Some properties of the nucleus

Atomic mass unit: defined to be 1A%the mass of 42C atom.
1 u=931.494 043 MeV? = 1.66053886 x 1027 kg

Proton: charge +1, mass 1.007 276 466 88 u or 938.272 029&9les4ﬁin+%.

Neutron: charge 0, mass 1.008 664 915 60 u or 939.565 360&%ev¢in+%

. : : A
Nuclear density is approximately constant for all nuclei-s = constant or

(4/3)mR3

R = RoAl/3 with Rg ~ 1.2 x 10~ 15 m.

There are three types of decay emissions: alpharé}He nuclei), betag are electrons and

positrons), and gammg10.1-10 MeV photons).

Nuclear density is very high! Roughiy0'7 kg/m?3

—-n. 1/



Stable isotopes

fMasses of most isotopes are shown in Appendix B of Serwayessatnl unstable isotopes (SerwayT
Fig. 13.4; the plot shown here is Fig. 12.7 of Krdvledern Physics which swaps théZ and N axes):
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FIGURE 12.7 Stable nuclei are shown in dark; known radioactive nuclei are in
light shading.

We will return to this in more detail in the liquid-drop mods#lthe nucleus.
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Radioactivity

We cannot predict when any one nucleus will decay. We find dvew that the rate of nuclei
that decay is proportional to the number present (Serway &8):

dN

1) — = AN

The activity A = AN (or R = AN in Serway Eq. 13.10) is often expressed in Curies:
1 curie (Ci)=3.7 x 1010 decays/second.

Integrating Eq. 1 give®&V = Nge~** whereNj is the number of nuclei presenttat= 0.

SinceA N we also haved = Age~*t,

It is frequently useful to talk about a half-life, which isstime over which half the nuclei

decay:

No g In2  0.693
— = N, 1/2 t — —

2 o€ - /2=y )

Since A = AN, A « 1/t; /5. Thatis, a source with a shorter half-life is “hotter.” (The

general public automatically assumes that long half-lasesworse).
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A radioactive source

Consider a J.Ci source of'37Cs:
137 — 137
55 Cs— 0~ +56 Ba

Note how we have preserved mass (at least approximatelyjlaarde.

t1/2 = 30.17 years so

In 2 .
— e 0.693 — 723 x 10~ 10 se

A = =
ti;e  (30.17y) - (365 dly) - (24 hid) - (3600 s/h)

Number of atoms is

A 10~6 Ci) - (3.7 x 1019 decays/s/Qi
N:—:(O ) (3.7 % y Q:5.1><1013atoms
Y 7.23 x 10—10 g1

Mass is
5.1 x 1013 atoms

137 g/mol= 1.16 x 10~8
6.02 x 1023 atoms/mol J g

though in fact we will see thall = 137 g/mol is not quite correct.

C—l
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Alpha decays

The following table (Table 12.2 of Krandodern Physics) is more informative than Table 13.5 of

Serway:

IRBLE 12.2  SOME ALPHA DECAY ENERGIES AND HALF-LIVES

“
Isotope K, (MeV) i

“

A(sh

f-:ETh 4.01 1.4 X 100y 1.6 X 10718
;”U 4.19 45 x 10°%y 4.9 x 10718
“Th 4.69 8.0 X 10%y 2.8 X 10713
iIAm 5.64 433 y 5.1 x 1071
] 5.89 20.8 d 3.9 X 1077
fl”Rn 6.16 2.4 h 8.0 X 1075
“Rn 6.29 56 s 1.2 X 1072
2Ac 7.01 5 0.14

f“Po 7.53 1.8 ms 3.9 X 102
“Th 9.85 0.11 us 6.3 X 10°

m

-
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Alpha decay: tunneling out of the nucleus

George Gamow, 1928, while visiting Bohr

in Copenhagen and Born and Heisenberg
in Gottingen.

There must be a strong but short-range

nuclear force that overwhelms Coulomb

repulsion.

An alpha particle “trapped” in the nucleus George Gamow (1904-1968)

e
will bang into the “walls” at time intervals Us
of 2R /v or aboutl02? times per second. '
Tunneling rate out of the nuclear potential = P
Lol
goes like (Krane Eqg. 12.24; see Serway ~6 MeV
Example 13.9 on p. 487)

FIGURE 12.11 Barrier penetra-
N\ — v e—2kL \ith k — \/2m(U0 — FE) tion by an alpha particle.

2R A
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Alpha decay of radium

The reaction is

226Ra—222 Rn+3 He + energy

Mass disappears!

Am = (226.025402 — 222.017570 — 4.002603) u = 0.00523 u

Einstein: E = mc? so ‘disappeared’ mass becomes en&psee Serway Eq. 13.16)

931.5 MeV/c?
u

Q = (Am)c* = 0.00523 u - = 4.87 MeV

That energy? gets split between and nucleug:

1
Q = 5 [mxva% + mavi}
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Alpha decay of radium Il

Conservation of momentumi v, = mqveq, SO inserting this into

Q= (1/2) {mxvg L mavg] ives

Q= l[mg‘vg“ mgvg‘} L {% + 1]
2| mg Moy x
A—14 o 4
Now Ko = (1/2)mav? andm, ~ mq S0 2 —
4 My A—4
Therefore
{ma—i—l]—{ 4 +A—4}_ A
My ClA—-4 A—-4] A—4
A A—4 . L
We then have) = K, 11 orKo =Q (compare with Serway Eg. 13.19, which is
written in terms ofK,, and the mass of the daughter rather than the parent).
226 — 4

= 4.79 MeV som, carries little kinetic energy.

-
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Beta decay

-

Beta or3 decay involves the emission of an electr@it () or its antimatter partner, a positron

(371), from the nucleus.

Remember that in alpha decay we found a well-defined rekstiiprbetween the energy of the

emitted alphak, and the total energy releasédof K, = Q (compare with Serway

Eq. 13.19, which is written in terms df ., and the mass of the daughter rather than the
parent). This was due to requiring the simultaneous coasiervof energy and momentum.

Finding such well-defined energies of decays implied:
— Some set of discrete energy states in the nucleus

— The energy released is the difference between two states
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Beta decay Il

e Experimentally it is found that decay yields a wide range of kinetic energies. If discrete

energy states are producing the betas, how can we explastrdodied spectrum?

— There must be a partner particle emitted in beta decay wiitbhwtb share momentum
and energy.

— It must be electrically neutral.

— From examining mass differences and energy release beafdrafter decay, we can

calculateAm c? and infer that the particle must be very light.

e In 1930, Wolfgang Pauli proposes the existence of the meatri No charge, almost no mass

(present experimental limits are roughly 0.1-2 éfor the electron neutrino)

e Infact, there are two other leptons besides the elecjuaat (05 MeVE?, T at 1777 MeVé?),
and each lepton has its own neutrino typeandv.-. They are rare and we won't discuss

them further.

e The force that describes this is ttveak nuclear force (and at high energies we have

electroweak unification).
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Example beta decays

e Decay of the neutron produces an electron andrdéinneutrino:
n — p+ e~ + vorinnucleif Xy —>1§+1 XNy i t+e +v
Energy released) = [m(4X) — m(AX")]c? (after keeping track of the electron gained by

the z 1 X’ nucleus)

e Decay of the proton (lifetime of free protons is at leag#3 years):
p—n+et +vorinnucleiz Xy —4_ | Xiy , +et +v
Energy released? = [m(4X) — m(AX') — 2me]c?

e Another reaction iglectron capture by a proton:
p+e  —n+vorinnucleiZ Xy +e” =4 | Xy +v

Energy released) = [m (4 X) — m(4 X")]e? given almost entirely to the neutrino.

TRBLE 12.3  TYPICAL BETA DECAY PROCESSES

Decay Type Q (MeV) tr
See Serway Table g L wp .. 45 8- 4.82 27 s
: _ 76Lu — Hf + e~ + ¥ B 1.19 3.6 X 10"y
13.4, or this table: AL > BMg + e* + v B 326 72 s

3?41 — IZ-lTe _E et + p [j 2.14 42 d
lbO + e — 1:‘l\I + v EC 275 122 S

Tm + e~ — "Er + v EC 0.31 129 d
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Gamma decay

-

Photons released as a result of transitions betw
nuclear energy levels (just like with electronic tral
sitions, except the energies are much larger!). ¢

Serway Fig. 13.20 for one example; here’s anoth

1.088 MeV
72 73
v 0.412 MeV
N
Y 0
198Hg

FIGURE 12.15 Some gamma rays
emitted following beta decay.

-
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Decay chains

We've outline the basic radioactive decay processes. lnrfadioactive isotopes often involve a series

of decays, and they can include branching:

Q,
G 0-0
-

FIGURE 12.16 An example of a
hypothetical radioactive decay chain.

Three natural heavy-element decay chains wind up produtiffegent isotopes of lead:
238U —296 Pb (¢ /o = 4.47 x 10° years)
235U —237 Pb (¢ /o = 7.04 x 108 years)
232Th —238 Pb (¢1 2 = 1.41 x 10 years)

o -
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An example decay chain

The half-life of33°U — 297 Pbist; ;o = 7.04 x 10° years

| .

235

231

227

223

219

215

211

207

207pp, O==—0 3~ decay

207T|

80 85 90

FIGURE 12.17 The U decay chain.

ee also Serway Fig. 13.21.
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Stable isotopes (again)

Why are only certain steps allowed on the chain? We will samthé liquid-drop model of the

nucleus.
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FIGURE 12.7 Stable nuclei are shown in dark; known radioactive nuclei are in
lght shading.
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Radioactive dating

If we assume that we start out with all parent nuclei, we caasuee the ratio of daughter to

parent nucleii (for example by using a mass spectrometeal@termine the age of an object.

Consider the case of carbon datifgC is created at a steady rate fréfiC by cosmic ray

irradiation of the atmosphere, leading to a steady ret®/'2C=1.3 x 10~ !2.

Note that carbon content of the atmosphere is increasing: &6 gone from 280 ppmv in the
year 1800, to 378 ppmv at the end of the year 2004. Methane qri€&lso increasing in the
atmosphere although it is present in the atmosphere at bolytd .8 ppmv. However, the

14C/12C ratio should remain the same.

Carbon in the atmosphere is taken up by plants which are thtem &y animals, so that
everything gets about the sartfeC/12C ratio. When something (you, a tree, or a rabbit) dies,

it stops cycling carbon.

We can measure th¢'C/'2C ratio in a mass spectrometer, but only if we can break aplart a

-
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molecules (for example, rip the carbons out of the amino glgicine G;H5NO2).



-

An example of using carbon dating

e Example 13.11, Serway p. 490. To repeat our basic informatig , for 14C is 5730 years,

or

log(2) 0693 1y 1d 1h

A= losl2) _ 0693 1y 1d —3.83x 1071257,
ty;2 5730y 365d24h3600s

and “fresh” carbon has the ratld C/12C=1.3 x 10—12,

The intial number of2C atoms is

25.09 6.02 x 1023 atoms
12.0 g/mol 1 mol

= 1.26 x 10%* atoms

The initial number of4C atomsisl.3 x 10~12.1.26 x 10?4 = 1.6 x 1012 atoms.

The activity of 25.0 g of “fresh” carbon due to it§ C mass fraction is thus
Ro = NoX = (1.6 x 1012 atomg - (3.83 x 1072 s71) = 6.13 decays/s

or 370 decays/minute.

=
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Carbon dating Il

=

Let's say we measure an activity in “old” carbon of 250 dedaysute. We have

R N  _,,
= = e
Ry NoA

becauseV = Nge~*t. Taking the logarithm of both sides gives

In 2
In(R/Ry) = —M=——1¢
t1/2
In(Ro/R In(370,/250
Eo= ts B(R0/R) 5504y RBT0/250) _ o940y
In 2 In 2

Note that whem? — 0 we have problems; it’s hard to date back more than about Tdived.

-
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