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Henri Becquerel (2)

PHYSIQUE. — Sur les radiations inyisibles émises par les corps phosphorescents.
Note de M. HeNrl BECQUEREL.

« Dans la derniére séance, jai indiqué sommairement les expériences‘
que j’avais été conduit 4 faire pour mettre en évidence lés radiations invi-
sibles émises par certains corps phosphorescents, radiations qui traversent
divers corps opaques pour la lumiére.

» Jai pu étendre ces observations, et, bien que je me propose de conti-
nuer et de développer I'étude de ces phénomenes, leur actualité me
conduit 4 exposer, dés aujourd’hui, les premiers résultats que j’ai obtenus.

» Les expériences que je rapporterai ont été faites avec les radiations
émises par des lamelles cristallines de sulfate double d’uranyle et de

Ppotassium
[SO*(UO)K + H*0],

corps dont la phosphorescence est trés vive et la durée de persistance
lumineuse inférieure 4 11; de seconde. Les caractéres des radiations lumi-
neuses émises par cette substance ont été étudiés autrefois par mon pére
et j’ai eu, depuis, I'occasion de signaler quelques particularités intéres-
santes que présentent ces radiations lumineuses.

» On peut vérifier trés simplement que les radiations émises par cette
substance, quand elle est exposée au soleil ou a la lumiére diffuse du jour,
traversent, non seulement des feuilles de papier noir, mais encore divers
métaux, par exemple une plaque d’aluminium et une mince feuille de
cuivre. J'ai fait notamment I'expérience suivante :

» Une plaque Lumiére, au gélatino-bromure d’argent, a été enfermée
dans un chassis opaque en toile noire, fermé d’un coté par une plaque

Comptes Rendus 122(1896)501
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Henri Becquerel (3)

Moge potwierdzic, ze promienie emitowane przez te substancje [SO4(UO)K+H, O]
wystawionej na dziatanie promieni stonecznych, przenikajg nie tylko przez czarny
papier, ale takze roznorakie metale, na przyktad przez plytke aluminowg lub cienka
plytke miedziana.(...)

W szczegdinosci chciatem zwrdci¢ uwage na nastepujacy fakt, ktéry wydaje mi sie
szczegdlnie istotny i niespodziewany. Otoz te same krysztaly, ustawione w ten sam
sposdéb w stosunku do ptyt fotograficznych, w tych samych warunkach i z tymi samymi
ekranami, ale trzymane w ciemnosci, wciaz wytwarzajg takie same obrazy na kliszy.
Oto co doprowadzito do tej obserwacji: niektore z eksperymentow zostaty
przygotowane w Srode 26 i czwartek 27 lutego, ale poniewaz Storice pokazato sie
Jjedynie przelotnie w tych dniach, pozostawitem aparat przygotowany i schowatem go
do ciemnego budetka w szufladzie wraz z solg uranowa. Poniewaz Storice nie
pokazato sie takze w nastepnych dniach, wywotatem plyty 1 marca, spodziewajac sie
zobaczy¢ bardzo stabe obrazy. W zamian, zaciemnienie okazato sie duze.
Natychmiast zrozumiatem, Ze naleZy kontunuowac eksperyment w ciemnosci i
przygotowatem nastepujace doswiadczenie: Na dnie zaczernionego tekturowego
pudta umiescitem ptyte fotograficzng. Na czutej stronie potozytem krysztaty soli
uranowej (...); nastepnie obok, na tej samej ptycie potozytem inng porcje soli, ale
oddzielong od emulsji bromowej cienkim szkietkiem (...). To samo zrobitem z plytkg
zamknieta w aluminowym pudetku, gdzie wtozytem plyte fotograficzng, a na
zewnetrznej czesci wysypatem sdl uranowa. Wszystko byto zamkniete w pudle, a
nastepnie w szufladzie. Po pieciu godzinach wywotatem piyty i cienie soli uranowej
pokazaty sie, tak jak w poprzednim eksperymencie, jakby byty wywotane przez
fosforenscencje na skutek dziatania promieni stonecznych.(...) Efekt od soli potozonej
na szkle byt nieco przyttumiony, ale ksztaftt krysztatu byt dobrze widoczny. Wreszcie ten
od plytki aluminowej byt zauwazalnie stabszy, ale tym niemniej doskonale widoczny.
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Wazne wydarzenia w fizyce konca XIX wieku

® 1896 - H. Becquerel - promienie z rudy uranu ulegaja odbiciu od lustra, zatamaniu w
pryzmacie i mozna je spolaryzowac.

® 1897 - J. J. Thomson - korpuskuty, bedace podstawowym budulcem materii emitowane w
promieniowaniu katodowym. Okoto 1900 roku uznano, ze sg to wczesniej postulowane
elektrony (tadunki elektrycznosci).

® 1898 - M. Curie-Sktodowska - w rudzie uranu znajduje sie pierwiastek bardziej radioaktywny
niz sam uran; aktywno$¢ rudy toru; termin radioaktywno$¢; odkrycie polonu.

® 1899 - E. Rutherford, Phil. Mag. 47(1899)109

Becquerel had found evidence of polarization and refraction, but in repeating
experiments similar to those tried by him, | have been unable to find any
evidence of either. (...)

These experiments show that the uranium radiation is complex, and that there
are present at least two distinct types of radiation one that is very readily
absorbed, which will be termed for convenience the o radiation, and the other of
a more penetrative character, which will be termed the 3 radiation.

® 1900 - P. Villard - przenikliwe promienie z prébki radu nie zakrzywiane przez magnes (nazwa
~ nadana w 1903 przez Rutherforda).

® 1900 - H. Becquerel - stosunek e/m jest dla promieni 3 taki sam jak dla promieni
katodowych.
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Modele atomu na poczatku XX wieku

dynamidy - P. Lenard, Ann. Physik 12(1903)714

"plum pudding” - J. J. Thomson, Phil. Mag. 7(1904)237 o0

e saturn i satelity - H. Nagaoka, Phil. Mag. 7(1904)445

elektronowy ptyn - Lord Rayleigh, Phil. Mag. 11(1906)117

e archony - J. Stark, "Prinzipien der Atomdynamik ” (1910) 2
®, &
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E. Rutherford, Phil. Mag. 21(1911)669
LXXIX. The Scattering of a and B Purticles by Matter and
tlw Structure of the Atom. By Professor B. RUTHERFORD,
F.R.S., University of Manchester *.
§ 1. If is well known that the « and 8 particles suffer
defloxions from their rectilinear paths by encount
with atoms of matter. This scattering is far more marked
for the @B than for the « particle on “account of the much
smaller momentum and energy of the former p'\rhcle‘
There seems to be no doubt that such swiftly moving par-
ticles pass through the atoms in their path, and that the
deflexions observed are due to the strong electric field
traversed within the atomic system. It bas generally heen
supposed that the scaltering of a pencil of a or 8 rays in
passing through a_thin plato of matter is the result of a
multitude of small scatterings by the atoms of matter
traversed. The observations, however, of Geiger and
Marsden t on the scattering of a rays indicate that some of
the a particles must suffer a deflexion of more than a right
anglo at a single encounter. Thoy found, for example, that
a small fraction of the incident pnrnc]e: about 1 in 20,000,
were turned through an average angle of 90° in passing
through a layer of gold-foil about 00004 cm. thick, which
was equivalent in stopping-power of the « particle to 1-6 milli-
metres of air. Geiger I showed later that the most probable
angle of deflexion for a pencil of « particles traversing a gold-
foil of this thickness was about 0*&7. A simple calenlation
based on the theory of probability shows that the chance of
an a particle being deflected through 90° is vanishingly
small. ~ In addition, it will be seen later that the distribution
of the « particles for various angles of large deflexion does
not follow the probability law to be expected if such large
deflexions are made up of a large number of small deviations.
It seems reusonable fo suppose that the defiexion through
wrgo angle is due to a single atomic encounter, for the
L]l.mcu of a second encounter of a kind to produce a large
deflexion must in most cases be exceedingly small. A slmple
calculation shows that the atom must be a seat of an intense
electric field in order to producs such a large deflexion ata
single encounter.

Odkrycie jadra atomowego
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In order to form some idea of the forces required to
deflect an « particle through a large angle, consider an atom
containing a positive charge Ne at its centre, and surrounded
by a distribution of negative electricity Ne uniformly dis-
tributed within a sphere of radius

" It is of interest to note that Nagaoka * has mnthemahcnlly
considered the properties of a **Saturnian’ atom which he
supposed to consist of a central attracting mass surrounded
by rings of rotating electrons. He showed that such a
system was stable if the attractive force was large. From
the point of view considered in this paper, the chance of
Jarge deflexion would practically be unaltered, whether the
atom is considered to be a disk or a sphere. It may be
remarked that the approximate value found for the central
charge of the atom of gold (100 ¢) is about that to be
expected if the atom of gold consisted of 49 atoms of helium,
each carrying a charge 2 e. This may be on]ia coincidence,
but it is certainly suggestive in view of the expulsion of
helium atoms carrying two unit charges from radioactive
matter.



Wczesne modele jadra i promieniotwoérczosci (1)

E. Rutherford, Phil. Mag. 24(1912)453

In a previous paper | have given reasons for believing that the atom consists of a
positively charged nucleus of very small dimensions, surrounded by a distribution of
electrons in rapid motion, possibly of rings of electrons rotating in one plane. The
instability of the atom which leads to its disintegration may be conveniently considered
due to two causes, although these are are not mutually indepedent, viz., the instability
of the central nucleus and the instability of the electronic distribution. The former type
leads to the expulsion of an « particle, the latter to the apperance of 3 and ~ rays. The
instability which leads to the expulsion of a 3 ray may be mainly confined to one of the
rings of concentric electrons, and leads to escape of a 3 particle from this ring with
great velocity.

Odkrycie jadra atomowego



Wczesne modele jadra i promieniotwérczosci (2)

E. Rutherford, Phil. Mag 37(1919)581, Na podstawie reakcji o +'* N — H +'7 0.

Proc. Roy. Soc. A97(1920)374 The expulsion of an H atom carrying one

@ - @ s G B oumer charge from nitrogen should lower the mass
Lot - = - Massi2 by 1 and the nuclear charge by 1. The residual
@- @ (8) cuarace nucleus should thus have a nuclear charge of
= 6 and mass 13, and should be an isotope of
@ - @ s B, B Mrmocen carbon. If a negative electron is released at
Ty 607 Masssz the same time, the residual atom becomes an

@ @ o7 isotope of nitrogen.

++ +t

@® oxvoew a+¥N - Bet'Hio

- =  Mass/6
+3+ ©} Crarce8 - +174 N N 173N +1 Hte +o

Fio. 4.

The expulsion of mass 3 carrying two charges from nitrogen, probably quite
independent of the release of the H atom, lowers the nuclear charge by 2 and the
mass by 3. The residual atom should be thus an isotope of boron of nuclear charge 5
and mass 11. If an electron escapes as well, there remains an isotope of carbon of
mass 11.

a+¥N = B X+'H+4a
a+'N = JCHX+'Hie +a

The data at present available are quite insufficient to distinguish between these
alternatives.
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Szeregi promieniotworcze

200 00 Rutherford and Soddy 1903
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|zotopy i prawo przesunieé

F. Soddy, Wyktad noblowski (1921)

Thus uranium in the last place with an intra-atomic charge of about 90, must have
between 2 and 3 units of mass per unit of charge. So that, if its nucleus be imagined to
be composed of 60 a-particles with charge 120, there must be present is also 30
electrons to give the nuclear charge 90. This suggestion of Van den Broek was
adopted by Bohr in his theoretical researches on the structure of the atom. Bohr's
views required that the electronic system is stable, so that to remove an electron
involves the expenditure of energy. Hence it followed that the 3-particles expelled in
radioactive change must come from the nucleus and not from the external electronic
system. (...)

Thus the chemically identical elements - or isotopes, as | called them for the first time
in this letter to Nature', because they occupy the same place in the Periodic Table -
are elements with the same algebraic or nett nuclear charge, but with different
numbers of + and — charges in the nucleus. On the view that the concentrated
positive charge is the massive particle in the atomic structure, since positive electricity
has never been observed free possessing less than the mass of an atom, the atomic
weight of the isotope is a function of the total number of positive charges in the
nucleus and the chemical character a function of the nett number.

'F. Soddy, Nature 91(1913)57
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Nazewnictwo (1)

Odkrycie jadra atomowego

Pierwiastek | z | Nazwa historyczna Symbol A
Aktyn C” AcC” 207
Tal 81 Tor C” ThC” 208
Rad C” RaC” 209
Rad D RaD 210
Oléw e Aktyn B AcB 211
TorB ThB 212
Rad B RaB 214
Rad E RaE 210
Bizmut 83 Aktyn C AcC 211
Tor C ThC 212
Rad C RaC 214
Polon Po 210
Aktyn C’ AcC’ 211
Tor C’ ThC’ 212
Polon 84 Rad C' RaC’ 214
Aktyn A AcA 215
Tor A ThA 216
Rad A RaA 218
Aktyon AcEm 219
Radon 86 Toron ThEm 220
Radon RaEm 222




Nazewnictwo (2)

Pierwiastek | z | Nazwa historyczna Symbol A
Aktyn X AcX 223
Tor X ThX 224
Rad 8 |
Rad Ra 226
Mezotor | MsTh | 228
Ak Al 227
Aktyn 89 yn cC
Mezotor Il MsTh Il 228
Radioaktyn RaAc 227
Radiotor RdTh 228
Tor 90 lon lo 230
Tor Th 232
Uran X1 u X1 234
Proaktyn o1 Proaktyn Pa 231
Uran X2 uXx2 234
Uran Il uln 234
Uran 92 Uran llI uin 235
Uran | ul 238

Odkrycie jadra atomowego



Lata 20 - postepy mechaniki kwantowe;

L. de Broglie, Compt. Ren. 177(1923)507, "Fale i kwanty” - fale de Broglie’a

W. Pauli, Z. Phys. 31(1925)765, "O powigzaniach pomigdzy uzupetnianiem sie grup
elektronéw w atomach ze stukturg widmowg” - zakaz Pauliego.

W. Heisenberg, Z. Phys. 33(1925)879, "O kwantowomechanicznym przeformuowaniu
zwigzkoéw kinematycznych i mechanicznych” - podej$cie macierzowe.

® M. Born, P. Jordan, Z. Phys. 34(1925)858,
® M. Born, W. Heisenberg, Jordan, Z. Phys. 35(1926)557, "O mechanice kwantowej. II”.
® P A. M. Dirac, Proc. Roy. Soc. A110(1926)561, "Mechanika kwantowa i wstepna analiza

atomu wodoru”.

E. Schrddinger, Ann. Phys., 79(1926)361, "Kwantyzacja jako problem warto$ci wtasnych
(czes¢ I)” - réwnanie Schrodingera.

M. Born, Z. Phys. 37(1926)863, 38(1926)803 "Mechanika kwantowa zderzen” -
probabilistyczna interpretacja f-cji falowej.

W. Heisenberg, Z. Phys. 43(1927)172, "O obrazowym podejsciu do kwantowej teorii
kinematyki i mechaniki” - zasada nieoznaczonosci.

P. A. M. Dirac, Proc. Roy. Soc. A126(1929)360, "Teoria elektron6éw i protondw” - rownanie
Diraca.

Powstanie mechaniki kwantowej



Rozpad « (1)

Zur Quantentheorie des Atomkernes.
Von G. Gamow, z. Zt. in Gottingen.
Mit 5 Abbildungen. (Eingegangen am 2. August 1928.)

Es wird der Versuch gemacht, die Prozesse der a-Ausstrahlung auf Grund der

Wellenmechanik niher zu untersuchen und den experimentell festgestellten Zu-

it zwischen Zerfallsk und Energie der a-Partikel theoretisch zu
erhalten.

tgAr20

r g 7
mwm

Fig. 4.

Von G. Gamow, Z. Phys. 51(1928)204
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Rozpad a (2)

THE

PHYSICAL REVIEW

QUANTUM MECHANICS AND RADIOACTIVE DISINTEGRATION!
By R. W. GURNEY AND E. U. Convon

Avstract
Application of quantum mechanics to a simple model of the nucleus gives the
phenomenon of radioactive disintegration. The statistical nature of the quantum
‘mechanics gives directly disintegration as a chance phenomenon without any special
hypothesis. §1 contains a presentation of those features of quantum mechanics which
are here used and gives a simple calculation of the disintegration constant. §2 dis-
of the model to th
calculations amounting to a theoretical interpretation of the Geiger-Nuttall relation
between the rate of disintegration and the energy of the emitted a-particle. In getting
this relation one arrives at the rather remarkable conclusion that the law of force
between emitted a-particle and the rest of the nucleus is substantially the same in all
the atoms even where the decay rates stand in the ratio 10, §4 calls attention to the
natural way in which the paradoxical results of Rutherford and Chadwick on the
scattering of fast a-particles by uranium reccive explanation with the model here used.
§5 discusses certain limitations inherent in the methods employed.

exp{ ~(47//;)f[z,l(VwV)]”fdx}
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Fig. 6. The unit of ordinates is 10~ ergs, and the unit of abscissas 10~ cm.

Beta-ray disintegration.—It has been customary to assign the central
core of the nucleus as the habitat of the nuclear electrons, with a potential
energy curve of the type shown in Fig. 8. The outer slope 4B again repre-
sents the Coulomb inverse-square field, as in Fig. 5. But since the charge
of the electron is —e instead of +2e the
potential energy is reversed in sign, and of
half the magnitude of that in Fig. 5.
There is nothing new in this assumed
curve, although it looks somewhat arti-
ficial; this type of curve for the nuclear
electron was obtained for example by Fig. 8.
Enskog in the paper referred to above.®
What is new is the suggestion that an electron in the internal region again
has a certain chance of penetrating the barrier, and of escaping at any time
along CD with kinetic energy given by the height of CD above the axis.

If we have alpha and beta-particles both with this chance of escaping
from the nucleus, it might be thought that every radioactive element should
be found to disintegrate part with expulsion of alpha-particles and part with
beta-particles. But we would repeat that the chance of escape is extremely
sensitive to the height to which the potential energy curve rises above the
energy-level in question; and that if the size of this potential barrier be
increased by a small factor the probability of escape may be decreased more
than a million-fold. There seems then no reason why there should not be
the three types of disintegration: that in which the probability of escape is
much greater for an alpha-particle than for an electron; that in which it is
much greater for an electron than for an alpha-particle; and that in which
the probabilities of escape are comparable. The last gives the branching
type of disintegration as shown by Ra C, of which 99.97 percent emits beta-
particles, and 0.03 percent alpha-particles. By taking this view of the
disintegration process, we have raised the question: Does any radioactive
element have a unique mode of disintegration, or does it merely appear
unique in most cases because the secondary mode is a million times less
frequent and escapes detection? The present discussion certainly favours
the latter alternative. It need not surprise us then that so few cases of
branching disintegration have so far been discovered, since it is unlikely

(so far as we know) that the areas of the potential barriers will in many
nuclei happen to have just that relative size which will give for alpha and
beta-particles comparable probabilities of escape.

R. W. Guerney and E. U. Condon, Phys. Rev. 33(1929)127

Opis promieniotwdrczo$ci ar



Widmo czatek 5

Zagadka rozpadu S:
® Spektrometr 3 - Jan Kazimierz Danysz i Ludwik Wertenstein (1913)
® J. Chadwick, Vh. DPG 16(1914)383, ciggte widmo radu B i radu C’
® C.D.Ellisi W. A. Wooster, Proc. Roy. Soc. A117(1927)109

A

Distrieurion curve o /8<Aumuss

#rom Raoum E

Nawaen or B-puericces

75 3 3 =7
Eneray 0° Vours
Fo. 1.
Zasada zachowania energii? Energia zachowania statystycznie (N. Bohr)?
Na czym polega rozpad 37? Skad sie biorg elektrony?

Jak elektron moze by¢ utrzymany w jadrze?

Spin "“N i ®Li nie zgadzat sie z modelem protonowo- elektronowym jadra

Zagadka widma 3



Przyktadowe zadanie

Elektron w jadrze

Na podstawie stanu mechaniki kwantowej z 1929 roku ocen czy co$
w pomysle Guerneya i Condona na temat rozpadu 5 mogto budzi¢
watpliwosci?

Energia zachowana statystycznie

Na podstawie widma czastek g zarejetrowanego przez Ellisa i
Woodsa pokaz, ze postulat statystycznego zachowania energii nie
jest spetniony.

Zagadka widma 3




Postulat istnienia neutronu

E. Rutherford, Proc. Roy. Soc. A97(1920)374

Under some conditions, however, it may be possible for an electron to combine much
more closely with the H nucleus, forming a kind of neutral doublet. Such an atom
would have very novel properties. lIts external field would be practically zero, except
very close to the nucleus, and in consequence it should be able to move freely through
the matter. Its presence would probably be diffucult to detect by the spectroscope, and
it may be impossible to contain it in a sealed vessel. On the other hand, it should enter
readily the structure of atoms, and may either unite with the nucleus or be
disintegrated by its intense field, resulting probably in the escape of a charged H atom
or an electron or both.

R. M. Langer and N. Rosen, Phys. Rev. 37(1931)1579

The present article is devoted to a discussion of a combination of an electron and a
proton of low energy and very small size which we shall speak of as the "neutron’.
Such a particle, if it exists, must have a mass but slightly smaller than that of a
hydrogen, a diameter of 10~ "2 to 10~ "> cm, and energy of the order of magnitude of
moc?® (15myc? is an upper limit; my = electron mass) less than that of hydrogen in
order to account for observed phenomena. It seems proper to begin by pointing out
reasons for the assumption of the existence of a neutron and to show how it might help
to explain certain phenomena

Neutron i neutrino




Odkrycie neutronu

® |. Curie and F. Joliot, 18 stycznia 1932, Comptes Rendus 194(1932)273 "Emisja protonéw o
duzej energii z substancji bogatych w wodér pod wptywem promieni ~ ”

® J. Chadwick, 27 lutego 1932, Nature 129(1932)312, "Prawdopodobne istnienie neutronu”

® |. Curie and F. Joliot, 11 kwietnia 1932, Comptes Rendus 194(1932)1229, "O naturze silnie
penetrujacego promieniowania wywotanego przez czastki o padajace na lekkie jadra”

® J. Chadwick, 1 czerwca 1932, Proc. Roy. Soc. 136(1932)692, "O istnieniu neutronu”
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Odkrycie neutronu

® |. Curie and F. Joliot, 18 stycznia 1932, Comptes Rendus 194(1932)273 "Emisja protonéw o
duzej energii z substancji bogatych w wodér pod wptywem promieni ~ ”

® J. Chadwick, 27 lutego 1932, Nature 129(1932)312, "Prawdopodobne istnienie neutronu”

® |. Curie and F. Joliot, 11 kwietnia 1932, Comptes Rendus 194(1932)1229, "O naturze silnie
penetrujacego promieniowania wywotanego przez czastki o padajace na lekkie jadra”

® J. Chadwick, 1 czerwca 1932, Proc. Roy. Soc. 136(1932)692, "O istnieniu neutronu”
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Neutrino (1)

Neutron i neutrino

Offener Brief an die Jrunpe der Radiosktiven bel der
Gauvereins-Tagung zu Tibingen.

Abgohrift

Physikalisches Institut

der E1dg. Technischen Hochschile Zirich, Lo Des. 1930
dirich Oloriastrass

Liebe Radicaktive Damen und Herren,

Wie der Usberbringer dieser Zeilen, den ich mldvollst
ansuhbiren bitte, Imnen des nihersn suseinandersetsen wird, bin ich
angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie
des kunu.nui.nru.chm beta-Spektrums auf oinen versweifelten Ausweg
verfallen un Gen echoslesta® (1) der Statistik und den Bnerglesats
o retten. Minltch dis Mdglichkeit, es kinnten elektrisch neutrale

nennen wi

derart, dass die Summe der
‘onstant 1st.

Mun handelt es sich weiter darum, welche Kriifte auf die
lnemnm wirken. Dus wahracheinlichste Modell fiir das Neutron scheint
mr sus emmechanischen Griinden (nifheres welss der Usberbringer
Geser Zotlon) dleses su sein, dass das ruhende Neutron ein
mammetiacher Dipol von einem gewissen Moment uf ist. Die Experimente
ml.nz-p‘ vom dass die h:nﬂllrmdn Wirkung eines solchen Neutrons

~Strahls dann.

kann, sls die eines gupge und darf
,u vnhl Aot grosser sein ls o - (153wl

Ich traue mich vorlufig aber nicht, etwas iber diess Ides
su publisieren und wende mich erst vertrauensvoll an Eush, lisbe
Radicaktive, mit der P‘n'\-, wie es un den expe: Nachwiels
slnes colchen Neutrons stinde, wemn dieses o ebensolches oder etwa
mn-nu Durchdringungsvernogen besitsen wirde, wie ein

Ioh m 3u, dasr mein Ausweg vielleicht von vornberein
'-1‘ wahrscheinlich erscheinen wird, weil o= dh Neutronen, wemn
-hnn-u,whllohmlrn'- gosehen N Ah-rmrv-r-ut.
der Erngt 11che

s, W. Panlt
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Neutrino (2)

W. Pauli, list otwarty do grupy fizykéw jadrowych na spotkaniu Gauverein w Tybindze, Zurych, 4 grudnia 1930

Drodzy radioaktywni Panie i Panowie,

Postaniec przekazujacy te stowa, ktérego taskawie prosze o wystuchanie, wyjasni sprawe w szczegotach. Albowiem
wpadfem na desperacki sposéb uratowania "teorii wymiany” statystyki [prawo zachowania spinu] i prawa zachowania
energii, pomimo "zlej” statystyki jader N-[14] i Li-6 i ciagtego widma czastek beta. Mianowicie, istnieje mozliwosc, ze w
Jjadrach znajduje sie elektrycznie obojetna czastka, ktéra nazwe neutronem, ktdra posiada spin 1/2, ktéra zachowuje sig
zgodnie z reguta wykluczania [zakazem Pauliego] i ktéra takze tym rézni sig od kwantéw Swiatta, Ze nie porusza sie z
predkoscia Swiatta. Masa neutronéw powinna by¢ podobnego rzedu co masa elektronéw, a w kazdym razie nie wieksza
niz 0.01 masy protonu. Ciagfe widmo neutrondw bedzie miafto sens, jezeli zalozymy, Ze w rozpadzie beta, oprécz
elektronu, jest emitowany takze neutron i stata jest suma energii elektronu i neutronu.

Jest tez kwestia sit, ktdre dziafaja na neutrony. Wedfug mnie, najbardziej prawdopodobny model neutronu wydaje sie taki,
gadzie z powoddéw kwantowo-mechanicznych (postaniec wie wiecej), neutron w spoczynku jest magnetycznym dipolem o
momencie .. Eksperymenty sugeruja, Ze jonizacja wskutek neutronu nie moze by¢ wigksza niz od promieni gamma, a
zatem p. nie moze byc wigksze niz e-10 ™~ 13 om.

Jak dotad nie odwazytem sie opublikowac nic na temat tego pomystu i z ufnoscia zwracam sie do was, drodzy
radioaktywni ludzie, z pytaniem jakie sa moZliwosci eksperymentalnego potwierdzenia istnienia takiego neutronu, o ile
miatby on takie same lub 10 razy wigksze zdolnosci do przenikania przez [material] niz promieniowanie gamma.

Przyznaje sie, ze moje rozwigzanie wydaje sig niemal niemoZzliwe, poniwaz ktos prawdopodobnie zauwazytby te
neutrony, jeZeli istnieja, dawno temu. Ale bez ryzyka nie ma zysku, a powaga problemu ciagtego widma beta, jest
podkresiona przez uwage mojego wspaniatego profesora, Pana Debye'a, ktory ostatnio powiedziat do mnie w Brukseli:
"Lepiej o tym nie myslec w cale, jak o nowych podatkach”. A zatem powinnismy powaznie porozmawia¢ nad ta metoda
ratunku. Drodzy radioaktywni ludzie, piszcie i oceniajcie. Niestety nie jestem w stanie osobiscie pojawic¢ sie w Tubindze,
gdyz, ze wzgledu na bal w nocy z 6 na 7 grudnia, moja obecnosc¢ w Zurychu jest konieczna. Z wyrazami szacunku dla
Was i takze dla Pana Back, wasz skromny

W. Pauli

Nazwa neutrino zostata nadana, poczatkowo nieformalnie, przez Fermiego (po wtosku neutron to
neutrone = duzy neutralny obiekt, neutrino = maty neutralny obiekt).
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Teoria rozpadu S

Enrico Fermi

e Artykut Fermiego o rozpadzie 8 z wykorzystaniem neutrina, zostat
odrzucony przez Nature ("it contained speculations too remote from
reality to be of interest to the reader”)

e Krotka notka La Ricerca Scientifica 2 (1933) 12 (?) "Tentativo di una
teoria dei raggi 5”

e |l Nuovo Cimento, Nuova Serie N. 1 (1934)1, "An attempt to a 3 rays
theory”

e Z. Phys 88(1934)161 "Versuch einer Theorie der g-Strahlen. 1
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Podsumowanie

@ Wstep i zasady zaliczenia

@® Odkrycie promieniotworczoéci
@® Odkrycie promieni o, B i v

@ Odkrycie jadra atomowego

@® Powstanie mechaniki kwantowej
@ Opis promieniotwdrczosci o

@ Zagadka widma §

©® Neutron i neutrino

Podsumowanie
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C. D. Ellis i W. A. Wooster, Proc. Roy. Soc. A117(1927)109

Numatr or (3-paricies

«0O)>» «F» « >

int
v
!

DA




2
A

= S (KL H )P pr(E)

P. A. M. Dirac, Proc. Roy. Soc. A114(1927)243 "The Quantum Theory of the Emission and
Absorption of Radiation”

The probability per unit time of a transition to a state for which each y; lies

between v,” and v, 4 dy;’ is thus (apart from the normalising factor)
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which is proportional to the square of the matrix element associated with that
transition of the perturbing energy.
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Poprawnie znormalizowana funkcja falowa swobodnej czgstki jednowymiarowej
1 ipx
X)=—=exp| — ),
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z okresowym warunkiem brzegowym na odcinku a
¥(a) = ¢(0)
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Widmo czgstek 3 (2)

4.0 : : ‘ :
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ot 3.0r m, =50 keV ||
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. 2.0r — m,=1keV
2
s 1.5
= 1.0
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Eksperyment KATRIN (1)

Pre- and Main Spectrometer Detect:

Tritium decays, releasing an electron | | Electrons are guided The electron energy is analyzed At the end of their
and an anti-electron-neutrino, towards the spectrometer by applying an electrostatic journey, the electrons are
While the neutrino escapes by magnetic fields. retarding potential. counted at the detector.
undetected, the electron starts its Tritium has to be pumped Electrons are only transmitted Their rate varies with the
journey to the detector. ‘out to provide tritium free if their kinetic energy is spectrometer potential
ienty high and hence gives an
| | | G

KArlsruhe TRItium Neutrino (KATRIN) (w budowie)

!
S
ye)
?

Widmo czastek 3



Eksperyment KATRIN (2)

it

KArlsruhe TRItium Neutrino (KATRIN) (zakohczenie eksperymentu w
2015)

Widmo czastek 3
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Eksperyment KATRIN (3)

10m diam. spectrometer; 1year; [18555,18580]
c
£ » —
o © .
< 4500 T3
T a2
g | g2
S 4000[" =
@ i 1
g (v)=0eV o
© 3500 +
T 1
3000 + 2 i
T ? T T T +4 3 |<res>=+15 i<res>=-0.05|
e = =
BB B B By 2500 +’m(v)—0,59V 18560 18570 18580
i [eV]
T, soL detector L
2000 + _
P, \n‘ hout E field) 3, endpoint energy
++
// ’—)—’J/ s *:{*
Sz > - 10 mHz bgd Tttt et adee, 1»+ e
R R +
- Bmm 1000 )
E Bioax 18570 18571 18572 18573 18574 18575
retarding potential in main spectrometer [eV]

® Poprzedni wynik (2001) (95% CF)
my < 2.2 eVic?

® Czuto$¢ KATRIN (symulacje)
e my=0.35eV/c? -
e my; =0.30eV/c? - 30
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Eksperymentalne widmo /3 84Cu

1.0f

Tp=127h g 0.8f

Q. =579.4kev/ S4Cu Sose
- s

. 5 0.4]

GAZn

o
[N)

o
oo
o

01 02 03 04 05 06
E (MeV)

Eksperymentalne widma 3



Eksperymentalne widmo /3 84Cu

Ty=12.7h

Qs =579.4 keV Qg. = 653.0 keV

GAZn

64Ni

Eksperymentalne widma 3
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Funkcja Fermiego (2)

Obliczenia dla rozpadu 3~ /8% ®4Cu

f==  Funkcja Fermiego

4.5 ‘

4.0 -=-- Non-rel. 3~ |4

3.5 —— Rel. g~ |
3.0 - Non—ril.ﬂ+ |
3 2.5 i
v2.0’
150\

1.0 ——==

0.5}

86— 05 10 15

2.0



Eksperymentalne widma g

0'8.0 0.1 0.2 0.3 0.4 0.5 0.6

E (MeV)
e
o

708 DN
Sos
s |7 .
5 0.4
sod

0.2 /

8001 0z 03 04 05 06 07
E (MeV)

Inne poprawki (nieuwzglednione):
® Ekranowanie przez elektrony
® Skonczony rozmiar jadra
® (Qdrzut jadra

Funkcja Fermiego



© Ziota reguta Fermiego
@® Widmo czastek 3
® Eksperymentalne widma

O Funkcja Fermiego
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Diagramy Feynmana dla rozpadu g
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f==  Energia rozpadu beta
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R = 1.16637(1) x 1075 GeV 2

my,c? = 80.423(39) GeV
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@ Energiarozpadubeta




Wychwyt elektronu z powtoki K

fEO = 2n(aZ)3(eo + Eo)?

0= mec” — B %30 40 60 80 100 120
mec? z
w przyblizeniu
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Wartosci catki Fermiego
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Tablice catek Fermiego

Tablice catek Fermiego

e D. H. Wilkinson and B. E. F. Macefield, Nucl. Phys. A232(1974)58 -
parametryzacja foi w zakresie 0-25 MeV

e N. B. Gove and M. J. Martin, Nucl. Data Tables 10(1971)205 - tablice
wartoéci -, £, £ oraz £5¢ w zakresie 0-10 MeV
e B. S. Dzhelepov, L. N. Zyrianova and Yu. P. Suslov, “Beta processes”
Leningrad, Nauka 1972 - wartosci f;~ w zakresie 0-10 MeV
Tablice funkcji Fermiego
e H. Behrens, J. Janecke, Landolt-Bérnstein Numerical Data and
Functional Relationships in Science and Technology, Group I: Nuclear

Physics and Technology, Vol. 4 Numerical Tables for Beta-decay and
Electron Capture, Springer-Verlag 1969
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Wartosci catki Fermiego
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Znaczenie poprawek

1.12 T 1.12 . ; ;
_ 4 —+ —e— 210, no screening
1.10+ /8 4 1.10¢ B —e— 210, point nucleus |
-m- 250, no screening
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Q e) ¥
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= <
| Lo
§°102 3 Tt §°102— el
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Eksperymentalne i obliczone czasy zycia

-4
10 5T

Qpc (MeV)

Dane eksperymentalne z AME2013: 1091 51/EC, 1048 3~

Czas zycia w rozpadzie beta



Gdzie oszukalismy?

e |M|? nie musza byé réwne 1
e Uznalismy, Ze leptony sg falg ptaska
e Przejscia moga zasila¢ wiele r6znych stanéw (takze wzbudzone)

f
Q- - E;
Q- - E
|
t1i/2 = a
©h(Qs — Ef, Z) | Mg?
1 B 1
Tz 4,
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Oszacowag, korzystajac z podanych przyblizen, czas zycia ze
wzgledu na rozpad 3, izotopu 2%2Lv. Okresli¢ rodzaj rozpadu 3,
poréwnaé czas zycia ze zmierzonym czasem potowicznego zaniku.
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Dane z B. Singh et al., Nucl. Data Sheets 84(1998)487
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Poréwnawczy czas zycia




























































































































































































































































































































































































































