
B
ild

qu
el

le
: C

M
S

KIT – Die Forschungsuniversität in der Helmholtz-Gemeinschaft

ULRICH HUSEMANN, KATHRIN VALERIUS

www.kit.edu
Prof. U. Husemann/Prof. K. Valerius, Vorlesungsunterlagen. Nur zum KIT-internen vorlesungsbegleitenden Gebrauch, Weitergabe und anderweitige Nutzung verboten.

Moderne Experimentalphysik III – Teilchen und Hadronen 
Karlsruher Institut für Technologie 
Sommersemester 2020 – 7. Vorlesung



Sommersemester 2020Moderne Experimentalphysik III (4010061) – 7. Vorlesung
Prof. U. Husemann/Prof. K. Valerius, Vorlesungsunterlagen. Nur zum KIT-internen vorlesungsbegleitenden Gebrauch, Weitergabe und anderweitige Nutzung verboten.

2

Kurze Wiederholung

Beschleunigertypen:  
Elektrostatische Beschleuniger: van-de-Graaff, Cockcroft-Walton 
Hochfrequenz-Beschleuniger: LINAC, Zyklotron, Synchrotron

Elemente des Synchrotrons: 
Ablenkung: Dipolmagnete, Fokussierung: Quadrupolmagnete  
Beschleunigung: Hohlraumresonatoren

Collider für die Teilchenphysik: 
Kollision von Teilchenpaketen (Speicherring oder LINAC) 
Leistungszahl: (instantane) Luminosität
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Aufgabe 12
Wie sind moderne Teilchenbeschleuniger aufgebaut? 

A. Alle physikalisch interessanten Energiebereiche können mit der Bauform 
Zyklotron erreicht werden. 

B. Ein Speicherring wird oft aus einer Kette von Vorbeschleunigern gespeist, die 
Endenergie wird in einem Synchrotron erreicht. 

C. Ein Speicherring wird oft aus einer Kette von Vorbeschleunigern gespeist, die 
Endenergie wird in einem LINAC erreicht. 

D. Die mit einem LINAC erreichbare Endenergie ist proportional zur Länge der 
Beschleunigungsstruktur. 

E. In einem Synchrotron werden Magnetfelder zur Beschleunigung und 
Ablenkung der Teilchenstrahlen verwendet.



Prof. U. Husemann/Prof. K. Valerius, Vorlesungsunterlagen. Nur zum KIT-internen vorlesungsbegleitenden Gebrauch, Weitergabe und anderweitige Nutzung verboten.
4

Anwendungen der Kernphysik

Kapitel 4
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Instabile Kerne

Kapitel 4.1
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Beobachtungen

>4000 Radionuklide: 
stabil 
β–-Zerfall  
β+-Zerfall 
α-Zerfall

N

Z

Karlsruher Nuklidkarte 
(Darstellung nach Segrè)

nucleonica.com 

Nur sehr wenige stabile Kerne, alle anderen 
zerfallen spontan (vgl. Nuklidkarte), z. B.: 

Neutronenüberschuss: β–-Zerfall (n → p + e– + !e)

Protonenüberschuss: β+-Zerfall (p → n + e+ + !e)
Schwerer Kern mit genug Energie zur Bildung von 
zwei Tochterkernen, einer davon meist 
Heliumkern: "-Zerfall

Angeregte Kernzustände: Zerfall unter Emission 
von Gammastrahlung 

Sehr schwere Kerne: (induzierte) Kernspaltung

http://nucleonica.com
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Reaktionen in der Nuklidkarte

Radioaktive Zerfälle:

β–-Zerfall:

β+-Zerfall:

α-Zerfall:

Beispiele für weitere Prozesse:
Elektroneneinfang (engl.: electron capture, EC): 

Gammastrahlung: 

Cepheiden, Radioaktive_Zerfallsarten_in_der_Nuklidkarte.svg, CC BY-SA 3.0
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Zerfallsgesetz und Aktivität
Betrachte Ensemble von N instabilen Kernen: 

Zufällige Zerfälle, Zerfallsrate proportional zu Zahl der Kerne 
 
 

Lösung der Differenzialgleichung: Zerfallsgesetz 

Aktivität A des Ensembles:
Zeitabhängigkeit der Aktivität: 
SI-Einheit Becquerel, 1 Bq = 1/s (ein Zerfall pro Sekunde)
Alte Einheit Curie, 1 Ci = 3,7 GBq (Aktivität von 1 g 226Ra)
Beispiele: Menschlicher Körper → kBq, Sterilisation Lebensmittel → PBq

dN(t)
dt

= ��N(t) ⌘ �A(t)
<latexit sha1_base64="g3iT0fezbYQ9eqg9xF9Rde0TpKI="></latexit>

N(t) = N0 exp[��t ]
<latexit sha1_base64="v3REDO7bgk9rdz15VtYIASXzptE="></latexit>

A(t) = �N0 exp[��t ]
<latexit sha1_base64="ez0TfPz4ll+pi5DG4rhy5o8yx1E="></latexit>
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Lebensdauer und Breite
Charakteristisches Zeitintervall:  
mittlere Lebensdauer (Erwartungswert) 
 
 

Nach t = #: nur noch 1/e ≈ 36,8% der Kerne

Alternativ: Halbwertszeit t1/2 = # ln 2 (50% der Kerne)

Unschärferelation: instabile Zustände mit mittlerer 
Lebensdauer # → Breite (= Energieunschärfe): 

⌧ =
1

N0

1Z

0

t A(t) dt = · · · =
1
�

<latexit sha1_base64="X3d4ZWGCpIwtR2YvlQekcbXJxIM="></latexit>

� =
~
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<latexit sha1_base64="A7cbrTULnB/UUfUlmTdRLku/mbk="></latexit>

Prozess $
Zerfall des Top-
Quarks (t → Wb) 5·10–25 s

Betazerfall 
Tritium 17,7 a

Alphazerfall 
natürliches Uran 
(238U)

6,4·109 a

Zerfall des 
Protons

>2·1029 a 
(nicht 

beobachtet)

Zahlenwerte: pdg.lbl.gov 
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Zerfallsbreite
Zerfallsbreite = Energieunschärfe eines 
instabilen Teilchenzustands („Resonanz”)

Beispiel Z-Boson:  
Zerfallsbreite: Γ = 2,4952(23) GeV  
Lebensdauer: # ≈ 2,6·10–25 s

Beschreibung mit Breit-Wigner-Verteilung 
(vgl. CgDA, Rechnernutzung) 
 
 

Γ: volle Breite bei halber Höhe  
(full width at half maximum, FWHM)
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Gammastrahlung
Gammastrahlung = Photonenemission angeregter Kerne:
≥1 monoenergetische Photonen, Energiebereich 100 keV bis 10 MeV
gg-Kerne: große Anregungsenergie (Trennung gepaarter Nukleonen), alle 
anderen Kerne: „erreichbare” Energieniveaus (Abstand einige 100 keV)
Typische Halbwertszeiten angeregter Kerne: 10–15 s bis 10–9 s

Abregung angeregter Kerne auch ohne Photonenemission möglich:
Innere Konversion: Übertragung der Photonenenergie auf Hüllenelektron  
→ diskretes Spektrum von Konversionselektronen mit Ekin,e = E% – Eb,e 

→ Auffüllen der Leerstelle: Röntgenübergänge, Auger-Meitner-Elektronen
Innere e+e–-Paarbildung im Kernfeld falls E% > 2me
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Gammaspektroskopie

Spektrallinien 
→ Photonenenergie 

Winkelverteilung 
relativ zum Kernspin 
→ Quantenzahlen 
(später)
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Gammaspektrum Uranerz

http://commons.wikimedia.org/w/index.php?title=File:Gammaspektrum_Uranerz.jpg&oldid=122745245
https://creativecommons.org/licenses/by-sa/3.0/deed.en
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Kurze Geschichte des β-Zerfalls
Forschungsgeschichte:

1911-1929:  kontinuierliches Energiespektrum  
 der β-Teilchen (Chadwick, Ellis & Wooster, …)
1930:  Neutrino-Postulat (Pauli)
1934:  Theorie der schwachen Wechselwirkung (Fermi)
1948:  Betastrahlung besteht aus Elektronen (Goldhaber, Scharff-Goldhaber)
1956:  Entdeckung des Neutrinos (Reines, Cowan)
1956:  Postulat der Paritätsverletzung im β-Zerfall (Lee, Yang)
1957:  Nachweis Paritätsverletzung (Wu) 
1958:  Händigkeit des Neutrinos (Goldhaber, Grodzins, Sunyar)

Heutiges Verständnis: β-Zerfall = Prozess  
der elektroschwachen Wechselwirkung
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Experimentelle Befunde
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Energiespektrum Elektronen für 3H → 3He + e– + ve

β-Energiespektrum: 
Erwartung für Zweikörperzerfall: 
Linienspektrum 
Beobachtung: kontinuierliches 
Energiespektrum mit Endpunkt E0  
→ Energieerhaltung verletzt?

Drehimpulserhaltung im Zerfall: 
3H, 3He und Elektron besitzen 
jeweils Spin 1/2  
Drehimpulserhaltung verletzt?

Charles D. Ellis 
Mott: “practically discovered the neutrino”

Lise Meitner: 
Kontinuum ein Sekundäreffekt?

James Chadwick: 
Kontinuierliches Spektrum
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Experimentelle Befunde
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Energiespektrum Elektronen für 3H → 3He + e– + ve

s=1/2 s=1/2s=1/2

3H 3Hee–

???

β-Energiespektrum: 
Erwartung für Zweikörperzerfall: 
Linienspektrum 
Beobachtung: kontinuierliches 
Energiespektrum mit Endpunkt E0  
→ Energieerhaltung verletzt? 

Drehimpulserhaltung im Zerfall: 
3H, 3He und Elektron besitzen 
jeweils Spin 1/2  
Drehimpulserhaltung verletzt?
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1930: Paulis Neutrino-Hypothese
Paulis Erklärung für Energiespektrum 
der Elektronen im Betazerfall und 
Drehimpulserhaltung: neues sehr 
leichtes Spin-1/2-Teilchen

z. B. in W. Pauli: Wissenschaftlicher Briefwechsel, Bd. II (Springer 1985) 

W. Pauli

https://www.springer.com/de/book/9783662311004
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Experimentelle Befunde
Auftreten von β-Zerfällen:

Neutronenreiche Kerne: β–-Zerfall
Protonenreiche Kerne: β+-Zerfall  
und Elektroneneinfang

Lange Halbwertszeiten  
→ kleine Übergangswahrscheinlichkeiten
t1/2: Millisekunden bis 1017 Jahre (Vergleich: elektromagnetische Prozesse  
10–12 s, starke Prozesse 10–24 s) → Prozess der schwachen Wechselwirkung
Starke Abhängigkeit: Halbwertszeit skaliert mit Endpunktsenergie ~E0–5 
(„Sargent-Regel”, emprisch gefunden in 1930 und später von Fermi erklärt)
Anwendung: Datierung von organischen Materialien  
(14C, bis ca. 50.000 Jahre) und Gestein (40K, bis ca. 5 Millionen Jahre)

Isotop E0 (keV) t1/2

3H 18,59 12,33 a

14C 156,48 5730 a

40K 1311,09 1,277·109 a

90Sr 546 28,79 a

131I 970,8 8,02 d

w
w

w
.w

iley-vch.de 

http://www.wiley-vch.de/books/info/0-471-35633-6/toi99/toi.htm
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β-Zerfall: Klassifizierung
β–-Zerfall: Neutronzerfall (frei oder 
im Kern) über W–-Austausch 

β+-Zerfall: Protonzerfall (im Kern) 
über W+-Austausch 

Inverser β-Zerfall: Einfang 
Antineutrino durch Proton 

Elektroneneinfang: Einfang 
Hüllenelektron (meist K-Schale) 
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Q-Wert:  
freiwerdende kinetische Energie bei Zerfall in Ruhe
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Neutrinonachweis
The Reines-Cowan Experiments

Number 25  1997  Los Alamos Science  

he Reines-Cowan Experiments

8 Los Alamos Science Number 25  1997

having 110 photomultiplier tubes to
collect scintillation light and produce
electronic signals. 

In this sandwich configuration, a
neutrino-induced event in, say, tank A
would create two pairs of proton
prompt-coincidence pulses from detec-
tors I and II flanking tank A. The first
pair of pulses would be from positron
annihilation and the second from 
neutron capture. The two pairs would
be separated by about 3 to 10 microsec-
onds. Finally, no signal would emanate
from detector III because the gamma
rays from positron annihilation and
neutron capture in tank A are too low
in energy to reach detector III. 

Thus, the spatial origin of the event
could be deduced with certainty, and
the signals would be distinguished from
false delayed-coincidence signals 
induced by stray neutrons, gamma rays,
and other stray particles from cosmic-
ray showers or from the reactor. These
spurious signals would most likely 
trigger detectors I, II, and III in a 
random combination. The all-important
electronics were designed primarily by
Kiko Harrison and Austin McGuire.

The box entitled “Delayed-
Coincidence Signals from Inverse Beta
Decay” (page 22) illustrates delayed-
coincidence signals from the detector’s
top triad (composed of target tank A
and scintillation detectors I and II).
Once the delayed-coincidence signals
have been recorded, the neutrino-
induced event is complete. The signals
from the positron and neutron circuits,
which have been stored on delay lines,
are presented to the oscilloscopes. 

Figure 5 shows a few samples of 
oscilloscope pictures—some are accept-
able signals of inverse beta decay while
others are not.

Austin McGuire was in charge of
the design and construction of the 
“tank farm” that would house and
transport the thousands of gallons of
liquid scintillator needed for the experi-
ment. Three steel tanks were placed on
a flat trailer bed. The interior surfaces
of the tanks were coated with epoxy to
preserve the purity of the liquids.

Today, the need for purity and cleanli-
ness is becoming legendary as 
researchers build an enormous tank for
the next generation of solar-neutrino
experiments (see the article “Exorcising
Ghosts” on page 136), but even in 
the 1950s, possible background conta-
mination was an overriding concern. 

Since the scintillator had to be 
kept at a temperature not lower than 
60 degrees Fahrenheit, the outside 
walls of the tanks were wrapped with 
several layers of fiberglass insulating
material, and long strips of electrical
heating elements were embedded in 
the exterior insulation.

During the previous winter, while
the equipment was being designed and
built, John Wheeler encouraged and
supported the team, and he helped

pave the way for the next neutrino
measurement to be done at the new,
very powerful fission reactor at the
Savannah River Plant in South 
Carolina. By November 1955, the 
Los Alamos group was ready and once
again packed up for the long trip to
the Savannah River Plant.

The only suitable place for the 
experiments was a small, open area in
the basement of the reactor building,
barely large enough to house the detec-
tor. There, 11 meters of concrete would
separate the detector from the reactor
core and serve as a shield from reactor-
produced neutrons, and 12 meters 
of overburden would help eliminate 
the troublesome background 
neutrons, charged particles, and 
gamma rays produced by cosmic rays. 

Schuch’s idea gave birth to the 
Los Alamos total-immersion, or
“whole-body,” counter (see box “The
Whole-Body Counter” on page 15),
which was similar in design to the 
detector for Project Poltergeist but was
built especially to count the radioactive
contents of people. Since counting 
with this new device took only a few
minutes, it was a great advance over
he standard practice of using multiple

Geiger counters or sodium iodide (NaI)
crystal spectrometers in an underground
aboratory. The Los Alamos whole-

body counter was used during the
1950s to determine the degree to which
adioactive fallout from nuclear tests

and other nuclear and natural sources
was taken up by the human body. 

The Hanford Experiment

In the very early spring of 1953, the
Project Poltergeist team packed up 
Herr Auge, the 300-liter neutrino detec-
or, as well as numerous electronics

and barrels of liquid scintillator, and set
out for the new plutonium-producing
eactor at the Hanford Engineering

Works in Hanford, Washington. It was
he country’s latest and largest fission
eactor and would therefore produce
he largest flux of antineutrinos. 

Various aspects of the setup at Hanford
are shown in the photo collage. 

The equipment for the liquid scintil-
ator occupied two trucks parked 

outside the reactor building. One was
used to house barrels of liquid; in a sec-
ond smaller truck, liquid scintillators
were mixed according to various recipes
before they would be pumped into the
detector. Herr Auge was placed inside
he reactor building, very near the face

of the reactor wall, and was surrounded
by the homemade boron-paraffin shield-
ng intermixed with nearly all the lead

shielding available at Hanford. This
shield was to stop reactor neutrons and
gamma rays from entering the detector
and producing unwanted background. In
all, 4 to 6 feet of paraffin alternated with
4 to 8 inches of lead.

The electronic gear for detecting the
telltale delayed-coincidence signal from
inverse beta decay was inside the reac-
tor building. Its essential elements were
two independent electronic gates: one
to accept pulses characteristic of the
positron signal and the other to accept
pulses characteristic of the neutron-
capture signal. The two circuits were
connected by a time-delay analyzer. 

If a pulse appeared in the output of
the neutron circuit within 9 microsec-
onds of a pulse in the output of the
positron circuit, the count was regis-
tered in the channel that recorded 
delayed coincidences. Allowing for 
detector efficiencies and electronic 
gate settings and taking into account
the neutrino flux from the reactor, the 
expected rate for delayed coincidences
from neutrino-induced events was 
0.1 to 0.3 count per minute.

For several months, the team
stacked and restacked the shielding and
used various recipes for the liquid 
scintillator (see Hanford Menu in 
“The Hanford Experiment” collage).
Then they would set the electronics 
and listen for the characteristic double
clicks that would accompany detection
of the inverse beta decay. Despite the
exhausting work, the results were not
definitive. The delayed-coincidence
background, present whether or not the
reactor was on, was about 5 counts per
minute, many times higher than the 
expected signal rate. 

The scientists guessed that the back-
ground was due to cosmic rays entering
the detector, but the addition of various
types of shielding left the background
rate unchanged. Subsequent work 
underground suggested that the 
Hanford background of delayed-
coincidence pulses was indeed due to
cosmic rays. Reines and Cowan (1953)
reported a small increase in the number
of delayed coincidences when the 
reactor was on versus when it was 
off. Furthermore, the increase was 
consistent with the number expected
from the estimated flux of reactor 
neutrinos. This was tantalizing but 
insufficient evidence that neutrino

events were being detected. The 
Hanford experience was poignantly
summarized by Cowan (1964). 

“The lesson of the work was clear:
It is easy to shield out the noise men
make, but impossible to shut out the
cosmos. Neutrons and gamma rays
from the reactor, which we had feared
most, were stopped in our thick walls
of paraffin, borax and lead, but the 
cosmic ray mesons penetrated gleefully,
generating backgrounds in our equip-
ment as they passed or stopped in it.
We did record neutrino-like signals but
the cosmic rays with their neutron sec-
ondaries generated in our shields were
10 times more abundant than were 
the neutrino signals. We felt we had the
neutrino by the coattails, but our 
evidence would not stand up in court.”

The Savannah River
Experiment

After the Hanford experience, the
Laboratory encouraged Reines and
Cowan to set up a formal group with
the sole purpose of tracking neutrinos.
Other than the scientists who had 
already been working on neutrinos,
Kiko Harrison, Austin McGuire, and
Herald Kruse (a graduate student at the
time) were included in this group. 

They spent the following year 
redesigning the experiment from top to
bottom: detector, electronics, scintilla-
tor liquids, the whole works. The detec-
tor was entirely reconfigured to better
differentiate between events induced by
cosmic rays and those initiated in the
detector by reactor neutrinos. Figure 4
shows the new design. 

Two large, flat plastic tanks (called
the “target tanks” and labeled A and B)
were filled with water. The protons in
the water provided the target for 
inverse beta decay; cadmium chloride
dissolved in the water provided the 
cadmium nuclei that would capture 
the neutrons. The target tanks were
sandwiched between three large scintil-
lation detectors labeled I, II, and III
(total capacity 4,200 liters), each 

Figure 4. The Savannah River Neutrino Detector—A New Design
The neutrino detector is illustrated here inside its lead shield. Each of two large, flat
plastic tanks (pictured in light blue and labeled A and B) was filled with 200 liters of
water. The protons in the water provided the target for inverse beta decay; cadmium
chloride dissolved in the water provided the cadmium nuclei that would capture the
neutrons. The target tanks were sandwiched between three scintillation detectors 
(I, II, and III). Each detector contained 1,400 liters of liquid scintillator that was viewed 
by 110 photomultiplier tubes. Without its shield, the assembled detector weighed 
about 10 tons. 
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surface radioactivity had died away 
sufficiently) and dig down to the tank,
recover the detector, and learn the truth
about neutrinos!”

This extraordinary plan was actually
granted approval by Laboratory 
Director Norris Bradbury. Although the 
experiment would only be sensitive to
neutrino cross sections of 10–40 square
centimeters, 4 orders of magnitude 
larger than the theoretical value, 
Bradbury was impressed that the plan
was sensitive to a cross section 3 orders
of magnitude smaller than the existing
upper limit.1 As Reines explains in 
retrospect (unpublished notes for a talk
given at Los Alamos),

“Life was much simpler in those
days—no lengthy proposals or complex
review committees. It may have been
that the success of Operation Green-
house, coupled with the blessing given
our idea by Fermi and Bethe, eased the
path somewhat!”

As soon as Bradbury approved the
plan, work started on building and 
testing El Monstro. This giant liquid-
scintillation device was a bipyramidal
tank about one cubic meter in volume.
Four phototubes were mounted on each
of the opposing apexes, and the tank
was filled with very pure toluene 
activated with terphenyl so that it
would scintillate. Tests with radioactive
sources of electrons and gamma rays
proved that it was possible to “see” 
into a detector of almost any size. 

Reines and Cowan also began to
consider problems associated with 
scaling up the detector. At the same
time, work was proceeding on drilling
the hole that would house the experi-
ment at the Nevada Test Site and 
on designing the great vacuum tank

and its release mechanism.
But one late evening in the fall of

1952, immediately after Reines and
Cowan had presented their plans at a
Physics Division seminar, a new idea
was born that would dramatically
change the course of the experiment. 
J. M. B. Kellogg, leader of the
Physics Division, had urged Reines
and Cowan to review once more the
possibility of using the neutrinos from
a fission reactor rather than those
from a nuclear explosion. 

The neutrino flux from an explosion
would be thousands of times larger than
that from the most powerful reactor.
The available shielding, however,
would make the background noise from
neutrons and gamma rays about the

same in both cases. Clearly, the nuclear
explosion was the best available 
approach—unless the background could
somehow be further reduced.

Suddenly, Reines and Cowan real-
ized how to do it. The original plan had
been to detect the positron emitted in
inverse beta decay (see Figure 2), a
process in which the weak interaction
causes the antineutrino to turn into a
positron and the proton to turn into a
neutron. Being an antielectron, the
positron would quickly collide with an
electron, and the two would annihilate
each other as they turned into pure 
energy in the form of two gamma rays
traveling in opposite directions. Each
gamma ray would have an energy
equivalent to the rest mass of the 
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pproached, we would start vacuum
umps and evacuate the tank as highly
s possible. Then, when the countdown
eached ‘zero,’ we would break the 
uspension with a small explosive, 
llowing the detector to fall freely in the

vacuum. For about 2 seconds, the falling
detector would be seeing the antineutri-
nos and recording the pulses from them
while the earth shock [from the blast]
passed harmlessly by, rattling the tank
mightily but not disturbing our falling

detector. When all was relatively quiet,
the detector would reach the bottom of
the tank, landing on a thick pile of foam
rubber and feathers.

“We would return to the site of 
the shaft in a few days (when the 
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1H. R. Crane (1948) deduced the upper limit of
10–37 square centimeters on the cross sections for
neutrino-induced ionization and inverse beta
decay. This upper limit was based on null results
from various small-scale experiments attempting
to measure the results of neutrino absorption and
from a theoretical limit deduced from the maxi-
mum amount of solar neutrino heating that could
take place in the earth’s interior and still agree
with geophysical observations of the energy
flowing out of the earth.

Figure 3. The Double Signature of Inverse Beta Decay
The new idea for detecting the neutrino was to detect both products of inverse beta
decay, a reaction in which an incident antineutrino (red dashed line) interacts with a
proton through the weak force. The antineutrino turns into a positron (e1), and the
proton turns into a neutron (n). In the figure above, this reaction is shown to take
place in a liquid scintillator. The short, solid red arrow indicates that, shortly after it
has been created, the positron encounters an electron, and the particle and antiparticle
annihilate each other. Because energy has to be conserved, two gamma rays are emit-
ted that travel in opposite directions and will cause the liquid scintillator to produce a
flash of visible light. In the meantime, the neutron wanders about following a random
path (longer, solid red arrow) until it is captured by a cadmium nucleus. The resulting
nucleus releases about 9 MeV of energy in gamma rays that will again cause the liquid
to produce a tiny flash of visible light. This sequence of two flashes of light separated
by a few microseconds is the double signature of inverse beta decay and confirms the
presence of a neutrino. 
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eines and Cowan planned to build a
ounter filled with liquid scintillator and
ned with photomultiplier tubes (PMTs),
he “eyes” that would detect the
ositron from inverse beta decay, which

s the signal of a neutrino-induced
vent. The figure illustrates how the liq-
id scintillator converts a fraction of the
nergy of the positron into a tiny flash
f light. The light is shown traveling
hrough the highly transparent liquid
cintillator to the PMTs, where the 
hotons are converted into an electronic
ulse that signals the presence of the
ositron. Inverse beta decay (1) begins
hen an antineutrino (red dashed line)

nteracts with one of the billions and 
illions of protons (hydrogen nuclei) in
he molecules of the liquid. The weak
harge-changing interaction between the

antineutrino and the proton causes the
proton to turn into a neutron and the
antineutrino to turn into a positron (e1).
The neutron wanders about undetected.
The positron, however, soon collides
with an electron (e2), and the particle-
antiparticle pair annihilates into two
gamma rays (g) that travel in opposite
directions. Each gamma ray loses about
half its energy each time it scatters
from an electron (Compton scattering).
The resulting energetic electrons 
scatter from other electrons and radiate
photons to create an ionization cascade
(2) that quickly produces large numbers
of ultraviolet (uv) photons. 
The scintillator is a highly transparent
liquid (toluene) purposely doped with 
terphenyl. When it becomes excited by
absorbing the uv photons, it scintillates

by emitting visible photons as it returns
to the ground (lowest-energy) state (3).
Because the liquid scintillator is trans-
parent to visible light, about 20 percent
of the visible photons are collected by
the PMTs lining the walls of the 
scintillation counter. The rest are 
absorbed during the many reflections
from the counter walls. A visible 
photon releases an electron from the
cathode of a phototube. That electron
then initiates the release of further 
electrons from each dynode of the PMT,
a process resulting in a measurable
electrical pulse. The pulses from all the
tubes are combined, counted,
processed, and displayed on an 
oscilloscope screen.

igure 2. Liquid Scintillation Counter for Detecting the Positron from Inverse Beta Decay
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as openly thanked the Laboratory:
“Looking back, we had much to 

e thankful for. We had indeed been 
n the right place at the right time. 
he unlikely trail from bombs to 
etection of the free neutrino could, 
n my view, only have happened at 
os Alamos.” (Reines 1982) ■
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Frederick Reines is best known for his discovery of the nearly massless elementary
particle, the neutrino. For this work, he was awarded the Nobel Prize in physics in
1995. Collaborating with Clyde Cowan, Jr., Reines determined conclusively the 
existence of the neutrino during experiments conducted at the Savannah River Plant 
in 1956. Subsequently, Reines devoted his career to investigating the properties and 
interactions of the neutrino as it relates not only to elementary particle physics but 
also to astrophysics. 

This lifelong research produced a number of fundamental “firsts” credited to Reines.
One of the most recent achievements, the codiscovery of neutrinos emitted from 
supernova 1987A (SN1987A), demonstrated the theorized role of the neutrino in stellar
collapse. Reines captured the difficulty of this work vividly: “It’s like listening for a 
gnat’s whisper in a hurricane.” 

Significant other firsts include detecting neutrinos produced in the atmosphere, studying
muons induced by neutrino interactions underground, observing the scattering of elec-
tron antineutrinos with electrons, detecting weak neutral-current interactions of electron
antineutrinos with deuterons, and searching for neutrino oscillations (the possibility of
neutrino transformation from one type to another). In addition, Reines and his cowork-
ers have pursued for nearly forty years a program of experiments to test some of the
fundamental conservation laws of nature, including conservation of lepton number
(which would be violated in the decay of an electron or neutrino or in the change of 
lepton type) and conservation of baryon number, which would be manifested in the
decay of the proton, as predicted by the Grand Unified Theories of elementary particles. 

Reines was born in Paterson, New Jersey, on March 16, 1918. He earned his M.E. in
mechanical engineering in 1939 and his M.A. in science in 1941 from Stevens Institute

of Technology in Hoboken, New Jersey. He received his Ph.D. in theoretical physics from New York University in 1944. That same year,
he joined the Los Alamos Scientific Laboratory as a staff member, later to become group leader in the Theoretical Division, and was
tasked to study the blast effects of nuclear weapons. In 1959, Reines became head of the Physics Department at Case Institute of 
Technology. At the same time, her served as consultant to Los Alamos
and the Institute for Defense Analysis, as well as trustee of the Argonne
National Laboratory. In 1966, however, Reines accepted a dual appoint-
ment as the first dean of physical sciences and physics professor at the
University of California, Irvine. Four years later, he was appointed 
professor of radiological sciences at Irvine’s Medical School. When 
Reines retired in 1988, he was Distinguished Emeritus Professor of
Physics at Irvine.

For his outstanding work in elementary particle physics, Reines has 
received numerous honors and major awards. In 1957, he became fellow 
of the American Physical Society; in 1958, Guggenheim fellow; in 1959 
Alfred P. Sloan fellow; in 1979, fellow of the American Association for the 
Advancement of Science; and in 1980, member of the National Academy 
of Sciences. In 1981, Reines received the J. Robert Oppenheimer Memorial
Prize. He was presented the National Medal of Science by President
Ronald Reagan in 1983, the Brunno Rossi Prize in 1989, the Michelson-
Morley Award in 1990, the W. K. H. Panofsky Prize and the Franklyn Medal
in 1992. He is a member of the American Academy of Arts and Sciences.

During a 1985 interview with The New York Times, Reines labored when he was asked to describe the significance of his discovery of the 
neutrino:  “I don’t say that the neutrino is going to be a practical thing, but it has been a time-honored pattern that science leads, and 
then technology comes along, and then, put together, these things make an enormous difference in how we live.” And now, more than
forty years after the discovery of the neutrino, Reines’ scientific peers believe that this discovery made Reines a giant in his field.

Clyde L. Cowan, Jr., was born in Detroit, Michigan, on December 6, 1919. He 
earned his B.S. in chemical engineering at the Missouri School of Mines and 
Metallurgy (later to become part of the University of Missouri) in 1940 and his M.S. 
and Ph.D. in physics from Washington University in St. Louis, Missouri, in 1947 
and 1949, respectively. 

During the Second World War, Cowan joined the U.S. Army Chemical Warfare 
Service as a 2nd lieutenant and shortly thereafter left for England with the 51st Troop
Carrier Wing. While he was stationed in England, Cowan was involved in making
changes to the newly developed radar. For this significant work, he was later awarded
the Bronze Star.

Soon after the war, Cowan returned to the United States where he was accepted as the
first physics graduate student to Washington University. His thesis was an in-depth study
of the absorption of gamma radiation. Soon after graduate school, Cowan realized that
Los Alamos was the logical place for him to work, and in 1949 he joined the Laboratory
as a staff member. Only two years later, Cowan became group leader of the Nuclear
Weapons Test Division at Los Alamos. 

In 1951, Cowan began a historic collaboration with Fred Reines. Its outcome was 
the successful detection of the neutrino during an experiment conducted at the 
Savannah River Plant in 1956. After this discovery, neutrino physics became seminal

to worldwide studies of the weak force. In 1957, Cowan was awarded a Guggenheim fellowship to study the physics of the neutrino and its
interactions with atomic nuclei.

Cowan’s creativity has been a mark of his scientific career from the early and fruitful years in Los Alamos to the successful teaching years at
the Catholic University of America, where he was a physics professor from 1958 until his untimely death in 1974. Upon his suggestion, the
bubble chamber became a tool for studying neutrino interactions. Cowan
was one of the first physicists who used large scintillation counters for parti-
cle detection, an important technique in elementary particle physics. His 
collaboration with Reines led to the development of the whole-body counter,
which measured low levels of naturally occurring radiation in humans. 
Having witnessed about thirty nuclear explosions while he was in the 
Nuclear Weapons Test Division at Los Alamos, Cowan was among the first
to have studied the electromagnetic signal produced by a nuclear explosion. 

Throughout his career, Cowan served as a consultant to the United States
Naval Academy, the U.S. Atomic Energy Commission, the Naval 
Ordnance, and the Smithsonian Institution, where he helped create the
permanent Hall of Nuclear Energy. Cowan was a fellow of the American
Physical Society and the American Association for the Advancement of
Science. He was a member of numerous scientific and civic organizations.
Having dedicated his life to scientific investigation, Cowan has been a
source of inspiration to generations of young, aspiring scientists.

F. Reines
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“Looking back, we had much to 
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Frederick Reines is best known for his discovery of the nearly massless elementary
particle, the neutrino. For this work, he was awarded the Nobel Prize in physics in
1995. Collaborating with Clyde Cowan, Jr., Reines determined conclusively the 
existence of the neutrino during experiments conducted at the Savannah River Plant 
in 1956. Subsequently, Reines devoted his career to investigating the properties and 
interactions of the neutrino as it relates not only to elementary particle physics but 
also to astrophysics. 

This lifelong research produced a number of fundamental “firsts” credited to Reines.
One of the most recent achievements, the codiscovery of neutrinos emitted from 
supernova 1987A (SN1987A), demonstrated the theorized role of the neutrino in stellar
collapse. Reines captured the difficulty of this work vividly: “It’s like listening for a 
gnat’s whisper in a hurricane.” 

Significant other firsts include detecting neutrinos produced in the atmosphere, studying
muons induced by neutrino interactions underground, observing the scattering of elec-
tron antineutrinos with electrons, detecting weak neutral-current interactions of electron
antineutrinos with deuterons, and searching for neutrino oscillations (the possibility of
neutrino transformation from one type to another). In addition, Reines and his cowork-
ers have pursued for nearly forty years a program of experiments to test some of the
fundamental conservation laws of nature, including conservation of lepton number
(which would be violated in the decay of an electron or neutrino or in the change of 
lepton type) and conservation of baryon number, which would be manifested in the
decay of the proton, as predicted by the Grand Unified Theories of elementary particles. 

Reines was born in Paterson, New Jersey, on March 16, 1918. He earned his M.E. in
mechanical engineering in 1939 and his M.A. in science in 1941 from Stevens Institute

of Technology in Hoboken, New Jersey. He received his Ph.D. in theoretical physics from New York University in 1944. That same year,
he joined the Los Alamos Scientific Laboratory as a staff member, later to become group leader in the Theoretical Division, and was
tasked to study the blast effects of nuclear weapons. In 1959, Reines became head of the Physics Department at Case Institute of 
Technology. At the same time, her served as consultant to Los Alamos
and the Institute for Defense Analysis, as well as trustee of the Argonne
National Laboratory. In 1966, however, Reines accepted a dual appoint-
ment as the first dean of physical sciences and physics professor at the
University of California, Irvine. Four years later, he was appointed 
professor of radiological sciences at Irvine’s Medical School. When 
Reines retired in 1988, he was Distinguished Emeritus Professor of
Physics at Irvine.

For his outstanding work in elementary particle physics, Reines has 
received numerous honors and major awards. In 1957, he became fellow 
of the American Physical Society; in 1958, Guggenheim fellow; in 1959 
Alfred P. Sloan fellow; in 1979, fellow of the American Association for the 
Advancement of Science; and in 1980, member of the National Academy 
of Sciences. In 1981, Reines received the J. Robert Oppenheimer Memorial
Prize. He was presented the National Medal of Science by President
Ronald Reagan in 1983, the Brunno Rossi Prize in 1989, the Michelson-
Morley Award in 1990, the W. K. H. Panofsky Prize and the Franklyn Medal
in 1992. He is a member of the American Academy of Arts and Sciences.

During a 1985 interview with The New York Times, Reines labored when he was asked to describe the significance of his discovery of the 
neutrino:  “I don’t say that the neutrino is going to be a practical thing, but it has been a time-honored pattern that science leads, and 
then technology comes along, and then, put together, these things make an enormous difference in how we live.” And now, more than
forty years after the discovery of the neutrino, Reines’ scientific peers believe that this discovery made Reines a giant in his field.

Clyde L. Cowan, Jr., was born in Detroit, Michigan, on December 6, 1919. He 
earned his B.S. in chemical engineering at the Missouri School of Mines and 
Metallurgy (later to become part of the University of Missouri) in 1940 and his M.S. 
and Ph.D. in physics from Washington University in St. Louis, Missouri, in 1947 
and 1949, respectively. 

During the Second World War, Cowan joined the U.S. Army Chemical Warfare 
Service as a 2nd lieutenant and shortly thereafter left for England with the 51st Troop
Carrier Wing. While he was stationed in England, Cowan was involved in making
changes to the newly developed radar. For this significant work, he was later awarded
the Bronze Star.

Soon after the war, Cowan returned to the United States where he was accepted as the
first physics graduate student to Washington University. His thesis was an in-depth study
of the absorption of gamma radiation. Soon after graduate school, Cowan realized that
Los Alamos was the logical place for him to work, and in 1949 he joined the Laboratory
as a staff member. Only two years later, Cowan became group leader of the Nuclear
Weapons Test Division at Los Alamos. 

In 1951, Cowan began a historic collaboration with Fred Reines. Its outcome was 
the successful detection of the neutrino during an experiment conducted at the 
Savannah River Plant in 1956. After this discovery, neutrino physics became seminal

to worldwide studies of the weak force. In 1957, Cowan was awarded a Guggenheim fellowship to study the physics of the neutrino and its
interactions with atomic nuclei.

Cowan’s creativity has been a mark of his scientific career from the early and fruitful years in Los Alamos to the successful teaching years at
the Catholic University of America, where he was a physics professor from 1958 until his untimely death in 1974. Upon his suggestion, the
bubble chamber became a tool for studying neutrino interactions. Cowan
was one of the first physicists who used large scintillation counters for parti-
cle detection, an important technique in elementary particle physics. His 
collaboration with Reines led to the development of the whole-body counter,
which measured low levels of naturally occurring radiation in humans. 
Having witnessed about thirty nuclear explosions while he was in the 
Nuclear Weapons Test Division at Los Alamos, Cowan was among the first
to have studied the electromagnetic signal produced by a nuclear explosion. 

Throughout his career, Cowan served as a consultant to the United States
Naval Academy, the U.S. Atomic Energy Commission, the Naval 
Ordnance, and the Smithsonian Institution, where he helped create the
permanent Hall of Nuclear Energy. Cowan was a fellow of the American
Physical Society and the American Association for the Advancement of
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Having dedicated his life to scientific investigation, Cowan has been a
source of inspiration to generations of young, aspiring scientists.

C.L. Cowan
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Isobaren-Zerfallskette
Bethe-Weizsäcker-Formel für Isobare: Parabel 
 
 

Gerade A: zwei Massenparabeln  
→ gg-Kerne stärker gebunden als uu-Kerne
Ungerade A: nur eine Massenparabel

Stabilität von Kernen:
Z < Zmin: β–-Zerfall
Z > Zmin: Konkurrenz von β+-Zerfall und EC
Falls β±-Zerfall verboten: doppelter β-Zerfall, 
z. B. 76Ge: t1/2 = 1,926(94)·1021 a (EPJC 75 (2015) 416)

3.1 ß-Zerfall 29 

Vor allem im Bereich A > 70 gibt es oft mehr als ein ß-stabiles Isobar. Als 
Beispiel betrachten wir die Nuklide mit A = 106 (Abb. 3.3). Die Isobare 
und liegen als gg-Kerne beide auf der unteren Parabel, wobei 
das stabilste Isobar ist. ist ß-stabil, weil die unmittelbar benachbarten 
uu-Kerne energetisch höher liegen. Die Umwandlung von nach 
ist daher nur durch den Doppelbetazerfall 

--+ + 2e+ + 2/10 

möglich. Die Wahrscheinlichkeit für einen solchen Prozess ist jedoch so klein, 
dass wir auch als stabiles Nuklid betrachten. 

Alle uu-Kerne haben mindestens einen stärker gebundenen gg-Kern als 
Nachbarn im Isobarenspektrum und sind daher instabil. Als einzige Ausnah-
men von dieser Regel sind die sehr leichten Kerne 'gB und '*N stabil, 
weil sich bei einem ß-Zerfall die Zunahme an Asymmetrieenergie stärker aus-
wirken würde als die Abnahme an Paarnngsenergie. Einige uu-Kerne können 
sich sowohl durch ß--Zerfall als auch durch ß+ -Zerfall umwandeln. Bekannte 
Beispiele hierfür sind tgK (Abb. 3.4) und 

Elektroneinfang. Ein weiterer möglicher Prozess ist der Einfang eines Elek-
trons aus der Atomhülle. Die Elektronen haben eine endliche Aufenthalts-
wahrscheinlichkeit im Kern. Ein Proton und ein Elektron können sich dann 

8 

N" 
" 7 :> 
" 
::!! 

5 

4 
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2 

• Il-instabil 
o stabil 

A=106 

43 44 45 46 47 48 49 
Tc Ru Rh Pd Ag Cd In 

Abbildung 3.3. Massenpara,-
beln der Isobaren mit A = 
106 und mögliche ß-Zerfälle 
(nach [8e77]). Die Koordina,-
te der Abszisse ist die La-
dungszahl Z. Der Nullpunkt 
der Massenskala ist willkürlich 
gewählt. 
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<latexit sha1_base64="Ce5amUwh7smS8ZjVy/e5ffQFUx0="></latexit>

https://link.springer.com/article/10.1140/epjc/s10052-015-3627-y
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Kernphysik in der modernen Astroteilchenphysik

XENON1T-Experiment zur direkten Suche nach Dunkler 
Materie (Gran-Sasso-Labor/Italien, unter ca. 1400 m Fels) 

Niedrige Untergrundrate große Detektormasse erlauben 
Suche nach extrem seltenen Ereignissen (nicht nur WIMPs) 

Time Projection Chamber (TPC) mit ca. 3,2 t Xenon 
(Doppel-EC-Isotop 124Xe mit natürlichem Anteil 0.095%) 

2019: “Langsamster” je direkt nachgewiesener Prozess  
 
  
 
(t1/2 = 1.8 x 1022 Jahre; 126 gezählte Ereignisse; 4.4σ)

XENON Collaboration, 
Nature 568 (2019) 532 (arXiv link)

124
54 Xe + 2 e� �! 124

52 Te + 2 ⌫e

<latexit sha1_base64="GfKpQQGIUVlCb8bHAJ9zha6fekc="></latexit>

+ Hüllen-Kaskade 
(Röntgen, Auger)

https://arxiv.org/pdf/1904.11002
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Aufgabe 13

Welche der folgenden Aussagen über den β-Zerfall sind korrekt? 
A. Aufgrund der Impulserhaltung ist das Energiespektrum der β-Teilchen diskret.  
B. Das Energiespektrum der β-Teilchen hat einen charakteristischen Endpunkt. 
C. Es gibt keine Nuklide, in denen sowohl β- als auch β+-Zerfälle erlaubt sind. 
D. Doppelte Zerfälle wie 2!ββ und 2!ECEC können auftreten, Mischformen wie 

2!βEC jedoch nicht. 

E. Falls neutrinolose doppelte Zerfälle wie 0!ββ und 0!ECEC auftreten, erwartet 
man für diese eine noch längere Halbwertszeit als für die Zerfälle mit 2!. 

Bitte beantworten Sie die Frage anonym auf ILIAS: [link]

https://ilias.studium.kit.edu/ilias.php?ref_id=1145728&cmd=infoScreen&cmdClass=ilobjtestgui&cmdNode=uf:p2&baseClass=ilrepositorygui&ref_id=1145728
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Zusammenfassung: β-Zerfall
Beobachtung: Emission von Elektronen mit kontinuierlichem 
Energiespektrum aus Kern 

Kleine Übergangswahrscheinlichkeiten → neue „schwache” 
Wechselwirkung 
Hypothese Zweikörperzerfall: Energie und Drehimpuls nicht erhalten 
Lösung: Neutrinohypothese → leichtes neutrales Spin-1/2-Teilchen

Prozesse:  
β±-Zerfall, inverser β-Zerfall, Elektroneneinfang 
Falls einfacher β-Zerfall verboten: doppelter β-Zerfall oder Elektroneneinfang

Neutrinonachweis: inverser β-Zerfall → Signal: verzögerte Koinzidenz
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Alphazerfall
p und n auch in schweren Kernen mit  
~8 MeV gebunden, aber &-Teilchen 
(= leichtestes und stark gebundenes 
System) liefert Eb,& = 28,3 MeV 

Zweikörperzerfall:  
&-Teilchen monoenergetisch, 
Energien O(einige MeV)

Wechselwirkung mit Materie: geringe 
Reichweite (→ leicht abschirmbar), aber 
starke Ionisation  
(→ hohe Schädigung bei Einnahme)

Inductiveload, Alpha_Decay.svg, gemeinfrei

Spuren von Alphateilchen in Nebelkammer

W. Finkelnburg: Einführung in die Atomphysik, Springer 1954
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Anwendung Alphazerfall
Prinzip des Ionisationsrauchmelders beruht auf der ionisierenden Wirkung 
von &-Strahlung (Spuren von 241Am; A < 40 kBq; t1/2 = 432 a) 

Ionisation von Luft in der Messkammer 
→ kontinuierlicher Gleichstromfluss 

Eindringen von Rauch in die Kammer 
→ Anlagerung großer Partikel an den Ionen  
→ Stromstärke nimmt ab und löst Alarm aus  

Höhere Empfindlichkeit als photoelektrische (optische) Rauchmelder; 
wegen Auflagen (Strahlenschutz, Entsorgung) jedoch nur begrenzt 
eingesetzt

B
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a 

A
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!-Zerfall und Tunneleffekt
Physikalisches Modell für &-Zerfall: Tunneleffekt  
→ Alphateilchen tunnelt durch Coulombwall Vc des Restkerns

Zerfallskonstante abhängig von:
Bildungswahrscheinlichkeit p! 
Tunnelversuche pro Zeiteinheit („Klopffrequenz”)  
 
 
mit mittlerer Geschwindigkeit im Kern  
(E! boltzmannverteilt): 
 

Transmissionswahrscheinlichkeit für Tunneleffekt (→ nächste Folie)

32 3. Stabilität der Kerne 

V(,) 

ahe Vc =2(Z-2) - , 

R &', , 

Abbildung 3.5. Potentiel-
le Energie eines (l-Teilchens 
als Funktion des Abstan-
des zur Kernmitte. Die 
Thnnelwahrscheinlichkeit 
durch die Coulomb-Barriere 
kann man als Überlagerung 
der 'I\mnelprozesse durch 
dünne Potentialwände mit 
der Dicke .Llr berechnen 
(vgl. Abb. 3.6). 

dem Kempotential entweichen können, ist die totale Energie des a-Teilchens 
positiv. Diese Energie wird beim Zerfall frei. 

Die Spanne der Lebensdauern für den a-Zerfall der schweren Kerne ist au-
ßerordentlich groß. Experimentell sind Zeiten zwischen 10 ns und 1017 Jahren 
gemessen worden. Diese Lebensdauern können quantenmechanisch berechnet 
werden, indem man das a-Teilchen als Wellenpaket behandelt. Die Walrr-
scheinlichkeit für das Entweichen des a-Teilchens aus dem Kern ist durch die 
Walrrscheinlichkeit für das Durchdringen der Coulomb-Barriere (TUnnelef-
fekt) gegeben. Zerlegen wir die Coulomb-Barriere in schmale Potentialwände 
und betrachten wir zunächst die Walrrscheinlicbkeit für das Durchtunneln 
des a-Teilchens durch eine dieser dünnen Potentialwände (Abb. 3.6), 80 ist 
die Transmission T gegeben durch 

mit I< = v'2m1E - VI/li . (3.13) 

Hierbei ist Llr die Dicke der Barriere und V ihre Höhe. E ist die Energie des 
a-Teilchens. Für eine Coulomb-Barriere, die man sich aus vielen scbmalen 
Potentialwänden verschiedener Höhe zusammengesetzt denken kann, lässt 
sich die Transmission analog schreiben, 

T=e-2G , (3.14) 

wobei der Gamow-FaktorG nähernngsweise durch Integration gewonnen wer-
den kann [Se771: 

G = 1:' v'2m1E - VI dr "" 11' • 2· - 2) . a . (3.15) 

Hierbei ist ß = v / c die Geschwindigkeit des auslaufenden a-Teilchens und R 
der Kernradius. 

Die Wahrscheinlichkeit pro Zeiteinheit A, dass ein a-Teilchen aus dem 
Kern entweicht, ist dann proportional zur Wahrscheinlichkeit w(a), ein a-
Teilchen im Kern zu finden, zur Anzahl der Stöße (cx vo/2R) der a-Teilchen 
an die Barriere und zur Transmission: 

⌫K =
v↵
2R

<latexit sha1_base64="o2kzrVxe9zM9pV6LVhr+9gn65xA="></latexit>

v↵ =
p

2E↵/m
<latexit sha1_base64="4upQiJM8EFMAdPnj5LWTIQEpthM="></latexit>

Povh 

https://link.springer.com/book/10.1007/978-3-642-37822-5
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Transmissionswahrscheinlichkeit T
Modell für Transmissionswahrscheinlichkeit: 

Zerlegung des Walls in Schichten der Dicke b 
Jede Schicht: Tunneln an rechteckigem 
Potenzialwall (1D) der Höhe U (vgl. QM I) 

Produkt der Einzelwahrscheinlichkeiten

Rechnung für eine Schicht: 
Ansatz für Wellenfunktionen 'I,II,III in 
Bereichen I, II, III 
Stetigkeit von 'I,II,III und (räumlicher) Ableitung 
'’I,II,III an Übergängen

7.2 Alpha-Zerfall 233

Kasten 7.2: Der quantenmechanische Tunneleffekt

Als Beispiel soll hier die Durchtunnelung einer Welle mit der de
Broglie-Wellenlänge

λ− =
!

mv
=

√
!2

2mE
(7.35)

durch eine eindimensionale Rechteckbarriere ausgerechnet werden.
Dazu lösen wir die eindimensionale Schrödinger-Gleichung und neh-
men als Bewegungsrichtung einer ebenen Welle ψ(x) = eikx, die ein
Teilchen der Energie E und der Masse m repräsentiert, die positive
x-Achse an.

Bild K7.2. (a) Potentialbarriere und Kennzeichnung der Amplituden,

(b) Wellenfunktionen in Bereichen I, III, Dämpfung im Bereich II

Die ebene Welle trifft bei x = 0 auf eine Rechteckbarriere der Höhe
U , wobei U > E ist. Damit liegen drei Bereiche I, II, III vor, in denen
wir die Lösung der Schrödinger-Gleichung

∂2

∂x2
ψ(x) −

√
2m(E − V )

! ψ(x) = 0 (7.36)

untersuchen müssen. Das Potential V in den drei Bereichen ist be-
stimmt durch:

Bethge, Walter, Wiedemann

T =

 
1 +

U2 sinh2(b)
4E(U � E)

!�1

<latexit sha1_base64="ytwkHI6ikDAfLrlTJZs3B9030Wo="></latexit>

mit  =
p

2m(U � E)
~

<latexit sha1_base64="pRMpV7PCPmGs1WWW3s0E4bdcOLU="></latexit>

für b � 1 : T ⇡ exp [�2b]

= exp

"
�2b

p
2m(U � E)

~

#

<latexit sha1_base64="jUlNAKT3kkc3/J/PWez102sdC4c="></latexit>

mit U = VC(r ) = 2(Z � 2)
↵~c

r
<latexit sha1_base64="b9KDcITvVxM9eSyXo2JRporW19o="></latexit>
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Gamow-Faktor & Zerfallskonstante

Gesamttransmission: Integral über gesamten Coulombwall 
 
 
 

Gamow-Faktor: 

Zerfallskonstante für &-Zerfall: 
 
→  Einer der ersten praktischen Erfolge der Wellenmechanik 
→  Ermöglicht Messung von Kernradien unabhängig von Streuung

G. Gamow

aps.org 

G ⌘ 1
~

Z r1

R

p
2m(VC(r ) � E) dr ⇡ ⇡ · 2(Z � 2)↵

�
<latexit sha1_base64="xsdoCZEc3lN97G18Rm5XCobnA5g="></latexit>

� = p↵ · v↵
2R

· exp[�2G]
<latexit sha1_base64="Rtzo70U1MH8p4sybYWrMpH4ENmA="></latexit>
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Beobachtung: Die meisten &-Strahler 
sind Kerne schwerer als Blei. 

Energetisch ist &-Zerfall auch bei 
leichteren Kernen (bis ca. A = 140) 
möglich (nicht beobachtet, da frei 
werdende Energie klein → t1/2 groß, 
vgl. Gamow-Exponent). 

Beziehung zwischen Halbwertszeit und 
&-Energie (Geiger & Nuttall, 1911):

Natürliche !-Zerfallsreihen

log
✓ t 1

2

s

◆
=

a(Z )p
E↵/MeV

+ b(Z )

<latexit sha1_base64="v+s7M/36oscJnhnsNSP0cjQZLxM="></latexit>

230 7. Kernzerfälle – Radioaktivität

Bild 7.7. Abhängigkeit des Logarithmus der Halbwertszeit vom Q-Wert des α-
Zerfalls [GA57]

wegen Rα ∝ T 3/2
α eine empirische Beziehung zwischen der Halbwertszeit

bzw. der Zerfallskonstanten und der Energie. In Bild 7.7 ist für eine Rei-
he von α-aktiven Kernen die Beziehung dargestellt. Die darin auftretenden
Linien durch die Meßpunkte werden durch eine modifizierte Geiger-Nutall-
Regel beschrieben, in der neben den von der Ordnungszahl Z abhängigen
Koeffizienten a(Z) und b(Z) ein Korrekturterm auftritt, der den Einfluß un-
gepaarter Nukleonen berücksichtigt [GA57]. Die schwersten bisher bekannten
Elemente bis zur Ordnungszahl 112 sind α-Emitter, die aufgrund der Syste-
matik der Zerfallsenergien identifiziert werden konnten. Ebenso findet man
einen systematischen Verlauf der Tα mit der Massenzahl A, wie in Bild 7.8
dargestellt ist.

Betrachtet man die Potentialverhältnisse im Bereich des Atomkerns, wie
sie in vereinfachter Weise in Bild 7.9 dargestellt sind, ist der α-Zerfall rein
klassisch betrachtet nicht möglich, da die kinetische Energie des α-Teilchens
kleiner ist als die Coulomb-Barriere . Theoretisch wurde der α-Zerfall von Ge-
orge Gamow als Durchtunnelung einer Potentialbarriere gedeutet. Die Theo-
rie des Tunneleffekts wird als Standardaufgabe in der Quantenmechanik be-
handelt, hier findet sich die Rechnung in Kasten 7.2.

Bethge, Walter, Wiedemann 



Sommersemester 2020Moderne Experimentalphysik III (4010061) – 7. Vorlesung
Prof. U. Husemann/Prof. K. Valerius, Vorlesungsunterlagen. Nur zum KIT-internen vorlesungsbegleitenden Gebrauch, Weitergabe und anderweitige Nutzung verboten.

30

Neptunium

Uranium

Protactinium

Thorium

Actinium

Radium

Francium

Radon

Astatine

Polonium

Bismuth

Lead

Thallium

Actinide

Alkali metal

Alkaline earth metal

Metalloid

Post-transition metal

93
237Np
2.144e+06
Years

α

91
233Pa
26.967
Days

β⁻

92
233U
159200
Years

α

90
229Th

7340
Years

α

88
225Ra

14.9
Days

β⁻

89
225Ac

10
Days

α

87
221Fr

4.9
Minutes

α

85
217At
0.0323
Seconds

α

83
213Bi

45.59
Minutes

α

81
209Tl

2.161
Minutes

β⁻

82
209Pb

3.253
Hours

β⁻

83
209Bi
1.9e+19
Years

α

81
205Tl
Stable

β⁻

84
213Po
4.2e-06
Seconds

α

B
atesIsB

ack, D
ecay_C

hain(4n%
2B

1,_N
eptunium

_S
eries).svg, C

C
 B

Y-S
A 3.0 

Neptunium-Reihe
2,1·106 a

Natürliche !-Zerfallsreihen
Ausgangspunkt: schwere 
Elemente (z. B. 
Supernova-Explosionen) 

Ketten von &- und β-
Zerfällen: 

Uran-Radium-Reihe:  
238U → 206Pb 
Neptunium-Reihe: 
237Np → 209Bi 

Lange Halbwertszeit  
→ radioaktives 
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Natürliche !-Zerfallsreihen
Ausgangspunkt: 
schwere Elemente (z. B. 
Supernova-Explosionen) 

Ketten von &- und β-
Zerfällen: 

Thorium-Reihe:  
232Th → 208Pb 
Uran-Actinium-Reihe:  
235U → 207Pb 

Lange Halbwertszeit  
→ radioaktives 
Gleichgewicht
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Aufgabe 14
Welche der folgenden Aussagen über &-Strahlung sind korrekt? 

A. &-Strahlung tritt vornehmlich in schweren Kernen auf. 
B. Aufgrund der Zerfallskinematik wird eine kontinuierliche Verteilung der Energien 

von Alphateilchen erwartet. 
C. Aufgrund der Zerfallskinematik werden diskrete &-Energien erwartet. 

Pro Nuklid können auch mehrere &-Linien auftreten. 

D. Die Wahrscheinlichkeit für &-Strahlung ist proportional zur Tunnelwahrscheinlichkeit 
der Alphateilchen durch den „Coulombwall”.  

E. Die Zerfallsprodukte langlebiger &-Strahler wie Uran sind ein wichtiger Bestandteil 
der natürlichen Radioaktivität. 

Bitte beantworten Sie die Frage anonym auf ILIAS [link]

https://ilias.studium.kit.edu/ilias.php?ref_id=1150757&cmd=infoScreen&cmdClass=ilobjtestgui&cmdNode=uf:p2&baseClass=ilrepositorygui&ref_id=1150757
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Zusammenfassung: !-Zerfall
Schwere Kerne: Bildung leichter, stark gebundener Systeme im Kern, 
besonders Alphateilchen 

Freisetzung von Bindungsenergie durch Emission des Alphateilchens 
Zweikörperzerfall: monoenergetische !, typische Energie: einige MeV

Natürliche Radioaktivität: lange Halbwertszeit von &-Zerfällen steuert 
Zerfallsreihen schwerer Elemente → radioaktives Gleichgewicht

Beschreibung des &-Zerfalls über Tunneleffekt: 
Alphateilchen tunnelt durch Coulombwall des Restkerns 
Zerfallskonstante abhängig von Wahrscheinlichkeit für Bildung des  
Alphateilchens, „Klopffrequenz” und Transmissionswahrscheinlichkeit  
(Gamow-Faktor)


