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Fig. 9.2 Electron energy distribution from beta de-
cay. (Solid line is the theoretical curve; dots are experimen-
tal data.) (Source: Christensen, C. J. et al. (1972) Physical
Review’ D5, 1628. Figure (9.4).) :



qm-9

~

whr Ha ~:;{&,Ar,,,§=‘!/(_ iy Iy e P ) ‘

[ ,§ ‘ ( ll\; J/} J f - f\ ' v:/} »"} //Ll Cj(‘, vﬁ‘?l "L/}f‘{" /'(/ /’Y] 4 /m_,f,»m’) f\( "‘V/{;’»,A e wf’f‘éﬁl
V4

/‘&M "J‘ !‘W[ﬁl’}ﬁ f '/f( 14 :7 4 15 e ﬂ/(;g‘ e /,yfr R ) e (;ﬁ?,w ]

i (?% / MZ{’ /&zﬁ‘gzz/{fw:,.,g{ "}‘L’%Q y {’H}ﬁ% O ? “

/‘[\Mﬂ/ﬁ/g f'b f’,k /éi{?ﬂ‘%% ox e 69’4;/ '/ZK{!, /fﬂfﬂ@‘&mwa’ e “‘",/"‘*7
(VJ/ m< i W\@V’ ) p 1=

F‘ﬁ,,‘i e clant é L 4 #\Lp Vulm%fm A (XA%Q’/KAW )’)/[’MAA,',F{/" .u,,/g ‘«,%@w\?

[ ﬁ wott ]

.

g N 7 .
| H > LM@

NPT T

/&[Q (v~ AN

TH{, (1 WI/M s

= - 18, &
E\) - Q -~ I

A‘@ "’é‘(‘f"”‘“’“ |

-

e

w(—

4
b 0 ar i

ZANK VV*('é ‘b? //)s A AR é«A,ﬁp’?;@
difiate= L Q;\:]

[n

ey, = My pr
(7}/>Vﬂ.%>< = Q- m\/c{b

Sirer @ ) 53;%-4‘“‘\/ = Wy, £ o ey fﬂé’”’v/" 3377



At any rate the earliest reference I know to the new
partlcle is Heisenberg’s mention of ‘your neutrons’ in a letter to Pauli’” dated
1 December. More details are found in Pauli’s letter (its main part follows)
of 4 December to a gathering of experts on radioactivity in Tiibingen,®

- Dear radioactive ladies and gentlemen,
I have come upon a desperate way out regarding the ‘wrong’ statistics of the N- and
the Li 6-nuclei, as well as to the continuous B-spectrum, in order to save the ‘alternation
law’ of statistics® and the energy law. To wit, the possibility that there could exist in
the nucleus electrically neutral particles, which I shall call neutrons, which have spin
1/2 and satisfy the exclusion principle and which are further distinct from light-quanta
in that they do not move with light velocity. The mass of the neutrons should be of
the same order of magnitude as the electron mass and in any case not larger than 0.01
times the proton mass.—The continuous B-spectrum would then become understand-
able from the assumption that in B-decay a neutron is emitted along with the electron,
in such a way that the sum of the energies of the neutron and the electron is constant.

There is the further question, which forces act on the neutron? On wave mechanical
grounds . . . the most probable model for the neutron seems to me to be that the neutron
at rest is a magnetic dipole with a certain moment p. Experiments seem to demand
that the ionizing action of sueh a neutron cannot be blgger than that of'a y-ray, and
so ¢ may not be larger than e X 107" em.

For the time being I dare not publish anything about this idea and address myself
confidentially first to you, dear radioactive ones, with the question how it would be
with the experimental proof of such a neutron, if it were to have a penetrating power
equal to or about ten times larger than a y-ray.

I admit that my way out may not seem very probable a priori since one would
probably have seen the neutrons a long time ago if they exist. But only he who dares
wins, and the seriousness of the situation concerning the continuous S-spectrum is
illuminated by my honored predecessor, Mr. Debye, who recently said to me in Brussels:
‘Oh, it is best not to think about this at all, as with new taxes’. One must therefore
discuss seriously every road to salvation.—Thus, dear radioactive ones, examine and
judge.—Unfortunately I cannot appear personally in Tiibingen since a ball** which
takes place in Ziirich the night of the sixth to the seventh of December makes my
_resence here indispensable . .. Your most humble servant, W, Pauli’,

1930




39.

40.

23.09. 19.08. Since 2007. Neutrino mass bound from SN 1987.

The values of neutrino masses is an open problem in particle physics, but upper bounds
(in the range of several eV) have been obtained from tritium endpoint spectra and also
from measurements of the cosmic microwave background anisotropy.

An independent bound may be obtained from a burst of neutrinos (and antineutrinos)
detected at neutrino observatories in Japan and Cleveland in 1987. These neutrinos (about
24 were detected) were emitted from supernova 1987A, in the large Magellanic cloud, about
50 kpc (or 160,000 light-years) from earth, with a range of energies from about 10 to 40
MeV, with the more energetic neutrinos generally arriving at the earth somewhat earlier.
This would be expected if the neutrino has a small mass (much smaller than its energy),
as the more energetic neutrinos would have a slightly greater speed.

(a) Show that
11 1\ 72
v ooc 07

and then do a Taylor expansion in 1/7, which is small for highly relativistic neutrinos
v & C.

(b) Consider two neutrinos with the same mass m but different energies F; and FEo, and
travelling in the same direction. For the purposes of this problem, assume that the neutri-
nos were emitted at precisely the same instant. Using your result in part (a), estimate the
difference in their arrival times a distance L away as a function of their mass and energies.

(c) If the most energetic neutrinos arrive 12 seconds earlier than the least energetic ones,
estimate the mass (i.e., rest energy) of the neutrino.

[Note: we now know the neutrino mass to be significantly less than this value, and the
likely explanation for the spread in arrival times is simply that the neutrinos were not
emitted simultaneously.]

Replaced by problem above. 2007-2028. Neutrino mass bound from SN 1987.

In 1987, a burst of neutrinos (and antineutrinos) was detected at several neutrino obser-
vatories, having been emitted from supernova 1987A, in the large Magellanic cloud, about
170,000 light-years from earth. The neutrinos (about 24 in all) had a range of energies
from about 10 to 40 MeV, with the more energetic neutrinos generally arriving at the earth
somewhat earlier. This would be expected if the neutrino has a small mass (much smaller
than its energy), as the more energetic neutrinos would have a slightly greater speed.

(a) Show that for particles moving very close to the speed of light, one may approximate
c—v~c/2y2.

(b) Consider two neutrinos with the same mass m but different energies F; and Ej, and
travelling in the same direction. Using the result from part (a), express the difference Av
in their speeds in terms of m, Eq, and FEs.

(c) For the purposes of this problem, assume that the neutrinos were emitted at precisely
the same instant. How does the difference in arrival times depend on the difference on
speeds (where the speed is approximately c)?

(d) If the most energetic neutrinos arrive 12 seconds earlier than the least energetic ones,
estimate the mass (i.e., rest energy) of the neutrino. [Note: we now know the neutrino
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Figure 1: Neutrino light cﬁrve for Supernova 1987A. This graph includes all neutrinos ever observed from a
supernova! (Figure from H. V. Klapdor-Kleingrothaus and K Zuber, Particle Astrophysics.)
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