medizinische
Gesellschaft in Wirzburg

01 Jan 1896

Rontgen sends reprints to his colleagues

Sitzungs-Berichte

der

Physikalisch-medicinischen Gesellschaft

WURZBURG.

I . - g
| Der Abonoementspreis pro Jahrgang betrigt 4 4.—.
Ja.hrgan,g | Die Nummern werden einzeln nicht abgegeben. I| No. 9.
geg |
|

1895, | Grissere Beitrige erscheinen in Sonderdrucken.

Veriap cer Stahel'schen k. Hol- und Universitits-Buch- wnd Kunsthandiung m Wiirzburg.
Inhalt. HKonrad Rieger: Demonstration des sogenannten ,Vogelkopfknaben®
Diobos Janos ans Battooya in Upgarn (Fortsetzang), pag. 129. —

W. C. Rintgen: Ueber eioe peue Art wvon Strahlen, pag. 132, —

Wilhelm Wislicenus: 46, Jahresbericht der physikalisch-medizioischen
Gesellschaft zo Wirzburg, pag. 142 — Mitglieder-Verzeichniss, pag. 146.

Am 28, Dezemher wurde als Beitrag eingereicht:

W. C. Réntgen: Ueber eine neue Art von Strahlen.
(Vorldufige Mittheilung.)

1. Lisst man durch eine Hittorfsche Vacuumrihre, oder
einen’ geniigend evacuirten Lenard'schen, Crookes'schen oder dhn-
lichen Apparat die Entladungen eines grisseren Ruhmkorfl's gehen
und bedeckt die Réhre mit einem ziemlich eng anliegenden Mantel
aus diinnem, schwarzem Carton, so sieht man in dem vollstindig.
verdunkelten Zimmer einen in die Nihe des Apparates gebrachten,
mit Bariumplatincyaniir angestrichenen Papierschirm bei jeder
Entladung hell aufleuchten, flucresciren, gleichgiiltig ob die an-
gestrichene oder die andere Seite des Schirmes dem Entladungs-
apparat zugewendet ist. Die Fluorescenz ist noch in 2 m Ent-
fernung vom Apparat bemerkbar.

Man iiberzeugt sich leicht, dass die Ursache der Fluores-
cenz vom Entladungsapparat und von keiner anderen Stelle der
Leitung ausgeht.

2. Das an dieser Erscheinung zuniichst Auffallende ist,
dass durch die schwarze Cartonhiilse, welche keine sichtbaren
oder ultravioletten Strahlen des Sonnen- oder des elektrischen
Bogenlichtes durchlisst, ein Agens hindurcbgeht, das im Stande
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wirzeure The News Spreads around the World...

28 Dec 1895

Preliminary communication "On a new kind
of rays" to the Physikalisch-Medizinische
Gesellschaft in Wirzburg

01 Jan 1896

Rontgen sends reprints to his colleagues

05/06/07 Jan 1896

Newspapers in Wien, London, New York
report on the discovery

13 Jan 1896

Invitation by Emperor Wilhelm Il. in Berlin

Late Jan/early Feb. 1896

Publications in Nature und Science

ON A NEW KIND OF RAYS!

I)ADISCHARGE from a large induction coil is passed

through a Hittorf’s vacuum tube, or through a
well-exhausted Crookes’ or Lenard’s tube. The tube is
surrounded by a fairly close-fitting shield of black paper ;
it is then possible to see, in a completely darkened room,
that paper covered on one side with barium platino-
cyanide lights up with brilliant fluorescence when brought
into the neighbourhood of the tube, whether the painted
side or the other be turned towards the tube. The
fluorescence is still visible at two metres distance. It
1s easy to show that the origin of the fluorescence lies
within the vacuum tube.

(2) It is seen, therefore, that some agent is capable
of penetrating black cardboard which 1s quite opaque
to ultra-violet light, sunlight, or arc-light. It is there-
fore of interest to investigate how far other bodies can
be penetrated by the same agent. It is readily shown
that all bodies possess this same transparency, but in
very varying degrees. For example, paper is very trans-
parent ; the fluorescent screen will light up when placed
behind a book of a thousand pages; printer's ink
offers no marked resistance. Similarly the fluorescence
shows behind two packs of cards; a single card does
not visibly diminish the brilliancy of the light. So, again,
a single thickness of tinfoil hardly casts a shadow on the
screen ; several have to be superposed to produce a
marked effect. Thick blocks of wood are still trans-
parent. Boards of pine two or three centimetres thick
absorb only very little. A piece of sheet aluminium, 15
mm. thick, still allowed the X-rays(as I will call the rays,

1 By W. C. Réntgen, Translated by Arthur Stanton from the Sitzungs-
berichte der Wiirsburger Physik-medic. Geselischaft, 1893,

NO. 1369, VOI. 53]

W.C. Réntgen,
Nature 53, 274 (1896)

F16. 1.—Photograph of the bones in the fingers of a living human hand.
The third finger has a ring upon it.
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23 Jan 1896

Lecture at the

Physikalisch-Medizinische Gesellschaft
in Wirzburg




Julius-Maximilians-
NIVERSITAT oo . . .
I wirzsure.  ROntgen's only Public Lecture on his Discovery

23 Jan 1896

Lecture at the

Physikalisch-Medizinische Gesellschaft
in Wirzburg




I wirzsore.  ROntgen's only Public Lecture on his Discovery

23 Jan 1896

Lecture at the

Physikalisch-Medizinische Gesellschaft
in Wirzburg

Geheimrath Rudolf Albert von Kolliker...



I wirzsore.  ROntgen's only Public Lecture on his Discovery

23 Jan 1896

Lecture at the

Physikalisch-Medizinische Gesellschaft
in Wiirzburg

...and his hand

Geheimrath Rudolf Albert von Kolliker...
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worzsure.  Nobel Prize in Physics

10 Dec 1901

W.C. Rontgen becomes the first recipient of the
Nobel Prize in Physics:

"... to those who, during the preceding year, have

conferred the greatest benefit to humankind."
(from Alfred Nobel's last will)

Rontgen declines to give a Nobel lecture.
In his will Rontgen donates his prize money

(50.000 Swedish Crowns) to the University of IR
Wiirzburg. I
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Allustration= Kieran O'Brien



Physics
Chemistry
Medicine

I worzsure.  Nobel Prizes related to X-Ray Science

1901 W. C. Rontgen
Discovery of the x-rays

1914 M. von Laue
X-ray diffraction in crystals

1915 W. H. Bragg/W. L. Bragg
Determination of crystal structures

1917 W. G. Barkla
Characteristic radiation of the elements

1924 K. M. G. Siegbahn
X-ray spectroscopy

1927 A. H. Compton
X-ray scattering off electrons

1936 P. Debye

Diffraction of x-rays and electrons by gases

1946 H. J. Muller
Discovery of x-ray-induced mutations

1962 M. Perutz/J. Kendrew
Structure of hemoglobin

1962 J. Watson/M. Wilkins/F. Crick
Double-helix structure of DNA

1964 D. C. Hodgkin

Structure of biochemical compounds

1976 W. N. Lipscomb
Structure of boranes

1979 A. M. Cormack/G. N. Hounsfield
Computer-based tomography

1981 K. M. Siegbahn
High resolution electron spectroscopy

1985 H. Hauptman/J. Karle
Direct methods for crystal structure determination

1988 J. Deisenhofer/R. Huber/H. Michel
Three-dimensional structure of a photosynthetic
reaction center

1997 P. D. Boyer/). E. Walker
Mechanism of ATP synthesis

2002 R. Giacconi
discovery of cosmic x-ray sources

2003 P. Agre/R. MacKinnon
Discoveries concerning channels in cell membranes

2006 R. D. Kornberg
Molecular basis of eukaryotic transcription

2009 V. Ramakrishnan/T. A. Steitz/A. E. Yonath
Structure and function of the ribosome

2011 D. Shechtman
Discovery of quasicrystals



I wurzsure.  X-Ray Imaging: Revealing the Invisible

2

(‘?’%uﬁmr up..;..,m-’!a 4

Copyrignt Deutsches Réntgen-Museum

1895 ...and today
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I WURZBURG X-Ray Imaging: Revealing the Invisible

Computer Tomography (CT)

Detektor

Schiebetisch

Strahlenquelle

several 100 x-ray images taken under varying angle

—> numerical reconstruction in 3D

ﬁ*#‘, 2

Source: Wikipedia
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I wurzsure.  X-Ray Spectroscopy: Chemical and Electronic Information

Where does the contrast in x-ray imaging come from?

—> atomic inner shell excitations
- element-specific x-ray absorption edges

absorption

>

photon energy
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Zoo of x-ray spectroscopic techniques
for, e.g., materials science and
guantum matter research:

® X-ray absorption
(XAS, XANES, EXAFS,...)

® X-ray fluorescence
(XF, XES, EDX, WDX,...)

® Photoelectron spectroscopy
(XPS, ESCA, HAXPES, ARPES, ResPES,...)

® Inelastic x-ray scattering
(IXS, RIXS, Compton scattering,...)

Spectromicroscopy & microspectroscopy
(STXM, PEEM,...)

and many more...

Normalhized absorption

X-Ray Spectroscopy: Chemical and Electronic Information

2-{" | ] 1 I | ] 1 ] 1 1 1 | 1 1 1 1 1 1 | 1 I_
XAS
]_f‘.l — UM _—
- e ™ 7
12— —
%R J
Fe Ni
{]-R | | I | | | | | | 1 I 1 | 1 | | | I | | I | | 1
650 700 750 800 850 900 950 1000

Photon energy (eV)
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Adv. Mat. 30, 1706708 (2018)

Zoo of x-ray sp.ectros?coplc techniques XPS vy SANES
for, e.g., materials science and Ti 2p core level 44 r Ti L-edge

Ti
hv =3 keV
quantum matter research. _ Ti3+(LaTiO3)

— Ti"" (LaTiO,)
T — Ti'" (SITIO,)

|

® X-ray absorption — T (8rTiOy)
(XAS, XANES, EXAFS,...)

® X-ray fluorescence
(XF, XES, EDX, WDX,...)

3+

Ti

T

intensity (arb. units)

Photoelectron spectroscopy
(XPS, ESCA, HAXPES, ARPES, ResPES,...)

total electron yield (arb. units)

® Inelastic x-ray scattering
(IXS, RIXS, Compton scattering,...)

Spectromicroscopy & microspectroscopy o —=
(STXM, PEEM,...) 465 460 455 455 460 465

binding energy (eV) photon energy (eV)

and many more...

- elemental composition
- chemical valency



I WURZBURG. X-Ray Spectroscopy: Chemical and Electronic Information

Nat. Commun. 12, 5396 (2021)

Zoo of x-ray spectroscopic techniques

for, e.g., materials science and
guantum matter research:

ARPES of "indenene" (1 ML In/4H-SiC)

X-ray absorption

(XAS, XANES, EXAFS,...) 0\ L—
X-ray fluorescence
(XF, XES, EDX, WDX,...) = 0518
)
Photoelectron spectroscopy e 453
L i

(XPS, ESCA, HAXPES, ARPES, ResPES...)

Inelastic x-ray scattering _1_5_:
(IXS, RIXS, Compton scattering,...)

Spectromicroscopy & microspectroscopy 2.0~

(STXM, PEEM,...) [ T T 1 T ' ' T T T T T T 1
15 1.0 0.5 0 0.5 1.0

and many more... K (A vin [ v

- electronic band structure
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WOkeE Ik o X-Ray Astronomy: The Sky is the Limit

Optical map of the sky

 Centaurus A

. C-ygnu_,s X1

Crab Nebula

J. Sanders, H. Brunner and the eSASS team (MPE)
E. Churazov, M. Gilfanov (on behalf of IKl)



I ey X-Ray Astronomy: The Sky is the Limit

X-ray map of the sky (0.3 — 2.3 keV)

-

ey :

8 o o o . ol I B ‘Vela Pulsar - : L

LMC

; ‘ ' /
. fi%is P ¥ ’ ¢
” Lo A % o >
A
SR s =
Z

data taken by the x-ray telescope eROSITA
on board the German-Russian satellite observatory Spektr-RG

(red to blue = increasing photon energy)
J. Sanders, H. Brunner and the eSASS team (MPE)

E. Churazov, M. Gilfanov (on behalf of IKl)



I Uw"ﬂ'X%'éﬁ'JQT X-Ray Diffraction: Atomic Structure

X-rays are electromagnetic waves

Max von Laue

Physics Nobel Prize
1914

—

crystal

collimator

X-ray source
detector
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I WURZHURE X-Ray Diffraction: Atomic Structure

PRB 92, 195422 (2015)
X-ray diffraction (XRD) in materials science

o)

= 1.30
3

S ¥

3

2 0.75
2

Q

=

O

o

45 46 47 48 49 50 24 25 26 27 intensity
20 (%) (.) increased target Q (nm-1) (arb. units)
distance *
XRD of an oxide hetrostructure reciprocal space map

(SrVO,/SrTiO,) (LaAlO,/SrTiO,)



I Uw"ﬂ'X%'éﬁ'JQT X-Ray Diffraction: Atomic Structure

Structural biology: Double helix structure of the DNA (1953)

Francis Crick James Watson Maurice Wilkins Rosalind Franklin




I Uw"ﬂ'X%'éﬁ'JQT X-Ray Diffraction: Atomic Structure

lllustration: DESY, Cyprian Lothringer

Modern protein crystallography |

Credits:
J. McLellan/U Texas at Austin (spike)

Spike protein RNA polymerase H. Tabermann/HZB (protease)
Science (polymerase)
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woresune. X-Ray Diffraction: Atomic Structure.

SARS-CoV-2 virus

atomically resolved
3D structure model

Source: Wikipedia
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