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	For my grandchildren

	 

	
Before we can understand anything, we must learn to see.

	This sentence sounds self-evident — and yet it describes one of the greatest challenges in physics. For what is crucial remains hidden from our eyes. Atoms, quarks or neutrinos do not reveal themselves directly. They give themselves away only through traces, through the emission of energy, through brief flashes in complex detectors. Physics has therefore always been the art of making the invisible visible.

	When I began my scientific career, particle physics was in a phase of transition. Much seemed already understood — and yet the number of unanswered questions was growing faster than that of the answers. No one could have known back then that we would witness the emergence of a new physical world view.

	Over the following five decades, physics underwent a profound transformation. Photographic images gave way to digital event landscapes; small research groups evolved into international collaborations involving thousands of participants. Particles that once existed only as mathematical necessities became experimental reality.

	For me, the common thread running through this period has remained ‘seeing’ — not just in the technical sense, but as a scientific attitude. Progress arises where we look more closely, question familiar images, and recognise meaning even in the seemingly insignificant.

	Optikus is not a title, but a perspective. This book tells the story of a journey through modern physics — from the early accelerators to the major experiments at CERN, from improvised setups to detectors of cathedral-like dimensions.

	It is also the story of a generation of researchers who were privileged to witness how our understanding of nature took shape. What awaits you on the following pages is not a complete chronicle. It is a personal perspective on a time when the invisible gradually became visible.

	


Prologue

	Why Optikus?

	Before I made particles visible, I learnt to see light.

	Long before I set foot in a laboratory, I was fascinated by how images are formed. In the darkroom, I watched as structures slowly became visible on a sheet of paper that had initially been blank — first shadows, then shapes, and finally a complete image. Later, I pointed my telescope at the sky and tried to capture faint objects that remained hidden from the naked eye. Under the microscope, I observed life in a drop of water from a pond. In all cases, it was about the same thing: making something visible that is initially invisible.

	When I turned to particle physics, I realised that this theme continued — only in a deeper dimension. Elementary particles cannot be seen directly. They reveal themselves through tracks, energy emissions, brief flashes of light or complex signals in detectors. Insight therefore often began here too with an image: a track in a chamber, a characteristic structure, an event that first had to be read and understood.

	For me, seeing has never meant merely looking. It meant comparing, doubting, interpreting — and sometimes also trusting an inconspicuous detail that later proved decisive. In the analysis of events, in discussions about detector geometries and in the development of visualisations, technical precision was combined with an understanding of physics. Images were not mere illustrations, but tools of understanding.

	The title Optikus therefore describes less a field of study than an attitude: the conviction that scientific understanding often begins where we learn to look more closely — and that a deeper order may lie hidden behind visible traces.

	This book recounts fifty years of physics (1965–2015) from this perspective. It is not a comprehensive account of experiments or theories, but rather a physicist’s personal journey through a period in which our understanding of nature underwent a fundamental transformation. It tells of detectors and accelerators, of colleagues, of moments of doubt and wonder — and time and again, of how seemingly insignificant signals gradually coalesced into a coherent picture.

	This book describes physics largely without mathematical formulas. Not because they are dispensable — on the contrary: the complete structure of the Standard Model is formulated in a precise mathematical language that easily spans many pages.

	Here, the focus is on a different approach: not through equations, but through what can be observed, measured and ultimately understood.

	Perhaps this is precisely the essence of scientific experience:
Before we can understand, we must learn to see.
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	Part I – Learning to See

	Youth, Studies, First Experiments

	A Young Mind for Research

	I was twelve years old when, one March evening, I pointed my homemade telescope at the Moon. The familiar ‘Man in the Moon’ suddenly became a rugged landscape of craters and shadows. It was no longer abstract knowledge, but an image that was indelibly etched into my mind.

	Shortly afterwards, I managed to align the simple cardboard tube with lenses at both ends with Jupiter. Beside the bright disc, four small points of light appeared, lined up to the right and left — its moons. I was thrilled and felt a little like Galileo, who, almost 350 years earlier had ushered in a new era of scientific understanding with precisely this observation.

	Looking back, this was perhaps the moment when an attitude took shape that was to accompany me throughout my entire scientific life: for me, understanding began with seeing.

	In fact, we are all born as researchers. We possess the remarkable ability to absorb impressions and make sense of our environment. Initially, this happens through the senses, primarily through sight; later, through language, reading and writing. In this way, we grasp not only the world itself, but also the accumulated experience of previous generations. What matters is whether this natural urge to discover finds its way into education — and whether parents and schools nurture it or allow it to wither away.

	The external circumstances of my early childhood were, at first, far from favourable. I was born in 1945. My father was still a prisoner of war; his two brothers had been killed in action during the final years of the war on the Eastern Front. Germany lay in ruins. Two weeks after my birth, two cities in Japan were destroyed by nuclear weapons; more than two hundred thousand people lost their lives. At that time, science and technology were inextricably linked with destruction, and everyday life revolved primarily around the bare necessities: food, shelter, work.

	After my father returned from captivity, the five of us lived with my grandparents in a two-room flat. He was unable to continue the banking career he had begun but instead worked in his father’s saddlery and upholstery business, which he later took over as master craftsman. Although the trade was socially respected, it represented another biographical rupture for him. Even his own schooling had been cut short, despite good performance, because the family could only afford to support one of the three brothers through to the Abitur.

	He tried to give me the opportunities he himself had been denied. The experiment kits from the Kosmos series became the starting point for a growing interest in mechanics, optics, chemistry and electricity. The teachers at the Lessingschule in Bremerhaven also had a formative influence; this was a grammar school specialising in mathematics and the natural sciences, which took pride in its connection to the Nobel Prize-winning chemist Adolf Butenandt. The facilities were outstanding for the time. In addition to standard school experiments, we even carried out nuclear physics experiments using a radium-beryllium neutron source — it is doubtful whether such equipment would still be permitted in schools today. 

	In general, the 1950s saw a surprisingly uninhibited approach to anything ‘atomic’. Although the dangers of ionising radiation were known, shoe shops had so-called ‘pedoscopes’ — X-ray machines used to check the fit of shoes. I remember well how I used to gaze, fascinated, at the outlines of my foot bones on a screen glowing green. Once again, it was an image that stuck in my mind — one whose risks were still underestimated at the time. It was not until the 1960s that these devices disappeared from shops for radiation safety reasons.

	Even for my own experiments as a teenager, I could buy almost anything at the chemist’s: from uranyl nitrate to fuming nitric acid. I even got hold of a radium-containing luminous screen from US Army stocks, which I used for measurements with my homemade Geiger counter. Today, the ‘most dangerous’ substances in science kits are usually limited to vinegar and table salt.

	The enthusiasm for technology at that time was also evident during visits by nuclear-powered ships to Bremerhaven: the US submarine Triton (1960), the freighter Savannah (1964) and the German research vessel Otto Hahn (1969). The crowds at the Columbuskaje were surpassed only by the arrival of Elvis Presley in 1958. At the time, I owned a book entitled Golden Age of the Atom? — at least it had a question mark.

	In the early 1960s, my interest shifted from pure electricity to electronics. Electron tubes still dominated: large, power-hungry and requiring high operating voltages. At thirteen, I bought my first transistor for ten Deutschmarks — about three times my monthly pocket money. It was only two years earlier that Shockley, Bardeen and Brattain had received the Nobel Prize for this invention. The early transistors were slow and underpowered, unsuitable for FM — but my AM radio worked. Later, a transistor served as the control centre for the power supply of my first Geiger counter. Today, smartphones contain billions of them.

	[image: Image]

	Fig.1 Computer club at Lessingschule. The arithmetic unit, built from relays, gave me my first idea of how machines can perform calculations. © Jürgen Knobloch

	In 1960, there were fewer than two thousand computers in Europe. At my school, some teachers recognised the significance of this development early on and founded a ‘Computer’ study group. Using discarded electromechanical relays from the post office, we built working models of the arithmetic unit, control unit and memory. Without realising it at the time, we were already engaging with the elementary principles of digital information processing — once again to make abstract processes visible and comprehensible.

	With this blend of curiosity, technical tinkering and a growing respect for the natural sciences, I began my physics studies in 1965 — in a subject whose foundations appeared solid, yet whose unanswered questions were already clear.

	What were the foundations I encountered back then? And which unanswered questions shaped the thinking in physics at that time? To put this into context, it is worth looking at the worldview of physics as it had developed by the mid-1960s.

	The Physical World View of the 1960s 

	A Seemingly Secure Foundation

	When I began my studies in the mid-1960s, physics seemed to many students like a building that was virtually complete. Classical mechanics, electrodynamics, and thermodynamics had stood the test of time for decades. Their laws had been precisely formulated, experimentally confirmed and successfully applied in engineering. Much seemed to be understood, much finally clarified.

	Yet this certainty was deceptive. It rested primarily on the description of phenomena that were directly or indirectly accessible to the senses: motion, fields, heat, radiation. However, where physics ventured further into the microscopic realm, this picture rapidly lost its clarity.

	Quantum Mechanics and Relativity — Success Without Clarity

	Although quantum mechanics and the theory of relativity had proved extraordinarily successful, they fundamentally challenged conventional physical thinking. Their mathematical structures worked, their predictions were precise — yet their interpretation often eluded everyday imagination.

	Quantum mechanics replaced intuitive trajectories with probabilities, states and operators. Measurement and observation took on a new, central significance. What was considered ‘real’ was no longer independent of the measurement process itself. This tension between mathematical precision and limited clarity shaped the thinking of physicists at that time.

	The Fundamental Forces

	Another central element of the physical world view was the fundamental interactions. All observable forces in nature can ultimately be traced back to four basic forms of interaction.

	
The Four Forces of Nature

Gravitation

Acts between all masses. It determines the motion of planets, stars and galaxies and shapes the large-scale structure of the universe. In everyday life, it manifests as the force of gravity.

Electromagnetic interaction

Acts between electrically charged particles. It determines the structure of atoms and molecules, the properties of solids, as well as light and radiation. Without the electromagnetic interaction, there would be no stable atoms, no chemical bonds—and thus neither complex matter nor life.

Strong interaction

Binds quarks into protons and neutrons and holds them together in the atomic nucleus. It is confined to very short distances but acts particularly strongly there.

Weak interaction

Causes certain radioactive decays, such as β decay. It plays an important role in processes in which particles change their identity – for example, in neutrino reactions. The weak interaction is a hundred billion times weaker than the electromagnetic interaction and its range is less than the radius of an atom.




	Today we know that the electromagnetic and weak interactions are two aspects of a single electroweak theory. In the 1960s, however, this connection had not yet been confirmed experimentally.

	Particle Physics Before the Standard Model: A Growing Zoo

	Whilst the fundamental interactions of nature were already relatively well defined, the number of known particles continued to grow until the early 1960s – along with the confusion of what became known as the “particle zoo”.

	Since the 1930s, the number of known particles had grown steadily. Alongside the proton, neutron and electron, ever new, mostly short-lived particles appeared, discovered in cosmic rays or at accelerators.

	Many of these particles differed only in mass, charge or lifetime. At first, no overarching order was apparent. Although attempts at classification had been made, a consistent theoretical framework was still lacking.

	Experiments as an Indirect Glimpse into the Invisible

	From the outset, the experimental approach to this world was indirect. Elementary particles could not be seen; only their effects were visible. Traces in cloud or bubble chambers, flashes of light in scintillators, electrical pulses in detectors — all these were translations of physical processes into observable signals.

	As a result, the representation of events took on particular significance. Insight arose not solely from measured values, but from the ability to interpret traces, recognise patterns and distinguish the random from the significant. Detectors increasingly became instruments that made physical processes visible.

	Open Questions Behind the Apparently Known

	Despite all the successes, much remained unclear: Why did so many particles exist? Which interactions were fundamental? And could the known forces be described within a unified framework?

	By the mid-1960s, these questions had not yet been answered — often they had not even been clearly formulated. Yet they formed the backdrop to a phase of intensive theoretical and experimental development that would fundamentally reshape physics in the decades to come.

	For us students, this meant entering a discipline that was both well-established and in a state of transition: solid in its foundations, yet open in its deepest questions. It was precisely this mix that made the physics of that era so fascinating — and it also shaped my future path. How this path began during my studies only became clear during my first experiments.

	First Experiments

	When I began my physics studies in 1965, I did so with a mixture of curiosity and respect. Much of what I knew from books and school lessons now took on a formal structure: lectures, tutorials, practicals. Physics no longer presented itself as a succession of fascinating individual phenomena, but as a systematic edifice that had to be mastered step by step.

	At first, theory dominated. Calculus, linear algebra, classical mechanics and electrodynamics formed the foundation. The mathematical rigour was unfamiliar, often demanding, and at times sobering. At the same time, it became clear to me that this formal language was necessary to grasp physical relationships precisely. Nevertheless, a certain distance remained between the abstract equations and the phenomena that had originally drawn me to physics.

	This gap only began to close during the practical sessions.

	In the introductory and advanced practicals, I encountered physics again in a form that was familiar to me: as something that could be built, adjusted, measured and observed. Apparatus had to be understood before it could function. Measurements were subject to error, and results were often less clear-cut than theory would suggest. Each measured value was therefore accompanied by a statement of its accuracy — with statistical and systematic uncertainties that defined the limits of reliability. It was precisely this imperfection that made it so appealing.

	
Measurement Errors – How Accurate is a Result?

No measurement is exact. Every measurement is always accompanied by a statement of its uncertainty.

A distinction is made between two fundamental types of error:

Statistical uncertainty

This arises from the natural variation in measurements.
If an experiment is repeated under the same conditions, slightly different values are obtained. As the number of measurements increases, this uncertainty decreases.

Systematic uncertainty

This arises from the characteristics of the apparatus or the method — for example, due to calibration, geometric effects or simplifying assumptions.
Systematic errors shift the result in a specific direction and cannot be reduced by more data alone.

A complete measurement result therefore always consists of two figures:

the value itself and its uncertainty.

This is often written in the form:

x=1.23±0.05x

The uncertainty determines how reliable a result is — and whether it agrees with theoretical predictions or other measurements.

Uncertainty is thus not a peripheral aspect of physics but lies at its very heart.
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