CHAPTER 30: Nuclear Physics and Radioactivity

Answersto Questions

Different isotopes of a given element have the same number of protons and electrons. Because they
have the same number of electrons, they have almost identical chemical properties. Each isotope has a
different number of neutrons from other isotopes of the same element. Accordingly, they have different
atomic masses.

Identify the element based on the atomic number.
(a) Uranium (A =92)

(b) Nitrogen (A =7)

(c) Hydrogen (A =1)

(d) Strontium (A = 38)

(e) Berkelium (A =97)

The number of protonsis the same as the atomic number, and the number of protonsis the mass number
minus the number of protons.

(a) Uranium: 92 protons, 140 neutrons

(b) Nitrogen: 7 protons, 11 neutrons

(c) Hydrogen: 1 proton, O neutrons

(d) Strontium: 38 protons, 44 neutrons

(e) Berkelium: 97 protons, 150 neutrons

With 88 nucleons and 50 neutrons, there must be 38 protons. Thisis the atomic number, and so the
element is strontium. The nuclear symbol would be 5 Sr .

The atomic mass of an element as shown in the periodic table is the average atomic mass of all
naturally-occurring isotopes. For example, chlorine occurs as roughly 75% >Cl and 25% 2 Cl, and so

itsatomic massis about 35.5. Thisisthe average atomic mass that a sample of naturally-occurring
chlorine would have. Other smaller effects would include the fact that the masses of the nucleons are
not exactly 1 atomic mass unit, and that some small fraction of the mass energy of the total set of
nucleonsisin the form of binding energy.

There must be some force holding the nucleus together. For al nuclei with atomic numbers greater
than 1, there are protons packed very close to each other. If the only force present between the protons
were the electrostatic force, the protons would repel each other and no nuclei would be stable. Since
there are stable nuclel, there must be some other force stronger than the electrostatic force, holding the
nucleus together — the strong nuclear force.

Similarities between the electromagnetic force and the strong nuclear force: They will both act on
charged particles. Differences between the electromagnetic force and the strong nuclear force: The
strong force is a short-range force, while the electromagnetic force is an infinite-range force. The strong
forceisonly attractive, while the electromagnetic force can be either attractive or repulsive. The strong
force acts between all nucleons no matter whether they are charged or neutral, while the electromagnetic
force acts only on charged particles. The strong nuclear force is much stronger than the electromagnetic
force.
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10.

11.

13.

14.

15.

Quoting from section 30-3, “... radioactivity was found in every case to be unaffected by the strongest
physical and chemical treatments, including strong heating or cooling and the action of strong chemical
reagents.” Chemical reactions are aresult of electron interactions, not nuclear processes. The absence
of effects caused by chemical reactionsis evidence that the radioactivity is not due to electron
interactions. Another piece of evidence is the fact that the a-particle is much heavier than an electron
and has adifferent charge than the electron, so it can’'t be an electron. Therefore it must be from the
nucleus. Finaly, the energies of the electrons or photons emitted from radioactivity are much higher
than those corresponding to electron orbital transitions. All of these observations support radioactivity
being a nuclear process.

For gammadecay: 5Cu - >Cu+y. Theresulting nuclideisstill %Cu.

For betaemission: 5Cu - >Zn+e +V. Theresulting nuclideis 3, Zn.

For positron emission: %Cu - 2Ni+e" +v. Theresulting nuclideis 3 Ni .

The %> U nucleus has 92 protons and 146 neutrons. It decays by a-decay (see appendix B), losing 2

protons and 2 neutrons. Thus the daughter nucleus has 144 neutrons. “2U - jHe+ % Th.

According to appendix B, it also can decay from an excited state via gamma radiation to a lower energy

?>U, which has 146 neutrons.

Gammarays are neutrally charged, they are made up of high energy photons (travel at c), and they have
no mass. Alpharays are made up of helium nuclei, they are the most massive of these three particles,
and they have a charge of +2e. Betarays are made up of electrons or positrons, they can be either
positively or negatively charged, and the particles are accompanied by either a neutrino or an
anti-neutrino upon decay.

(@ *Na - »Mg+e +V Magnesium-24 is formed.

(b) “Na - ZNe+e" +v Neon-22 is formed.

(©) %P0 - He+’0Pb L ead-206 is formed.

@IP - ZS+e +V Sulfur-32 is formed.

b)>S - >*Cl+e +v Chlorine-35 is formed.

(©) ’aBi - ,He+™TI Thallium-207 is formed.

(@ Ca - Sc+e +V Scandium-45 is the missing nucleus.

(b) 5Cu - XCu+y Copper-58 is the missing nucleus.

(€ 2Cr - “V+e +v The positron and the neutrino are the missing particles.
(d)%Pu - DU+a Uranium-230 is the missing nucleus.

(e *Np - “2Pu+e +V The electron and the anti-neutrino are the missing particles.

Thetwo “extra’ electrons are no longer bound tightly to the nucleus (since the nucleus lost two
positively charged protons), and so those extra el ectrons can move away from the nucleus, moving

© 2005 Pearson Education, Inc., Upper Saddle River, NJ. All rightsreserved. This material is protected under all copyright laws as they
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

335



Chapter 30 Nuclear Physics and Radioactivity

16.

17.

18.

19.

20.

22

23.

24,

towards a higher electric potential or some other positively charged object. They are not “emitted”
during the decay, since they do not receive any of the kinetic energy from the decay. If they are closeto
each other, they would repel each other somewhat.

With 3" or B* decay, the number of protonsin the nucleus changes. In 3 decay, the number of protons
increases, and in B* decay, the number of protons decreases. Thus, the charge of the nucleus changes
and when this occurs all of the energy levels of the atomic electrons changein size. Recall that both the
energy values of the level and the Bohr radii are dependent on Z (the charge of the nucleus). Thus, after
the decay, thereisalot of shuffling around of the electrons into the new and different energy levels.

The electrons will change energies to occupy the new energy levels, and so many photons corresponding
to those energy level changes will be emitted.

In alpha decay, assuming the energy of the parent nucleus is known, then the unknowns after the decay
are the energies of the daughter nucleus and the alpha. These two values can be determined by energy
and momentum conservation. Since there are two unknowns and two conditions, the values are uniquely
determined. In beta decay, there are three unknown post-decay energies since there are three particles
present after the decay. The conditions of energy and momentum conservation are not sufficient to
exactly determine the energy of each particle, and so arange of possible valuesis possible.

In electron capture, the nucleus will effectively have a proton change to a neutron. This isotope will
then lie to the left and above the original isotope. Since the process would only occur if it made the
nucleus more stable, it must lie BELOW the line of stability in Fig. 30-2.

Neither hydrogen nor deuterium can emit an a particle. Hydrogen has only one nucleon (a proton) in its
nucleus, and deuterium has only two nucleons (one proton and one neutron) in its nucleus. Neither one
has the necessary four nucleons (two protons and two neutrons) to emit an a particle.

Many artificially produced radioactive isotopes are rare in nature because they have decayed away over
time. If the half-lives of these isotopes are relatively short in comparison with the age of Earth (whichis
typical for these isotopes), then there won't be any significant amount of these isotopes |€eft to be found
in nature.

After two months the sample will not have completely decayed. After one month half of the sample will
remain, and after two months, one-fourth of the sample will remain. Each month half of the remaining
atoms decay.

None of the elements with Z > 92 are stable because there is no number of neutrons that are capable of
using the strong force in overcoming the electric repulsion of that many positive charges in such close
proximity.

There are atotal of 4 protons and 3 neutrons in the reactant particles. The a-particle has 2 protons and 2
neutrons, and so 2 protons and 1 neutron are in the other product particle. It must be Helium-3.

6y : 1 4 3
LI+ p - ,a+,He

The technique of *C would not be used to measure the age of stone walls and tablets. Carbon-14

dating is only useful for measuring the age of objects that were living at some earlier time. Also,
Carbon-14 dating is only useful for determining the age of objects less than about 60,000 yearsold. The
stone from which the walls and tablets were made would be much older than 60,000 years.
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25. Ininternal conversion, thereis only one decay product (an electron) gjected from the nucleus, and so the
electron would have a unigque energy, equal to the kinetic energy that an emitted y ray would have
(minus the binding energy of the electron). In 3 decay, there are two decay products gjected from the
nucleus (the electron and the neutrino), and the electron will have a range of possible energies, as
discussed in question 17.

Solutionsto Problems

Note: A factor that appearsin the analysis of energiesis
ke? =(9.00 x10° Nom?/C?)(1.60 x10™° C)" =2.30 x10°% Jom =L44MeV+fm.

1. We convert the units:
_ (139mev/c?)

m= (931.5Mev/uc?) =[0140u]

2. Thea particleis ahelium nucleus:
1
=(12x107 m) A’ =(1.2 x10 m)(4): =[L9 x10% m] =L.97m.

3. Tofindtherest mass of an a particle, we subtract the rest mass of the two electrons from the rest mass of
a helium atom:

m, =M, —2m,
= (4.002602u)(931.5MeV/uc?) - 2(0.511MeV/c?) =[3727MeV/c?,

(]

(@) Theradiusof *Cu is

r=(L2x10%m) A =(1.2 x10™° m)(64)> <[4.8 x10" m] =4.8fm.

(b) Wefind the value of Afrom
1
r=(12x10"m)As;
1
39x10m=(1.2 x10™ m) A°, which gives A=

5. (@) Themass of anucleuswith mass number AisA uanditsradiusis
1
r= (1.2 x10™ m) A3,
Thusthe density is

Vv
(166 %107 kg/u) (1.6 x107" kg/u)

3’ 4{12x10% m)’ A

=[2.29 x 10" kg/m’,| independent of A,
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(b) Wefind the radius from
M = pV;
5.98 x 10* kg =(2.29 x10" kg/m’ )4 77R®, which gives R=[180m]
(c) For equal densities, we have
Mean _ My .
%]TIQEar'(h3 % ]TUS ’
(5.98x10* kg) _(238u)(1.66 x10™* kg/u)

= . , which gives r, =|2.58 x10™°m.

(6.38x10°m)’ fy

p:

6. (@) Thefraction of massis
mo (1.67x10?"kg)

(m, +m) (L67x10% kg +9.11x10kg
(b) Thefraction of volumeis

¥ [ (r2xw0tm) T _
(rl J _[(0.53><1O'1°m)] =[L2x10™]

atom

)=

7. Electron massis negligible compared to nucleon mass, and one nucleon weighs about
1.0 atomic mass unit. Therefore, in a 1.0-kg object,

_ (1.0kg)(6.02x10” u/kg)
- 1.0u/nucleon

It does . matter what the element is, because | the mass of one nucleon is essentially the same for |
all elements.

8. Wefind theradii of the two nuclei from
1

R=r,A%;

=|6 x 10%* nucleons.

R, = (L2fm)(4)s =19fm;

1
R, =(1.2fm)(238)§ =7.4fm.
If the two nuclei are just touching, the Coulomb potential energy must be the initial kinetic energy of the

a particle:
Z,Z ke’
KE =PE =
(R, +R,)
_ (2)(92)(1.44MeV+fm)

=|28MeV.
(1.9fm + 7.4fm)

9. From Figure 301, we see that the average binding energy per nucleonat A=40is8.6MeV.
Thus the total binding energy for “Ca is

(40)(8.6Mev) =[310MeV
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10. (a) From Figure 30-1, we see that the average binding energy per nucleon at A=238is 7.5MeV.
Thus the total binding energy for **U is
(238)(7.5Mev) =[L.8 x10° MeV |
(b) From Figure 30—1, we see that the average binding energy per nucleonat A=84is8.7MeV.
Thus the total binding energy for *Kr is

(84)(8.7MeV) =[730MeV |

11. Deuterium consists of one proton and one neutron. We find the binding energy from the masses:
Binding energy = [m(lH) + m(ln) - m(ZH)]c2
=[(1.007825u) + (1.008665u) - (2.014102u) |c?(931.5MeV/uc?) =

“N consists of seven protons and seven neutrons. We find the binding energy from the masses:
Binding energy = [7m(1H) + 7m(ln) - m(l“N)]C2
= [7(1.007825u) + 7(1.008665u) - (14.003074u)]c2 (931.5MeV/ucz) =104.7MeV.

Thus the binding energy per nucleon is
(104.7MeV)

14

=|7.48MeV.

13. Wefind the binding energy of the last neutron from the masses:
Binding energy =[m(39K) + m(ln) —m(“oK)]c2
=[(38.963707u) + (1.008665u) - (39.963999u) |c* (931.5MeV / c?)

SAEY

14. (a) °Li consists of three protons and three neutrons. We find the binding energy from the masses:
Binding energy = [Bm(lH) + 3m(ln) - m(eLi)]c2
= [3(1.007825u) + 3(1.008665u) - (6.015121u)] c? (931.5M ev/ ucz)

- zawier]

Thus the binding energy per nucleonis

(b) *®Pb consists of 82 protons and 126 neutrons. We find the binding energy from the masses:
Binding energy = [82m(1H) + 126m(1n) - m(2°8 Pb)]c2
=[82(1.007825u) + 126(1.008665u) - (207.976627u) |c* (93L5Mev/uc? )

-[L64Gev.

Thus the binding energy per nucleon is

1.64GeV _
LOICR! _ r7inev,
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15. ®Na consists of 11 protons and 12 neutrons. We find the binding energy from the masses:
Binding energy = [11m(1H) + 12(1n) - m(23 Na)]c2
=[11(1.007825u) +12(1.008665u) ~ (22.989770u) |c?(931.5MeV,/uc?)

=186.6MeV.
Then the average binding energy per nucleon is
% =|8.11MeV/nucleon |

Similarly, for *Na,
Binding energy = [11m(1H) + 12(1n) - m( 2 Na)]c2
=[11(1.007825u) + 13(1.008665u) — (23.990963u) |c* (931.5MeV/uc?)

=193.5MeV,

and the average binding force per nucleon is % =|8.06MeV/nucleon |

16. Wefind the required energy for separation from the masses.
(a) Removal of aproton creates an isotope of nitrogen:

Energy(p) =[m(15N) + m(lH) - m(“”O)]c2

=[(15.000108u) + (1.007825u) — (15.994915u) ] ¢ (931.5MeV/uc?) =

(b) Removal of a neutron creates another isotope of oxygen:
Energy(n) =[m(l5o) + m(ln) - m(l‘so)]c2
=[(15.003065u) + (1.008665u) - (15.994915u) | c* (931.5MeV/uc?) =

The nucleons are held by the attractive strong nuclear force. It takes less energy to remove the proton
because there is also the | repulsive electric force| from the other protons.

17. (a) Wefind the binding energy from the masses:
Binding energy = [Zm(“He) - m(sBe)]c2
=[2(4.002602u) - (8.005305u) | c? (931.5MeV/uc?) = —0.094MeV .

Because the binding energy is negative, the nucleus is unstable.
(b) We find the binding energy from the masses:

Binding energy = [3m(4He) - m(lZC)]c2
=[3(4.002602u) - (12.000000u) |¢*(931.5MeV/uc?) = +7.3MeV.
Because the binding energy is positive, the nucleus is

18. Thedecay is H - 3He + Se +V. When we add an electron to both sides to use atomic masses, we see

that the mass of the emitted S particle isincluded in the atomic mass of *He,
Thusthe energy released is

Q=|m(°H) - m(*He) |¢* =[(3.016049u) - (3.016029u) |c* (931.5MeV/uc?) = 0.0186MeV

- f55HeV]
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19. Thedecay is ;n - ;p + e +V. Wetake the electron mass to use the atomic mass of *H. Thekinetic

energy of the electron will be maximum if no neutrino is emitted. If weignore the recoil of the proton,
the maximum kinetic energy is

ke=[ m(*n) - m(*H) |c* =[ (1.008665u) - (1.007825u) ]c* (93L.5MeV/uc*) =[0.783MeV |

20. For the decay %C - 2B + 1p, we find the difference of theinitial and the final masses:
Am= m(“C) - m(10 B) - m(lH)
=(11.011433u) - (10.012936u) - (1.007825u) = -0.0099318u.
Thus some additional energy would have to be added.

21. If ZNa werea B~ emitter, the resulting nucleus would be Mg, which hastoo few neutrons relative to

the number of protonsto be stable. Thuswe have a

For thereaction 2Na - 2Ne+ B +v, if we add 11 electrons to both sides in order to use atomic

masses, we see that we have two extra el ectron masses on theright. The kinetic energy of the 8* will be
maximum if no neutrino is emitted. If we ignore the recail of the neon, the maximum kinetic energy is

KE = [m(22 Na) - m(%Ne) - 2m(e)]c2
=[(21.994434u) - (21.991383u) - 2(0.00054858u) |c* (931.5MeV/uc? ) =[1.82MeV |

22. For each decay, we find the difference of the initial and the final masses:
(@) Am= m(mU) - m(235U) - m(ln)
= (236.045562u) - (235.043924u) - (1.008665u) =-0.00703u.

Because an increase in massis required, the decay is|not possible.

(b) Am= m(16o) - m(lso) - m(ln)
= (15.994915u) - (15.003065u) — (1.008665u) = -0.0168U.

Because an increase in massis required, the decay is|not possible.

(c) Am= m( 23Na) - m( 22Na) - m(ln)
=(22.989767u) - (21.994434u) - (1.008665u) = -0.0133u.

Because an increase in massis required, the decay is|not possible.

We find the final nucleus by balancing the mass and charge numbers:
Z(X)=z(U) -Z(He) =92 -2 =90;
A(X)=A(U) - A(He) =238 -4 =234, so thefinal nucleusis %, Th.
If weignore the recoil of the thorium, the kinetic energy of the a particleis
KE =[m(238U) - m(234Th) - m(“He)]cz;
4.20MeV = (238.050783u) — m(**'Th) - (4.002602u) |¢*(931.5MeV/uc?),

which gives m(*Th) =
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24. The kinetic energy of the electron will be maximum if no neutrino is emitted. If we ignore the recoil of
the sodium, the maximum kinetic energy of the electronis

KE = [m(ZSNe) - m( s Na)]c2

=[(22.9945u) - (22.989767u) |c* (931.5MeV/uc?) =[4.4MeV |

When the neutrino has all of the kinetic energy, the minimum kinetic energy of the electronis
The sum of the kinetic energy of the electron and the energy of the neutrino must be from the mass

difference, so the energy range of the neutrino will be [0< E, < 4.4MeV |

25. We use conservation of momentum:
o(‘a)= p(*):

J2m, (g, ) =,/2m, (KEX);
(e, = (ke ) = (5.0Mev) =[0.0B5MeV:

X

26. Thereactionis $Co - 2Ni+ B~ +v . Thekinetic energy of the g~ will be maximum if
no neutrino is emitted. If weignore the recoil of the nickel, the maximum kinetic energy is
KE =[m(6°Co) —m(GONi) —m(e)]c2

=[(59.933822u) - (59.930791u) —(0.000549u) ]c* (931.5MeV /uc? ) =

27. (&) Wefind the final nucleus by balancing the mass and charge numbers:
Z(x)=2(P) -z(e)=15-(-1) =16,
A(x)=A(P) - A(e) =32 -0 =32, sothefinal nucleusis |5;S
(b) If weignoretherecail of the sulfur, the maximum kinetic energy of the electronis
KE =[m(32 P) - m(BZS)]CZ;
1.71MeV =[ (31.973908u) - m(*S) |c* (981.5MeV/uc?),

which gives m(328) =

28. For alphadecay we have % Po - “2Pb + ;He. TheQvaueis
Q =[m(218Po) - m(z“Pb) - m(“He)]c2

=[(218.008965u) - (213.999798u) - (4.002602u) |c*(931.5MeV/uc?) =

For beta decay we have % Po — “2At + Je. TheQvalueis
Q= I:m(218 PO) _ m(218At)]CZ
=[(218.008965u) - (218.00868u) |c* (931.5MeV/uc?) =[0.27MeV ]

29. For the electron capture ;Be + Je - [Li +v, we seethat if we add three electron masses to both sides
to use the atomic mass for Li, we use the captured electron for the atomic mass of Be.
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We find the Q value from
Q =[m(7Be) - m(7Li)]c2
=[(7.016928u) - (7.016003u) ] ¢*(931.5MeV/uc’) =[0.861MeV |

30. Wefind the energy from
6.63x10™* Js)(3.00 x10° m/s
n_ | ) 9

A (1.00x10™%m)(1.602 x10™ J/ev) =[124mev |

Thisisa y ray from the nucleus. Electron transitions do not involve this much energy.

31. Thekinetic energy of the S* particle will be maximum if no neutrino is emitted. |f we ignore the recoil
of the boron, the maximum kinetic energy is

KE =[m(“C) - m(“B) - 2me]c2

=[(11.011433u) - (11.009305u) —2(0.00054858) ] c* (931.5MeV/uc’ ) =[0.960MeV |

The sum of the kinetic energy of the 8" particle and the energy of the neutrino must be from the mass
difference, so the kinetic energy of the neutrino will range from|0.960 MeV to 0. |

32. Wefind the recoil energy using the fact of conservation of momentum:
E

/4

py:?:pK;

2
e, =R —(Cj = (1.46Mev) =2.86 x10°MeV =[28.6eV]
“ 2m  2m  2(400u)(931.5MeV/uc?)c? —

If we ignore the recoil of the lead, the kinetic energy of the a particleis
KE =[m(21°Po) - m(2°6Pb) - m(“He)]c2

=[(209.982848u) - (205.974440u) ~(4.002602u) |c* (931.5MeV/uc®) =[5.41MeV |

34. Thedecay is 25U — 2 Th + jHe. If the uranium nucleusis at rest when it decays, for momentum

conservation we have

Py = Prs-
Thus the kinetic energy of the thorium nucleusis

_Pn’ _ P _[M _| _4u —

e = 2= B (e ) 20 s 20mev)
The Q valueisthe total kinetic energy produced:

Q=KE, +KEp, =4.20MeV +0.0718 =4.27MeV |

35. For the positron-emission process
zaX = X € +y,
weneed to add Z + 1 electronsto the nuclear mass of x to be able to use the atomic mass. On the right-
hand side we use Z electrons to be able to use the atomic mass of x'. Thuswe have 1 electron mass and
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the S-particle mass, which means that we must include 2 electron masses on the right-hand side.
The Q value will be

Q=[M, = (M, +2m)]c? = (M, =M, —2m,)c’.

We find the decay constant from
AN =ANe™;
320decays/min = (1280decays/min)e™"“*" | which gives A =0.30Y/h.
Thusthe half-lifeis

0.693 _ 0.693
T, = = =[2.3h.
5 A (030vh)

2

37. (&) Thedecay constant is

0693 0693 —

2
(b) Thehalf-lifeis
_0.693_  0.693
T, = - 5 1
;A (82x107s

] =8450s =|2.3h,

38. The activity of the sampleis

AN _ | 0693 0.693
At T (5730yr)(3.16 x 10" s/yr)

(3.1 ><102°) =|1.2 x10° decays/s.|

39. Wefind the fraction remaining from
N =N,e™;

[(0.693)(3.0yr)(12m0/yr)
=€

9mo } :

N
- = e
NO

40. Thefraction leftis

T =(3)" =(4)" =[0.015625]

NO

41. We find the number of nuclei from the activity of the sample:

At
0.693
640decays/s = ( ) N, which gives N =|1.30 x 10 nuclei.
(4.468x10° yr)(3.16 x 10" s/yr)

42. Because only a particle decay changes the mass number (by 4), we have
a (235 - 207)
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An a particle decreases the atomic number by 2, whilea S~ particle increases the atomic number by 1,
so we have
_[92-82-7(2)]

Ny (-1) :

The decay constant is

0.693 0.693 &
= = =1.000 x107°s™,
T,  (8.02days)(24h/day)(3600s ) s

2
The initial number of nuclel is

[(682 x10°g)
N, =|~+——-
(131g/mol)
(@) When t =0, we get
AN =ANge™ =(1.000 x10°s™)(3.134 x10” )’ =[3.13 x10" decays/s.
(b) When t =1.0h, the exponent is
At =(1.000 x10°s™)(1.0h)(3600s/h) =3.600 x10~,
so we get
AN =ANge™ =(1.000 x10°s)(3.134 x10*) e °®*® =[3.12 x10” decays/s|
(c) When t =6 months, the exponent is
Mt =(1.000 x10°° s ) (6mo) (30.5days/mo) (24h/day) (3600s/h) =15.81,
so we get
AN =ANge™ =(1.000 x10°s)(3.134 x10°*) e =|4.26 x10° decays/s.

](6.02 x 10 atoms/mol ) =3.134 x10° nucle.

44. The decay constant is
_0.693 _ 0.693

A = ———_=0.0225s".
T, (308s)
2
(&) Theinitia number of nuclei is
8.8x107°
N, = u(&OZ x10% atoms/mol) =|4.3 x10% nuclei.|
(124g/mol)

(b) When t =2.0min, the exponent is

Mt =(0.02255)(2.0min)(60s/min) =27,
SO we get

N =Nye™ =(43x10°)e?” =[2.9 x10° nuclei |

(c) Theactivity is
AN =(0.02255)(2.9 x10) =[6.5 x10" decays/s|

(d) Wefind the time from
AN =ANe™;
1decay/s = (0.0225s*)(4.3 x10°*)e ", which gives t =153 x 10°s =[26min |
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45. We find the number of nuclei from
Activity = AN;

0.693
(1.28x10°yr)(3.16x10" s/yr )

2.0x10° decays/s =[ N, which gives N =1.17 x 10% nuclei.
Themassis

(1.27 x10” nuclei) (40.0g/ mol
= =|0.77g.
m 6.02 x 10” nuclei / mol

46. The number of nuclel is

9.7x10°°
N = (—g) (6.02 x 10 atoms/mol ) =1.82 x10" nuclei.
(32g/mol)

The activity is

AN = M 1.82 x10" ) =[1.0 x10" decays/s.
(L23x10°5) /
. S

47. We find the number of nuclei from
Activity = AN;

2.65 x 10° decays/s = [( (069)

———— 7 _IN, whichgives N =2.89 x10* nuclei.
7.55%10°s)

Themassis
(2.89 x 10 nuclei)
= 35 ) =]1.68 x10 ™ g.
" [(6.02 x10% atoms/mol)]( g/mol) n

48. (a) The decay constant is

T, (159x10°yr)(316 107 s/yr)

(b) Theactivity is
AN =(1.38x10™s)(7.50 x10") =1.03 x10’ decays/s =|6.21 x10° decays/min|

49. We find the number of half-lives from

1 =(4)", or nlog2=10g10, which gives n=3.32.

2

E =
Thusthe haf-lifeis
8.6min
1 -t =g =|2.6min.
= n 3.32

2
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50. Because the fraction of atoms that are **C is so small, we use the atomic weight of **C to find the number
of carbon atomsin 285 g:

N = {%}(aoz x 10 atoms/mol ) =143 x10% atoms

The number of *C nuclei is
— 1-3 25 — 3 -
N, = Fj (1.43x10”) =1.86 x10” nudlei,

The activity is

= 0.693 N
AN = (5730yr)(3.16 10" S/yr)](l.se x10") =[71decays/s]

51. We find the number of nuclei from
Activity = AN;

(0.693)
1.28x10°s)(3.16 x 10 s/yr)

6.70 x 10° decays/szl( ] N, which gives N =3.91x10" nuclei.

Themassis

(3.91 x 10" nuclei)
= 40g/mol) = 2.60 x10°g =[2.60mg.
[(6.02><1023at0ms/mol)]( g/mol) e

52. We assume that the elapsed time is much smaller than the half-life, so we can use a constant decay rate.
Because ¥ Sr is stable, and there was none present when the rocks were formed, every atom of * Rb that
decayed is now an atom of ¥ Sr. Thuswe have

Ng = —ANg, =ANg, A, or

Ny _| 0.693

At;

Ng, T

1
2

0.693 . )
0.0160=| ————— _ |At, which gives At = -1.1><109 r.

Thisis =2% of the half-life, so our original assumption isvalid.

53. Thedecay rateis

ﬂ:/]N
At

If we assume equal numbers of nuclel decaying by a emission, we have

AN
() a2
At )y — Aps _ 201

ﬁ A214 T 1
At 214 m
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(16x10"s)

) (3.1min)(60s/min) -

54. The decay constant is

1= 0693 _ 0693 _0.0131 152 x107 s

T, (53days)  day

2
(&) Wefind the number of half-livesfrom

i

=(1
&),
At ),

(15decays/s)
(450decays/s)
Thusthe elapsed timeis

At =nT, =(4.91)(53days) =[261days] =8.5months.
2

(b) Wefind the number of nuclei from
Activity = AN;

450decays/s= (152 x10” s )N, which gives N =2.97 x10° nuclei.
Themassis
| (297x10° nuclei)
- [(6.02 x 10% atoms/mol

=(4)", or nlog2=10g30, which gives n=4.91.

)]<7g/mon=

232 228 4 228 228 =
55. | Th| - ERa+ ,a,| GRal - GHAC + 67,

228 228 - | 228 224 4
89AC - 90Th+13 ) 90Th - 88Ra+2a7

224 220 235 231 4
ssRa - %Rn + o, 92U - 90Th +20’,

231 231 - | 231 227 4
o Thl - 5 Pa+ 3,5 Pa - GAC + .0,

227 227 - | 227 223 4
wAC| - G Th+ 7,15 Thl - | Ral + 5a.

56. The decay constant is

A= 0.693 _ 0693 =1.209 x10™/yr.
T, (5730yr)

2

Because the fraction of atoms that are **C is so small, we use the atomic weight of *C to find the
number of carbon atomsin 290 g:

N = {%} (6.02 x 10* atoms/ mol) =1.45 x10% atoms,

so the number of **C nuclei in asample from aliving treeis
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57.

58.

59.

60.

Ny, =(1.3%x107%)(1.45 x10%) =1.89 x10” nuclei.

Because the carbon is being replenished in living trees, we assume that this number produced the activity
when the club was made. We determine its age from

AN =AN,e™;
(1.209 107 /yr)
(3.16 x 10’ s/yr)

which gives t =(1.8 x10* yr.

The number of radioactive nuclei decreases exponentially:
N = Ne™.

Every radioactive nucleus that decays becomes a daughter nucleus, so we have
No =N, =N =[N, (1-¢™).

8.0decays/s= [ ](1.89 x 10" nuclel ) g o0t

We find the number of half-lives from

(AATJ =(3)";

&),
At ),
1.050x10™ =(1)", or nlog2 =Iog(

WJ, which g|VeS n=6.57.

Thus the half-lifeis

4.00h
T, =L _{400N) _; 609h =36.5min.
n 657

2

From the Appendix we see that the isotope is | %3 Pb.

Because the carbon is being replenished in living trees, we assume that the amount of **C is constant until
the wood is cut, and then it decays. We find the number of half-lives from

ﬁ: \".
N0 (2) !

0.060=(%)", or nlog2=log(16.7), which gives n= 4.06.
Thusthetimeis

t =nT, =(4.06)(5730yr) =[2.3 x10%yr]

2

(a) Wefind the mass number from its radius:

r=(12x10"m) A

50x10°m= (1.2 x10™" m) A%, which gives A=

(b) The mass of the neutron star is
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m= A(L66 107" kg/u) =(7.2 x10® u)(1.66 x107 kg/u) 1.2 x10” kg

Note that thisis about 6% of the mass of the Sun.
(c) Theacceleration of gravity on the surface of the neutron star is
_Gm _(6:67x10™" N-m?/kg?)(1.2 x10” kg)

2

r (5.0x10°m)’

=(3.2 x10" m/s’ |

61. Because the tritium in water is being replenished, we assume that the amount is constant until thewineis
made, and then it decays. We find the number of half-lives from

0.10=(4)", or nlog2=log(10), which gives n=3.32.
Thusthetimeis

t=nT, =(3.32)(12.33yr) =[41yr]

2
62. If we assume abody has 70 kg of water, the number of water moleculesis
N (70x10°g)
v 1 (18g/mol )
The number of protonsin awater molecule (H,0) is 2 +8=10, so the number of protonsis

N, =2.34 x10” protons.
If we assume that the time is much less than the half-life, the rate of decay is constant, so we have

](6.02 x 107 atoms/ mol) =2.34 x10°" molecules.

AN _ =] 0693
At T,
2
(proton) _| (0.693) . - :
| figy) (23107 motors). which gives

63. We find the number of half-lives from

)
At ) .
fany -0
)
1.00x10™ =(1)", or nlog2=1log(100), which gives n=6.65, sothetimeis [6.65T, .

2

64. We find the number of “°K nuclei from
Activity = AN,,;
(0.693)
1.28x10°s)(3.16 x 10 s/yr)

60decays/s= [( N,,, whichgives N,; =3.5x10" nuclei.

The mass of “K is

m,, =(3.5x10")(40u)(1.66 10 kg/u) =2.33 x107 kg =[0.23mg]
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From the Appendix we have

N, =(0.0117%) N, and N, =(93.2581%) N.
Thus the number of *K nuclei is
_ | (93.258%)
B {(0.0117%)
The mass of *K is

my, = (2.8 x10?)(39u)(1.66 x10™ kg/u) =1.81 x10 kg =[L8g

39

}(3.5 x 10" nuclei) =2.8 x10% nucle.

65. If theinitial nucleusis at rest when it decays, for momentum conservation we have
pa = pD'
Thus the kinetic energy of the daughter is
2 2
e, =t =0 :(EJ(KEH) :[iJ(KEa) :{iJ(KEa),
2m,  2m, m, A A
Thusthe fraction carried away by the daughter is

) e

(E, + KEp) {(KEH) +(:DJ(KEG)} _{“ [?H

For the decay of #°Ra, the daughter has A, =222, so we get

fraction, = 1 - 0.018.

%)

Thusthe a particle carries away 1 — 0.018 = 0.982 =|98.2%.

66. We see from the periodic chart that Sr isin the same column as|[ calcium. |
If strontium isingested, the body will treat it chemically asif it were calcium, which meansit will be
| stored by the body in bones
We find the number of half-livesto reach a 1% level from

N _ay.
No (2) !

0.01=(%)", or nlog2=1log(100), which gives n=6.64.
Thusthetimeis

t=nT, =(6.64)(29yr) =[193yr]

2
The decay reactions are

0 90 0 T ¥ H H H .
w3 - DY + e+, %Y isradioactive;
0 90 0 T 9 H

0¥ — a0 Zr + e+, Zrisstable.
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67. (a) Wefind the daughter nucleus by balancing the 101

mass and charge numbers: 76 OS
z(x)=2(0s) —Z(e‘) =76 -(-1) =77, B~ (0.14 MeV)
A(X)=A(0s) - A(e") =191 -0 =191, 15110

1(0.042 MeV)

101
7 ir*

so the daughter nucleusis | *3:1r.

(0.129 MeV)
(b) Becausethereisonly one S energy, the 8 191

Ir
decay must be to the higher excited state. 77

68. (@) The number of nuclei is

N = (&J(G.Oz x10% nuclei/ mol) =4.60 x10” nuclei.

131g/mol
The activity is
0.693
= 4.60 x10™ ) =|4.57 x10" decays/s.
[(8.02days) (8.64x10"s/day) ]( ) il

(b) The number of nuclei is

N = (&J(e.oz x10% nuclei/mol ) =2.53 x10” nuclei.

238g/mol
The activity is
0.693
AN = 2.53x107) =|1.24 x10* d S/S.
[(4.47 x10°yr)(3.16 ><107s/yr)]( ) ecays/

69. From Figure 301, we see that the average binding energy per nucleonat A=29 is8.6 MeV.
If we use the average atomic weight as the average number of nucleons for the two stable isotopes of
copper, the total binding energy is

(63.5)(8.6MeV) =

The number of atomsin apenny is

3x10°
N = Q (6.02 x 10% atoms/ mol) =2.84 x10” atoms.
(63.5g/mol)

Thusthetotal energy needed is

(2.84x10%)(550MeV) =157 x10* MeV =[2.5 x10% ]
70. (@) A(“He)=m(“He) - A(*He) =4.002602u -4 =[0.002602u|
= (0.002602u) (93L.5MeV/uc?) =[2.424Mev/c? |
(b) A(™C)=m(™C) - A(**C) =12.000000u -12 =[0]
(© A(*"Ag)=m(*"Ag) - A(*” Ag) =106.905091u ~107 =[-0.094909]
=(-0.094909u)(931.5MeV/uc?) =| -88.41MeV/c? |
(d) A(*U)=m(*U) - A(*°U) =235.043924u - 235 =[0.043924u

= (0.043024u) (93L5MeV/uc?) =[40.92MeV/c? ]
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(e) From the Appendix we see that
A=0for0<Z<8and Z =85
A<Ofor9<ZzZ<84.

71. (a) Theusual fraction of **Cis 1.3x10™*. Because the fraction of atomsthat are 4 is so small,
we use the atomic weight of **C to find the number of carbon atomsin 92 g:
92
n=|(920) (6.02 x 10% atoms/mol ) =4.62 x10* atoms:
(12g/mol)
The number of **C nucle in the sampleis
Ny, =(1.3x107)(4.62 x10*) =6.00 x10” nuclei.
We find the number of half-livesfrom
N n
- G)
0
1
6.00 x 10%
Thusthetimeis

t=nT, =(42.4)(5730yr) =[2.4 x10°yr

2

=(1)", or nIogZzlog(G.OO ><1012), which gives n=42.4.

(b) A similar calculation as above leadsto N,, =1.83 x10°nuclei, n=44.1, and t =2.5x10°yr. Thus,
sample amount has fairly little effect on the maximum age that can be measured, which is on the

order of

72. Because there are so many low-energy electrons available, this reaction would turn most of the protons
into neutrons, which would eliminate chemistry, and thus life.
The Q-value of the reactionis

Q=[m(*H) - m(*n) |¢* =[ (1.007825u) - (1.008665u) |c*(931.5MeV/uc’) = ~0.782MeV.
The percentage increase in the proton’s mass to make the Q-value=0is

( @j(loo) _ [(0.782MeV/ Cz)](lOO) _

m (938.3Mev/c?)

73. Theradiusis given by
mv

(0]=]
We set the two radii equal:
mVe _ MVs,
2B B’
m,V, =2m,V,;
P, =2P;
The energies are given by

2

p

KE =—,
2m
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and therefore
KE, _ P2m; _4m, _4(0.000549u) [5.49x10™
KE; Ppam, m,  4.002603u 1

74. We first find the number of **Sm nuclei from the mass and proportion information:
(0.15)(1.00g)(6.02 x 10” nuclei / mol
147g/mol

The activity level is determined by
Activity level = AN;

120s™ = Of% (6.14 x 1020), which gives T, =3.55 x10'®s =|1.1 x10™ yr.
2

1
2

=6.14 x10%° nuclei.

75. Since amounts are not specified, we may suppose that there are 0.72 g of **U and
—-0.693t
Tl
100.00-0.72=99.28g of “*U. Now weuse N =N, =N *
(@) 1.0x10° years ago,
0.693t
T
NO,235 = N235e :

0.693(1.0 x 109)

=(0.72g)e "™ =1.93g
0,693t
T
Nooss = Ny °
0693(1.0x10°)
= (99.28g)e “***) =11504g.

The percentage of **U was

1.03
190 1 100% =[1.6%)
1.03+115.94 ° >

(b) In 100 x10° years,
0,693t
T
Nyzs = Np € °

—0.693(100 x 106)

=(0.72g)e o=9) - 0 g5

-0.693t
Tl
= 2
N238 - No,238e

—0.693(100 x 106)

= (99.28g)e “***) 297754,
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76.

77.

78.

The percentage of **U will be
0.65

——— % 100% ={0.67%.
0.65 + 97.75

The massof “K is
(400x107g)(0.000117) =4.68 x10g.
The number of nuclei is
4.68 x 10°°g)(6.02 x 10” atoms/mol
40g/moal

N = ( =7.04x10" nuclei.

The activity is
B 0.693(7.04 x 10"
(1277 x10°yr)(3.16 x10"s/yr

REET=ED

The mass of carbon 60,000 years ago was essentially 1.0 kg, for which the corresponding
number of *C atoms would be

_ (10x10°g)(6.02 x 10” atoms/mol )

? 12g/mol

However, asmall fraction will in fact be **C atoms, namely
Ny, =(5.02x10%)(1.3 10 =6.52 x10”atoms

The decay constant is

_0.693 _ 0.693

~ T, (5730yr)(3.16x10"s/yr)

2

=5.02 x10®atoms.

=3.83 x107%.

Activity today, finally, is given by
Activity = AN, =(3.83x10™)(6.52 x10”

) e—(3.83 x107%2)(60,000)(3.16 x107)

=|0.18decays/s.

The mass number changes only with an a decay for which the changeis —4.
If the mass number is 4n, then the new number is 4n — 4 =4(n —1) =4n'. Thusfor each family, we have
4n - 4n -4 - 4n';
An+1-4n-4+1 - 4n' +1;
N+24n-4+2 40" +2;
IN+3-4n-4+3 - 4n" +3.
Thus the daughter nuclides are always in the same family.
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