Chapter 40
Nuclear Physics

Conceptual Problems

1 °
Determine the Concept Two or more nuclides with the same atomic number Z but
different N and A numbers are called isotopes.

(a) Two other isotopes of N are: BN, N
(b) Two other isotopes of *°Fe are: >Fe, *Fe
(c) Two other isotopes of *¥Sn are: >Fe, *°Fe
2 .

Determine the Concept The parent of that series, 2’Np, has a half-life of 2x10° y that is
much shorter than the age of the earth. There is no naturally occurring Np remaining on
earth.

3 .
Determine the Concept Generally, f-decay leaves the daughter nucleus neutron rich,
i.e., above the line of stability. The daughter nucleus therefore tends to decay via 8~
emission which converts a nuclear neutron to a proton.

*4 °
Determine the Concept *C is found on earth because it is constantly being formed by
cosmic rays in the upper atmosphere in the reaction **N + n — *C + 'H.

5 °
Determine the Concept It would make the dating unreliable because the current
concentration of *C is not equal to that at some earlier time.

6 °
Determine the Concept An element with such a high Z value would either fission
spontaneously or decay almost immediately by « emission (see Figure 40-3).

7 .
Determine the Concept The probability for neutron capture by the fissionable nucleus is
large only for slow (thermal) neutrons. The neutrons emitted in the fission process are fast
(high energy) neutrons and must be slowed to thermal neutrons before they are likely to be
captured by another fissionable nucleus.
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8 .
Determine the Concept The process of "slowing down” involves the sharing of energy
of a fast neutron and another nucleus in an elastic collision. The fast particle will lose
maximum energy in such a collision if the target particle is of the same mass as the
incident particle. Hence, neutron-proton collisions are most effective in slowing down
neutrons. However, ordinary water cannot be used as a moderator because protons will
capture the slow neutrons and form deuterons.

9 .
Determine the Concept Beta decay occurs in nuclei that have too many or too few
neutrons for stability. In S decay, A remains the same while Z either increases by 1 (8~
decay) or decreases by 1 (3" decay).

(a) The reaction is: Zﬁ Na—>f§ Ne++fﬂ = | B |decay
(b) The reaction is: “Na—>HMg+ B= | B~ |decay
10 -

Advantages Disadvantages
The reactor uses U, which, by The fraction of delayed neutrons
neutron capture and subsequent emitted in the fission of ?°Pu is very
decays, produces ?**Pu. Thus small. Consequently, control of the
plutonium isotope fissions by fast fission reaction is very difficult, and
neutron capture. Thus, the breeder the safety hazards are more severe than
reactor uses the plentiful uranium for the ordinary reactor that uses 2°U
isotope and does not need a as fuel.

moderator to slow the neutrons
needed for fission.

11 -
(a) False. The nucleus does not contain electrons.

(b) True.

(c) False. After two half-lives, three-fourths of the radioactive nuclei in a given sample
have decayed.

(d) True (given an unlimited supply of *8U).
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12 -

Determine the Concept Pressure and temperature changes have no effect on the internal
structure of the nucleus. They do have an effect on the electronic configuration;
consequently, they can influence K-capture processes.

*13 .

Determine the Concept Knowing the parent nucleus and one of the decay products, we
can use the conservation of charge, the conservation of energy, and the conservation of
the number of nucleons to identify the participants in the decay.

(a) beta decay of °N ENSE0+ 8+07 +Q
(b) alpha decay of ***Fm 2B Em 57 Cf - He + Q
(c) positron decay of **N ZNS2Ct °B+0v +Q
(d) beta decay of ®'Se BSe 8 Br+ 28+ + Q
(e) positron decay of ®*Cu S CUSENI+ B+0y +Q
(f) alpha decay of 2™ 2 Th 5% RatiHe + Q
*14

Determine the Concept We can use the information regarding the daughter nuclei to
write and balance equations for each of the reactions.

(a)| %9Pu —3;n+5Sr++.Ba

(b)| Ge+3He—in+LSe

©[ Z1+IHn+EXe

(d)| ZU+on =20+ Ag+2RN

@) Mn+iLi—>iH+>Co

2381, 1 239y . 239 0p . 0. | 239\[m. 239 0p, 0 239
(0 2 U+n—>"U; U B+ov+7Np; “gNp—  S+ov+| T, Pu
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Estimation and Approximation

15 -

Picture the Problem There is no table of half lives in the text although the information is
mentioned in the alpha particle discussion for alpha decay (about 15 orders of magnitude).
Mass density in an atom ranges roughly as the cube of the radius of an atom to that of the
nucleus, also about 15 orders of magnitude. Nuclear masses only range 2 orders of
magnitude.

Material property Ratio (order of magnitude)
Mass density 10"

Half life 10%

Nuclear masses 2

16 oo

. NS N
Picture the Problem The mass of **U required is given by m,,, = N—M235, where
A

M35 is the molecular mass of U and N is the number of fissions required to produce
10% J. The mass of deuterium and tritium required can be found similarly.

a) Relate the mass of 2°U required N
(@) q Mygs = —— M 235 (1)

to the number of fissions N required: N,
where Mass is the molecular mass of 2°U.

Determine N: N = Eannual
Eperfission
Substitute numerical values and N = 10%°)
evaluate N: B 19
200 MeV/ x 1.60x107J
eV
=3.13x10%

Substitute numerical values in equation (1) and evaluate mzs:

I 3.13x10%
2 6.02x10% nuclei/mol

235g/mol)=| 5.20x10° kg
( )




(b) Relate the mass of H and *H
required to the number of fusions N
required:

Determine N:

Substitute numerical values and
evaluate N:
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_ N
34 —N_A
where M
’H + °H.

My, M 2H+H )

21,5 1S the molecular mass of

E

N — annual

Eperfission
10
1.60x107™°)
eV

N =
18MeV x

=3.47x10*

Substitute numerical values in equation (2) and evaluate m, ,

3.47x10%

m =
2 6.02x10% nuclei/mol

Properties of Nuclei

*17 .

2.88x10° kg

(5g/mol)=

Picture the Problem To find the binding energy of a nucleus we add the mass of its
neutrons to the mass of its protons and then subtract the mass of the nucleus and multiply
by c?. To convert to MeV we multiply this result by 931.5 MeV/u. The binding energy
per nucleon is the ratio of the binding energy to the mass humber of the nucleus.

(a) For **C, Z = 6 and N = 6. Add the mass of the neutrons to that of the protons:

6m, +6m, =6x1.007825u +6x1.008665u =12.098940u

Subtract the mass of *C from this result:

(6m, +6m, )~ m,,_ =12.098940u ~12u = 0.098940u

Multiply the mass difference by c¢? and convert to MeV:

E, = (Am)c? = (0.098940u)c? x

931.5MeV/c?

92.2MeV

1lu
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and the binding energy per nucleon is E—A‘: = 92'21# =| 7.68MeV

(b) For *Fe, Z = 26 and N = 30. Add the mass of the neutrons to that of the
protons:

26m, +30m, = 26x1.007825u +30x1.008665u = 56.463400u

Subtract the mass of *°Fe from this result:

(26mp +30m, )— m,,. =96.463400u —55.934942u = 0.528458u

Multiply the mass difference by c¢? and convert to MeV:

2
E, = (Am)c? = (0.528458u)c? XW =[492Mev
and the binding energy per nucleon is E—Al\’ = 492{_)% =| 8.79MeV

(c) For ®®U, Z =92 and N = 146. Add the mass of the neutrons to that of the
protons:

92m, +146m, =92x1.007825u +146 x1.008665u = 239.984990u

Subtract the mass of 28U from this result:

(92m, +146m, )-m.., | =239.984990u - 238.050783u =1.934207u

Multiply the mass difference by c¢? and convert to MeV:

2
E, = (Am)c? = (1.934207u)c? xw - [1802MeV
u
E, 1802MeV _

and the binding ener er nucleonis 2 =—+——=| 7.57 MeV
g ayp A 238
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18 -

Picture the Problem To find the binding energy of a nucleus we add the mass of its
neutrons to the mass of its protons and then subtract the mass of the nucleus and multiply
by ¢2 To convert to MeV we multiply this result by 931.5 MeV/u. The binding energy
per nucleon is the ratio of the binding energy to the mass number of the nucleus.

(a) For °Li, Z = 3 and N = 3. Add the mass of the neutrons to that of the protons:

3m, +3m, =3x1.007825u +3x1.008665u = 6.049470u

Subtract the mass of °Li from this result:

(3m, +3m, )-m, . =6.049470u—6.015122u = 0.034348u

Multiply the mass difference by ¢? and convert to MeV:

2
E, = (Am)c? = (0.034348u )c? x%liﬂ _[32.0MeV
u
and the binding energy per nucleon is E—A‘: = 32'0% =|5.33MeV

(b) For ¥K, Z = 19 and N = 20. Add the mass of the neutrons to that of the
protons:

19m, +20m, =19x1.007825u + 20x1.008665u = 39.321975u

Subtract the mass of *°K from this result:

(19mp +20m, )— m,,, =39.321975u—38.963707u = 0.358268u

Multiply the mass difference by c¢? and convert to MeV:

931.5MeV/c’

E, = (Am)c? =(0.358268u)c? x 0 334MeV
and the binding energy per nucleon is E—Ab = 3343# =] 8.56 MeV

(c) For ?®Pb, Z = 82 and N = 126. Add the mass of the neutrons to that of the
protons:
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82m, +126m, =82x1.007825u +126x1.008665u = 209.733440u

Subtract the mass of 2®Pb from this result:

(82m, +126m, )~ m,,, , = 209.733440u - 207.976636u = 1.756804u

Multiply the mass difference by c¢? and convert to MeV:

2
E, = (Am)c? = (1.756804u)c’ X%l.slﬂ _[1636MeV
u
and the binding energy per nucleon is E = 163;3% =|7.87MeV

19 -
Picture the Problem The nuclear radius is given by R = ROA”where Ro=1.2 fm.

H 16 ic-
(a) The radius of O is: R, = (L.2fm)(16)° =| 3.02fm
H 56 Tor
(b) The radius of **Fe is: R..., = (1.2fm)(56)"° =| 4.59fm
H 9 To-
(c) The radius of *’Au is: R p, = (1.2fm)(197)"° =| 6.98fm
20 -

Picture the Problem The nuclear radius is given by R = ROA”Where Ro=1.2 fm.

The radii of the daughter nuclei are R = R,A¥ (1)

given by:

Because the ratio of the mass 3 1

numbers of the daughter nuclei is 3 A= 2(239) and A, = 2(239)

to 1:

Substitute in equation (1) to obtain: 13
R, = (1.2fm)(3>< 239) =[6.77fm
and

1/3
R2=(1.2fm)($j =| 4.69fm

*21 o0
Picture the Problem The speed of the neutrons can be found from their thermal energy.
The time taken to reduce the intensity of the beam by one-half, from | to 1/2, is the half-
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life of the neutron. Because the beam is monoenergetic, the neutrons all travel at the same
speed.

(a) The thermal energy of the Enermar = KT
neutron is: 03
= (1.38x10 J/K )(25 + 273)K
=] 4.11x107%")
=4.11x107"] XL_H
1.60x107J
=| 25.7meV
(b) Equate Enermar and the Kinetic Epormal = 1m.v?
energy of the neutron to obtain: emel 2o
Solve for v to obtain: o
thermal
Substitute numerical values and 21
evaluate v: 4 11 1027 J 2.22kmls
67 x10" kg
(c) Relate the half-life, t,,, to the to— X
speed of the neutrons in the beam: 2y
Substitute numerical values and - 1350 km o 1min
evaluate 1, : Y2 2.22kmls 60s
={10.1min

22 .

Picture the Problem We can use the definition of density, the equation for the volume of
a sphere, and the given approximation to calculate the density of nuclear matter in grams
per cubic centimeter.

Express the density of a spherical p= m
nucleus: \
The approximate mass is: m = (1.66 x107 kg)A

Express the volume of the nucleus: V = %”(ROAJJS)S - %ﬂRgA
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Substitute for m and V to obtain: _ (1.66x10% kg)A
SARA
~ 3(1.66x10 7 kg)
4R,
Substitute numerical values and B 3(1.66><10’27 kg)
evaluate p P 47(1.2fm)’
=2.29x10" kg/m®
=| 2.29x10" g/cm®
23 oo

Picture the Problem The separation of the nuclei when they are just touching is the sum
of their radii, which is given by R = ROAJ/S.

The electrostatic potential energy of 0,9, (Z,08)(Z..8)
the system is given by: U=k R k R _+R
Mo La

where R is the distance from the center of
the ®*Mo nucleus to the center of the **La

nucleus.
" . ; ,
The radii of the nuclei are: Ryo = RAL and R, = R A®
Substitute for RMo_and R., and U = ke? (ZMO)(ZLa)
simplify to obtain: R A R A®
0 0o (0] a

_ke? (Zy,)(Z..)

- R 1/3 + 1/3
Substitute numerical values and evaluate U:
y - B99x10°Nm*/C?)(1.60x10™°C  (42)(57)
(L2x10%m) (95 +139")

leVv B
1.60x107°J

=4.71x10™" Jx 295MeV

*24 oo
Picture the Problem The Heisenberg uncertainty principle relates the uncertainty in

. . 1
position, Ax, to the uncertainty in momentum, Ap, by AXAp > Eh

Solve the Heisenberg equation for h

) AD ~ —
Ap: P 2AX
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Substitute numerical values and 1.05x107%J-s

. Ap =

=5.25x10"%"kg - m/s

The kinetic energy of the electron is K= pc
given by:
Substitute numerical values and K = (5_25><10'21 kg - m/s,)(?,xlo8 m/s)
evaluate K: 1oV
—1.58x10 2 Jx——v
1.60x107J

=9.88MeV

This result contradicts experimental observations that show that the energy of electrons in
unstable atoms is of the order of 1 to 1000 eV.

Radioactivity

25 -
Picture the Problem The counting rate, as a function of the number of half-lives n, is
givenby R=(3)'R,.

(a) The counting rate after n half- R= (%)” R,
lives is:
Solve for n to obtain: - In(R/R,)

Substitute numerical values and 0 1000 counts/s
evaluate n: B 4000counts/s )
In(2)
Because there are two half-lives in t1/z =| 5min
10 min:
(b) At the end of 4 half-lives: R = (4)"(4000counts/s) =| 250Bq
26 o

Picture the Problem The counting rate, as a function of the number of half-lives n, is
givenby R =()'R,.

(a) When t = 4 min, two half-lives R = (4)*(2000counts/s)=| 500Bq
will have passed and n = 2:
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(b) When t = 6 min, three half-lives R = (4)°(2000counts/s) = | 250Bq
will have passed and n = 3:

(c) When t = 8 min, four half-lives R = (%)4(2000 counts/s) =|125Bq
will have passed and n = 4.

27 o
Picture the Problem The counting rate, as a function of the number of half-lives n, is
given by R =(4)"R, and the decay constant A is related to the half-life byty, =In2/4.

(a) Relate the counting rate at time Romn = (£)'Ry

t = 10 min to the counting rate at

t=0:

Solve for n: N IN(Ryg i /Ro)

()

Substitute numerical values and In 1000counts/s
evaluate n: | 8000counts/s ) 3
In(3)
Therefore, 3 half-lives have passed 3t]/2 =10min = ty, = 200s
in 10 min:
(b) The decay constant A is related { _In2_, _In2
: . Y2 =, AT
to the half-life by: A t,
Substitute for ty, and evaluate A: . In2 _ 347x10°s "
200s :
(c) Six half-lives will have passed in Roomin = (%)6 (8000 Bq) =[125Bq
20 min:
28 o

Picture the Problem We can use R = AN e~ to show that the disintegration rate is

approximately 1 Ci.

The decay rate is given by: R=ANe™

where Ny is the number of nuclei at
t=0.
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The decay constant A is related to t = In2 1= In2
- ]/2 == =
the half-life by: A t]/2
Substitute for ty, and evaluate A: 1= In2 — 4.28x10™ y-1 % y
1620y 31.56 Ms

=1.356x107s?

The number of nuclei at No = NA/M
t =0 is given by: where M is the atomic mass of radium and
Na is Avogadro’s number.

Substitute numerical values and evaluate 6.02x10%
N, = 22222~ 2.664x10%

No: 226

Substitute numerical values for A and Ny and evaluate R:

R = (1.356x 10 s)(2.664x107 e 1358005 0200 _ 3 57,1010 5"
~3.7x10"s™ =| 1Ci

29 -
Picture the Problem We can use R = (%)" R, to relate the counting rate R to the number

of half-lives n that have passed since t = 0. The detection efficiency depends on the
probability that a radioactive decay particle will enter the detector and the probability
that upon entering the detector it will produce a count. If the efficiency is 20 percent, the
decay rate must be 5 times the counting rate.

(a) When t = 2.4 min, n = 1 and: R, .min = (3)(1000counts/s)=| 500Bq
When t = 4.8 min, n = 2 and: R, smin = (3)°(1000counts/s) = | 250Bq
(b) The number of radioactive R—IN— N = R 1)

nuclei is related to the decay rate R, A

and the decay constant A:

The decay constant is related to the q= 0.693 _ 0.693 _ 0.693

half-life: ty 2.4min  144s

=4.813x1073%s™

Calculate the decay rate at t = 0 R, = 5x1000counts/s = 5000s™
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from the counting rate:

Substitute in equation (1) and
evaluate Ny att=0:

Calculate the decay rate at
t = 2.4 min from the counting rate:

Substitute in equation (1) and
evaluate Ny 4 min att =0:

(c) The time at which the counting

rate will be about 30 counts/s is the
product of the number of half-lives
that will have passed and the half-

life:

The counting rate R after n half-
lives is related to the counting rate

att=0 by:

Solve for n:

Substitute numerical values and
evaluate n:

Substitute numerical values for n

and ty; in equation (2) and evaluate

t:

30 -

1
SR S000sT _ryg4sa08

" 21 4.813x107°%s?

R =5x500counts/s = 2500s™*

2.4min

N = R2.4min _ 25005_1
24 min ) 4.813x1073s™

=[5.19x10°
t=nty, )
R= (%)n Ro
_In(R/Ry)

n=

In(3)

 _ In(30counts/s /1000 counts/s)

. In(3)

=5.059

t =(5.059)(2.4min)=| 12.1min

Picture the Problem Knowing each of these reactions, we can use Table 40-1 to find the
differences in the masses of the nuclei and then convert this difference into the energy

released in each reaction.

(a) Write the reaction:

*Ra—**Rn+*He
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Use Table 40-1 to find AE:

2
AE = 931'51&(226.025403[1 _222.017571u — 4.002603u)c? =| 4.87 MeV
u
(b) Write the reaction: 22Ppy—»28Y+*He

Use Table 40-1 to find AE:

9315 MeV/c? (
1u

AE 242.058737u—238.050783u — 4.002603u)c2 =| 4.98MeV

*31 e
Picture the Problem Each **Pu nucleus emits an alpha particle whose activity, A,
depends on the decay constant of 2°Pu and on the number N of nuclei present in the
ingested “**Pu. We can find the decay constant from the half-life and the number of nuclei
present from the mass ingested and the atomic mass of ?**Pu. Finally, we can use the
dependence of the activity on time to find the time at which the activity be 1000 alpha
particles per second.

(a) The activity of the nuclei present A= AN (1)
in the ingested %°Pu is given by:

Find the constant for the decay of In2 0.693
239 . = =
Pu: t,, (24360y)(31.56Msly)
=9.02x10 s
Express the number of nuclei N,
present in the quantity of #°Pu N =m,, M
ingested: Pu ) 230
where Mp, is the atomic mass of “*Pu.
Substitute numerical values and ( ) 6.02 x10% nuclei/mol
luate N: N =(2.0 :
evaluate 239g/mol
=5.04x10"nuclei
Substitute numerical values in A= (9.02 %10 B3g X5.04 %10 a)
equation (1) and evaluate A:
=| 4.55x10°% als
(b) The activity varies with time A=Ae™*

. (]
according to:
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Solve for t to obtain:

Substitute numerical values and
evaluate t:

32 oo

In 1x10%a /s
455x10° /s
- (9.02><1o—1~°’s-1)(31'56 Ms ]
ly

=|5.32x10*y

Picture the Problem We can use conservation of energy and conservation of linear
momentum to relate the momenta and kinetic energies of the nuclei to the decay’s Q

value

(a) Express the kinetic energies of
the alpha particle and daughter
nucleus:

Solve equations (1) and (2) for p?

and pj:

From the conservation of linear momentum
we have:

Because the momenta are equal:

Solve for Ky:

Because the daughter nucleus and
the alpha particle share the Q-value:

K =imy2=_Pe 1

a 2 a o 2ma ( )
and

pz
2

Ky =3myvy = 2va )
p: =2m.K,
and
p\z( =2m,K,
i’i = i’f

or, because the parent is initially at rest,
O=p,—-pyand p, = py

2m K, =2m_K,

K,=—2K, =——K,
m, A-4
Q=K, +K,
:—4 Ka KO(:( 4 +1jKa
A-4 —4
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Solve for K _
K = [A 4) 0
A
(b) Substitute for K, in the A-4
expression for Q to obtain: Q=K+ A Q
Solve for Ky: A_4 4
Ky=Q-|— Q= _Q
A A
*33  ee

Picture the Problem We can write the equation of the decay process by using the fact
that the post-decay sum of the Z and A numbers must equal the pre-decay values of the
parent nucleus. The Q value in the equations from Problem 32 is given by Q = —(Am)c?.

2%9py undergoes alpha decay 23 235y . 4
Pu U
according to: 0 PUD Ut 2+ Q
The Q value for the decay is given 931.5MeV
by: Q = [(mPu )_(mU + ma )] T

Substitute numerical values and evaluate Q:

Q =[(239.052156 u)—(235.043923u + 4.002603u)](931'fﬂj =| 5.24MeV
u
From Problem 32, the kinetic energy A—4
of the alpha particle is given by: K, = A Q
Substitute numerical values and 239-4
evaluate K Ky = 239 j(5.24MeV)
=| 5.15MeV
From Problem 32, the kinetic energy 4Q
of the 2°U is given by: Ky = N
Substitute numerical values and 4(5,24 MeV)
evaluate K: Ky = T 39 =| 87.7keV
34 .

Picture the Problem We can find the age of the sample using R, = (%)” R,to find n and
then applyingt = nt,,.

Express the age of the bone in terms t=nt, @
of the half-life of **C and the
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number n of half-lives that have
elapsed:

The decay rate R, after n half-lives
is related to the counting rate Ry at

t=0by:

Solve for n:

Because there are 15.0 decays per
minute per gram of carbon in a
living organism:

Substitute numerical values for R
and Ry and evaluate n:

Substitute numerical values in
equation (1) and evaluate t:

35

decaysxlmin

R, =15.0— x175g
min-g 60s
= 43.75Bq
(o)
n=—0084) 5433

2

t =(2.433)(5730y)=| 13,940y

Picture the Problem We can solve R = R,e " for 4 to find the decay constant of the

sample and use t,, = InTZto find its half-life. The number of radioactive nuclei in the

sample initially can be found from R, = AN,.

(a) The decay rate is given by:

Solve for A to obtain:

Substitute numerical values and
evaluate A:

R=Re™
In| —
A= Ry
—t
1 85:2Ba
| 115Bq

=[0.133h™"

—2.25h
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The half-life is related to the decay P In2  In2 520N
Y2 ™ - a

constant: A 0.133h

(b) Tr_u? number Ng of r_a_dloac_tlve R, = AN, = N, = &

nuclei in the sample initially is A

related to the decay constant 4 and
the initial decay rate Rq:

Substitute n-umerical values and N, = 115Bq = 311x10°
evaluate No: 0.133h " x

3600s
%36 e

Picture the Problem We can use R, = AN to find the initial activity of the sample and

R= Roe‘“to find the activity of the sample after 1.75y.

(a) The initial activity of the sample R, = AN (1)
is the product of the decay constant

A for ®Co and the number of atoms

N of ®°Co initially present in the

sample:
Express N in terms of the mass m of m
the sample, the molar mass M of N = M N A

%9Co, and Avogadro’s number Na:

Substitute numerical values and evaluate N:

-6
_[1.00x10"g (6.02 ><1023nuclei/mol): 1.00 x10" nuclei
60 g/mol
The decay constant is given by: P |n_2
t1/2
Substitute numerical values and P 0.693
evaluate A: (5.27 y)(31.56 Ms/y)
=4.17x107%*
Substitute numerical values in R, = (4_17 %x107° s‘l)(l.OO x10% nuclei)
equation (1) and evaluate Ao: 1Ci
—417x107 s X
3.7x10"s

=11.13mCi
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(b) The activity varies with time _(@]

according to: R=Re™*=Re >

Evaluate Ratt=1.75y: 7[0.693xl.75yj
R=(.13mCi)e ' **"

=| 0.898mCi

37 oo
Picture the Problem The following graph was plotted using a spreadsheet program.
Excel’s "Add Trendline” feature was used to determine the equation of the line.

9

IN(R) = -0.0771t +8.3395

0 10 20 30 40 50 60

t (min)

The linearity and negative slope of this graph tell us that it represents an exponential
decay.

The decay rate equation is: R=R,e™

Take the natural logarithm of both INR=Ine™+InR,

sides of the equation to obtain: =—Jt+InR,

This equation is of the form: y=mx+b
wherey=InR,x=t, m=-4, and
b= |nR0.

The decay constant is the negative of A=10.0771min™*

the slope of the graph:



The half-life of the radioisotope is:

38 e

Picture the Problem We can solve Equation 40-7 for A to show that

A=t In(Ry/Ry).

(a) Express the half-life as a
function of the decay constant A:

From Equation 40-7 it follows that:

Solve for A:

(b) Substitute numerical values for t,
Ri, and Ry and evaluate A:

Use the decay constant to find the
half-life:

39 oo
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Vz:'”2= In2_ —=[8.99min
A 0.0771min
In2
t), = ()
&:eit
Rl
In(i‘)]
A= ) _ |t tn| R
t R,
2= 1n[ 2299Ba ) 5006765
60s ( 800Bq
In2 In2
Y2 2 0.00676s57

Picture the Problem The required mass is given by M = (5 counts/min)/R, where R is the
current counting rate per gram of carbon. We can use the assumed age of the casket to
find the number of half-lives that have elapsed and R = (%)n R, to find the current

counting rate per gram of “C.

The mass of carbon required is:

Because there were about 15.0
decays per minute per gram of the
living wood, the counting rate per
gram is:

We can find n from the assumed age
of the casket and the half-life of *C:

M

_ 5counts/min

R

(1)

R=(%)'R, =(3)"(15counts/min-g)

n=8000Y 514

~ 5730y
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Substitute for n and evaluate R: R = (4)***(15counts/min-g)
=1.70counts/min-g

Substitute for R in equation (1) and M = Scounts/min ~[2.94g
evaluate M: 1.70counts/min-g :
40 o

Picture the Problem The decay constant A can be found from the decay rate R and the
number of radioactive nuclei N at the moment of interest and the half-life, in turn, can be
found from the decay constant.

i R
The decay rate R is related to the RN = 1=~
decay constant A and the number of
radioactive nuclei N at the moment
of interest:

1)

The number of radioactive nuclei N N
at the moment of interest can be

found from Avogadro’s number, the

mass m of the sample, and the molar

mass M of the sample:

Il
=
>
HE

Substitute numerical values and evaluate N:

10°%g

7 9 _1.004x10®
59.934g/mol

N = (6.02x10% nuclei/mol)

i 1.131Cix
equation (1) and evaluate A: Ci

B 1.004x10%
= 4.17x10°s™

Substitute numerical values in 3.7x10" Bq

_In2 In2

Find the half-life from the decay constant: o _
Y24 417x107°s

_167x10%sx_ Y
31.56 Ms

=|5.27y
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*41 oo
Picture the Problem The following graph was plotted using a spreadsheet program.
Excel’s "Add Trendline” feature was used to determine the equation of the line.

7.0

6.8 \
6.6 \
6.2 \

6.0 -

In(R)

5.8 1

56 | In(R) =-0.198t +6.9076

5.4

52

5.0 T T T
0 1 2 3 4 5 6 7

The linearity and negative slope of this graph tells us that it represents an exponential
decay.

The decay rate equation is: R=Re™
Take the natural logarithm of both INR=1Ine™™ +InR,
sides of the equation to obtain: = —Jt+InR,
This equation is of the form: y=mx+b
wherey=InR,x=t, m=-4, and
b= |nRo.
The half-life of the radioisotope is: )= In2_~In 2_ _—[350min
A 0.198min

42 oo
Picture the Problem We can use the decay rate equation R = Roe‘“ and the expression

relating the half-life of a source to its decay constant to find the half-life of the sample.
Solving the decay-rate equation for t will yield the time at which the activity level drops
to any given value.
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(a) The half-life of the material is
given by:

The decay rate is given by:

Solve for A:

Substitute for A in equation (1) to
obtain:

Substitute numerical values and
evaluate ty:

(b) Solve equation (2) for t:

Express A in terms of ty,:

Substitute for A in the expression for
t to obtain:

Substitute numerical values and
evaluate t:

43 e

Picture the Problem We can use the decay rate equation R = Roe‘“ and the expression

t,=— 1
2 = 1)
R=Re™ (2)
In(?)
i:
t
In2 In2
t, = = t
1/2
In(R‘)] In(R"j
R R
t

In2
t]/Z = -
In 115decays/min
73.5decays/min

(101h)

156h

by,

)

t=
—In2 ¥?

In( 10decays/min

115decays/minJ(156h)
—In2

_s50hx 9 229

24h

relating the half-life of a source to its decay constant to find the age of the fossils.



The decay rate is given by:

Solve for t to obtain:

Express A in terms of ty,:

Substitute for A in the expression for
t to obtain:

The number of ®’Sr nuclei present in
the rocks is given by:

We’re given that:

Express the ratio of Nggp 10 NRp:

Substitute numerical values in
equation (1) and evaluate the age of
the fossils:

44 00
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R=R,e™
In(R]
=
-2
4 In2

-

In R
0
t
—In2 ¥
or, because the activity at any time is
proportional to the number of radioactive
nuclei present,
.n[NRb
NO Rb
t=——""-+2 1
-In2 be @

t=

Ng, = Nggp = Ngy= Nggy = Ng +Ng,

Ng, =0.0IN,, = Ns: _ 0,01
Rb
Nogo _ Ng +Ng, _ Ng +1
NRb NRb NRb
=0.01+1=1.01
1
In[l()lj
t=—"""(4.9x10"
-In2 ( y)
=|7.03x10°y

Picture the Problem We can evaluate this integral by changing variables to obtain a

form that we can find in a table of integrals.

Change variables by letting:
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Then:

Substitute to obtain:

From integral tables:

Substitute in the expression for zto
obtain:

Nuclear Reactions

45 .

Picture the Problem We can use Q =

(a) Find the mass of each atom from
Table 40-1:

Calculate the initial mass m; of the
incoming particles:

Calculate the final mass ms:

Calculate the increase in mass:

Calculate the Q value:

dx=adt. dt= angt=X
) )

7= Itﬂe‘*‘dt = I%ie‘x % = %I xe *dx

T xe*dx =1
0

1
2

—(Am)c2 to find the Q values for these reactions.

m,,, =1.007825 u
m;,, =3.016049 u
m;, . =3.016029 u
m, =1.008665u

m, =1.007825 u +3.016049 u
=4.023874 u

m, =3.016029 u +1.008665 u
=4.024694 u

Am=m, —m,

=4.024694 u —4.023874 u
=0.000820 u

Q = —(Am)c?
= —(0.000820u)c2[931.5

MeV/c?
u

=| -0.764 MeV
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(b) Proceed as in (a) to obtain:

2
Q = (0.003510 u)[931.5 Mevie jcz

u

=| 3.27MeV

Remarks: Because @ < 0 for the first reaction, it is endothermic. Because @ > 0 for
the second reaction, it is exothermic.

46 -
Picture the Problem We can use Q = —(Am)c2 to find the Q values for these reactions.

(@) Find the mass of each atom from m,,, =2.014102 u
Table 40-1: m, , =3.016049 u
m,, =1.007825 u

Calculate the initial mass m; of the m, = 2(2.014102 u)
incoming particles: =4.028204 u
Calculate the final mass ms: m, =3.016049 u +1.007825 u
=4.023874 u
Calculate the increase in mass: Am=m; —m,
=4.023874 u—4.028204 u
=-0.004330 u
Calculate the Q value: Q = —(Am)c?
2
- —(—0.004330u)c2[931.5 Mevie ]
u
=| 4.03MeV
(b) Proceed as in (a) to obtain: Q= —(Am)c2
2
- —(—0.019703u)(931.5 Mevie ch
u

=|18.4MeV
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(c) Proceed as in (a) to obtain:

*47 e

Q=—(Am)c?

- _(—0.005135u)(931.5

MeV/c? o2
u

=| 4.78 MeV

Picture the Problem We can use Q = —(Am)c2 to find the Q values for this reaction.

(a) The masses of the atoms are:

Calculate the increase in mass:

Calculate the Q value:

(b)

m... =14.003242u
m.., =14.003074u

Am=m, —m,
—14.003074u —14.003242u
—-0.000168u
Q = —(Am)c?
2
_ _(—0.000168u)02(931.5 Me:” ¢ j

=| 0.156 MeV

The masses given are for atoms, not nuclei, so for nuclear masses the masses
are too large by the atomic number times the mass of an electron. For the given
nuclear reaction, the mass of the carbon atom is too large by 6m, and the mass
of the nitrogen atom is too large by 7m,. Subtracting 6m, from both sides of
the reaction equation leavesan extra electron mass on the right. Not including
the mass of the beta particle (electron) is mathematically equivalent to
explicitly subtracting 1Im, from the right side of the equation.

48 e

Picture the Problem We can use Q = —(Am)czto find the Q values for this reaction.

(a) The masses of the atoms are:

m,;, =13.005738u
m,,. =13.003354u
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For /' decay: Q=(m, —m, —2m, )c?
=(m, —m, Jc? —2m,c?
Calculate m; — m¢: m, —m,; =13.005738u —13.003354u

=0.002384u

Calculate the Q value:

MeV/c?
u

Q= (0.002384u)02(931.5 ]— 2(0.511MeV) =| 1.20 MeV

The atomic masses include the masses of the electrons of the neutral atoms.
In this reaction the initial atom has 7 electrons and the final atom only has

6 electrons. Moreover, in addition to one electron not included in the atomic
masses, a positron of mass equal to that of an electronis created.
Consequently, one must add the rest energies of two electrons to the rest
energy of the daughter atomic mass when calculating Q.

(b)

Fission and Fusion

*49
Picture the Problem The power output of the reactor is the product of the number of
fissions per second and energy liberated per fission.

Express the required number N of N = P
fissions per second in terms of the E
power output P and the energy

released per fission Epe fission:

per fission

Substitute numerical values and N = 500 MW
evaluate N: 200 MeV
5x10°8 i ~ %
B s 1.60x107J
200 MeV

=[1.56x10°s*
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50 -

Picture the Problem If k = 1.1, the reaction rate after N generations is 1.1". We can find
the number of generations by setting 1.1V equal, in turn, to 2, 10, and 100 and solving for
N. The time to increase by a given factor is the number of generations N needed to
increase by that factor times the generation time.

(a) Set 1.1"equal to 2 and solve for 1) =2
N: NInl.1=1In2
_In2 757
In1.1
(b) Set 1.1 equal to 10 and solve for L.)" =10
N: NInl.1=1In10
_ In10 222
In1.1
(c) Set 1.1" equal to 100 and solve (€.1)" =100
for N: NInl.1=1In100
N = In100 _183
In1.1
(d) Multiply the number of t, = Nt, =(7.27)(Ams) = | 7.27ms

enerations by the generation time:
J yHes t, = Nt, = (24.2)(ms) = [ 24.2ms

t,,, = Nt, = (48.3)(lms) =| 48.3ms

(e) Multiply the number of t, = Nt, = (7.27)(100ms) =| 0.727s
generations by the generation time:
t,, = Nt, = (24.2)(100ms) = | 2.42s

t,,, = Nt, = (48.3)(100ms) = | 4.83s

*51 oo
Picture the Problem We can use Q = —(Am)cz, where Am =m;—m;, to calculate the Q
value.

The Q value is given by: Q = —(Am)e?x 931.5MeV/c?
1u

Calculate the change in mass Am:
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Am=m, —m,

=94.905842 u +138.906348 u + 2(1.008665 u)—(235.043923 u +1.008665 u)
=-0.223068 u

Substitute for Am and evaluate Q:
© Q = —(~0.223068 u)xw
1u
=| 208 MeV
The ratio of Q to U found in Q 208 MeV
. =~ = =] 88.1%
Problem 23 is: U 236 MeV 0

52 ee
Picture the Problem We can find the number of neutrons per second in the generation of
4 W of power from the number of reactions per second.

The number of neutrons emitted per N,=%N
second is: where N is the number of reactions per
second.
The number of reactions per second 4 J " leV
is: Nog S 1.60x107°J
3.27MeV +4.03MeV

- 6.85x10%s™

Substitute for N and evaluate Ny: N, = %(6.85><1012 S’l)

=1 3.43x10% neutrons/s

53 oo

Picture the Problem We can use the energy released in the reactions of Problem 50,
together with the 17.6 MeV released in the reaction described in this problem, to find the
energy released using 5 H nuclei. Finding the number of D atoms in 4 L of H,0, we can
then find the energy produced if all of the °H nuclei undergo fusion.

Find the energy released using 5 °H Q=3.27MeV +4.03MeV +17.6 MeV
nuclei: =24.9MeV
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The number of H atoms in 4 L of m, o
- N, =2 —2— N,
H20 is: 18g/mol

Substitute numerical values and evaluate Ny:

N, = Z(ﬂJ (6.02x10% atoms/mol) = 2.676 x10%

18g/mol
The number of D atoms in 4 L of Ny = (1.5><10"‘)NH
H,O is: = (1.5x10)(2.676x10%)
=4.01x10%
The energy produced is given by: E— ﬁQ
5)
. . 22
Substitute numerical values and E_ 4.01x10 (24.9 MeV)
evaluate E:
-19
~1.997x10% Mev x 10010 ")
eV
=|3.20x10"J
*54  eee

Picture the Problem We can use the conservation of momentum and the given Q value
to find the final energies of both the *He nucleus and the neutron, assuming that the
initial momentum of the system is zero.

Apply conservation of energy to 18.6MeV =1m, v/, +1m v’ )
obtain: =K, +K,
Apply conservation of momentum MyeVie + MV, =0 (2
to obtain:
. . 2
Solve equation (2) for vy _MY, e _( m, J 2
He — He n
My He

Substitute for v7_ in equation (1):

or



Solve for Kj:

Substitute numerical values for m,

and my. and evaluate K,:

Use equation (1) to find Ky:

55 (1 1]
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18.6MeV = %mnvﬁ(u My J

1387

mHe
- K{1+ i j
Mye
« 188 |>]/|1ev
1+—2"
mHe
K - 186MeV _ rmoreemMev

"= 1.008665u
142000
4.002603u

K, =18.6MeV—K,
=18.6MeV —14.86 MeV

=| 3.74MeV

Picture the Problem Adding the three reactions will yield their net effect. We can use
(Am)c? to find the rest energy released in the cycle and find the rate of proton
consumption from the ratio of the sun’s power output to the released per proton in fusion.

(a) Add the three reactions to obtain:

"H+'H+'H+’H+'H+%He > H+ " + o +°He + y+'He+ B" + n

Simplify to obtain:

(b) Express the rest energy released

in this cycle:

4'H—>"He+2B" +2v, +y

(Am)c? = (4m, —m, —4m, )c?

Use Table 40-1 to find the masses of the participants in the reaction and evaluate (Am)c*:

(Am)c? =[4(1.007825 u)—4.002603 u]c? x

=| 24.7MeV

2
931.5MeV/c _4(

0.511MeV)
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(c) Express the rate R of proton R = E (1)
consumption: E
where E is the energy released per proton
in fusion.
Find N, the number of protons in the N = M _ %(1.99><103° kg)
sun: m, 1.67x107% kg
=5.96x10%

where we have assumed that protons
constitute about half of the total mass of

the sun.

The energy released per proton in E =1(26.7MeV)=6.675MeV

fusion is: 19
_6.675Mev x -00x10 )

eV
=1.07x10"]
. . - 26

Subst_ltute numerical values in R 4x10 _\N _[374x10%5

equation (1) and evaluate R: 1.07x10™

The time T for the consumption of T N _ 5.96x10%

all protons is: R 3.74x10%s™
_150x10%sx—Y

31.56 Ms

~[5.04x10"y

General Problems
56 -
Picture the Problem We can use the values of k, e, h, and c and the appropriate

conversion factors to show that ke? = 1.44 MeV-fm and hc = 1240 MeV-fm

(a) Evaluate ke? to obtain:

ke? = (8.99x10° N-m?/C?)1.60x10" Cf =2.307x10% N -m’

=2.307x10%J-mx L&g =1.44x10"eV-m
1.60x107 )
1fm _1MeV

=1.44%x107° eV -mx 1.44MeV -fm

X =
10" m 10°eV
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(b) Evaluate hc to obtain:

he = (6.63x10 J-5)(3x10° m/s)=1.99x107 J-m

=1.99x10J-m x% =1240x107eV-m
1.60x107~J
1Ifm _1MeV _

=1240x10"°eV-mx 1240 MeV - fm

X =
10®m 10%eV

*57 .

Picture the Problem We can use the given information regarding the half-life of the
source to find its decay constant. We can then plot a graph of the counting rate as a
function of time.

The d_ecay constant is related to the 1= In_2 _ |n_2 _10.0693s 2
half-life of the source: t, 10s

The activity of the source is given R = Roefit - (6400 Bq)ef(o.%%s*l)t
by:

The following graph of R = (6400 Bq)e‘(o'%%sfl)t was plotted using a spreadsheet
program.

7000

6000 \

5000 -
= 4000 |

@ 3000 -

2000 \
1000

t (s)

58
Picture the Problem The energy needed to remove a neutron is given by
Q = (Am)c?® where Am is the difference between the sum of the masses of the reaction

products and the mass of the target nucleus.
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(a) The reaction is:

The masses are (see Table 40-1):

Calculate the final mass:

Calculate the increase in mass:

Calculate the energy Q needed to
remove a neutron from “He:

(b) The reaction is:

The masses are (see Table 40-1):

Calculate the final mass:

Calculate the increase in mass:

Calculate the energy Q needed to
remove a neutron from *He:

‘He+Q="He+n

m,, . =4.002603 u
m, . =3.016029 u
m, =1.008665u

m,; =3.016029 u +1.008665 u
=4.024694 u

Am=m, —m,

=4.024694 u —4.002603 u
=0.022091 u

Q = (am)c?

= (0.022091u)c2(931.5

MeV/c?
u

=| 20.6 MeV

"Li+Q=°’Li+n

m, . =7.016004 u
m, , =6.015122 u
m, =1.008665u

m; =6.015122 u +1.008665 u

_ 7.023787
Am=m, —m,
_ 7.023787 u—7.016004 u
—0.007783 u
Q = (Am)c?
2
_ (0.007783u)c{—931'5mew ¢ j

=| 7.25MeV
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59 -

Picture the Problem The maximum kinetic energy of the electron is given

by K,y =Q = (mmC -m, )cz.

The maximum Kinetic energy of the Kunx =Q = (mhlC —My, )02

electron is the Q value for the

reaction:

Find the mass of each atom from m... =14.003242 u

Table 40-1: m.., =14.003074 u

Calculate Am=m,, _—m, ! Am =14.003242 u —14.003074 u

=0.000168u

Calculate the maximum kinetic Q = (Am)c?

energy of the electron: 2
- (0.000168u)cz(931.5MJ
=|156 keV

60 -
Picture the Problem We can use the definition density to find the radius of the neutron
star.

Relate the mass of the neutron star M =pV = §7Z',0R3
to the mass of the sun M, the where R is the radius of the star.
volume V of the star and the nuclear
density p:
Solve for R: 3M
R=3s

4o
In Problem 20 it was established p =1.174x10" kg/m®
that:
Substitute numerical values and 3(1.99 x10% kg)
evaluate R: ~\42(1.174%10" kg/m?)

=115.9km
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*Q1 e
Picture the Problem We can show that '®Ag is stable against alpha decay by
demonstrating that its Q value is negative.

The Q value for this reaction is:

2
Q= —[(mRh +m,)- mAg]cz[93l.5 Mj

Substitute numerical values and evaluate Q:

Q = —{(4.002603 u +104.905250 u)-108.904756 u](931.5MeV/u)
=| —2.88 MeV

Remarks: Alpha decay occurs spontaneously and the @ value will equal the sum of
the Kinetic energies of the alpha particle and the recoiling daughter nucleus,

0 =K+ K . Kinetic energy cannot be negative; hence, alpha decay cannot occur
unless the mass of the parent nucleus is greater than the sum of the masses of the
alpha particle and daughter nucleus, m, > m_ +my . Alpha decay cannot take
place unless the total rest mass decreases.

62 oo
Picture the Problem We can use E oo = Nfinvesnors = NS/ Atreshotd » WHere Eireshold IS

the binding energy of the deuteron, to find the threshold wavelength for the given nuclear
reaction.

Express the threshold energy of the hc
phOtOﬂ: Ethreshold = hfthreshold =
threshold
Solve for the threshold wavelength: hc
ﬂ’threshold = E (1)

threshold

The threshold energy equals the binding energy of the deuteron:

2, 931.5MeV/c®

Ethreshold = EB = [mD - (mp +m, )] c u

Substitute numerical values and evaluate E, the energy that must be added to the
deuteron that will cause it to fission:

Eresno = [2-014102 u —(1.007825 u +1.008665 u)](931.5 MeV/u)

-19
=-2.22 MerM =-3.55x107)

eV
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Substitute numerical values in (6.63x10*J-5)(3.00x10°m/s)
equation (1) and evaluate Airesnold: Atbreshold = 3.55x10 )

=5.60x10"m =| 0.560pm

63 -
Picture the Problem The activity of a radioactive source is the product of the number of
radioactive nuclei present and their decay constant.

The activity of the isotope “°K in the RoN .= N In2 )
student is: 40 ty,
Find N, the number of K nuclei in N = 0.0036 mN

the student:
where m is the mass of the student and M
is the atomic mass of K.

Substitute numerical values and evaluate N:

(60kg)(6.02x10% nuclei/mol)

N = 0.0036 =3.326x10*
39.098 g/mol

The number Ny of “°K nuclei in the N,, = Relative abundancex N

student is the product of the relative = (1_2 x107* )(3.326 xloz“)

abundance and the number of K —3.091x102

nuclei in the student: '

Substitute numerical values in R (3.991x10?)in2

equation (1) and evaluate R: B 1.3x10° yx 31.56 Ms
—[6.74x10°Bq

64 oo
Picture the Problem We can find the energy released in the reaction S+ £~ — Q by

recognizing that a total of 2 electron masses are converted into energy in this
annihilation.

The energy released when a Q=E= 2meC2
positron-electron pair annihilate is
given by:

Substitute numerical values and evaluate Q:
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leV

— =t _[1.02MeV
1.60x107°J

Q = 2(9.11x10 **kg)(3x10°m/sf =1.64x10™Jx

65 e
Picture the Problem We can use the fact that, after n half-lives, the decay rate of the *Na
isotope is R = (%)n R, where Ry is its decay rate at t = 0.

The counting rate after n half-lives is R= (l)” R
related to the initial counting rate:

Divide both sides of the equation by R_ @y Ry

the volume V of blood in the patient: v v

We’re given that n = 2/3, 600kB

g _ 60Bg/mL = (1) 2221

Ro = 600 kBq, and, after n half-lives, \Y

the decay rate per unit volume is 60

Bg/mL.:

Solve for and evaluate V: V= (%)2/3 600kBq _ 6.30x10° mL

60 Bg/mL

=|6.30L

*6E oo

Picture the Problem We can solve this problem in the center of mass reference frame for
the general case of an « particle in a head-on collision with a nucleus of atomic mass M u
and then substitute data for a nucleus of **’Au and a nucleus of “°B.

In the CM frame, the Kinetic energy K. — K _ Kia
1+—2 1+—
M

At the point of closest approach: ka,a, k(2e)(ze) ke?2z
=R TR, R

min min min

or, because ke? = 1.44 MeV-fm,

(1.44MeV -fm)(22)
Kem = R

min

Solve for Ry, to obtain: R - (1.44MeV -fm)(22)

min
KCM

(1)



(a) Neglecting the recoil of the
target nucleus is equivalent to
replacing Kcem by K. Evaluate
equation (1) for *’Au:

Evaluate equation (1) for *°B:

(b) Find Kcy for the **Au nucleus:

Substitute numerical values in
equation (1) and evaluate Ryin:

Find Ky for the B nucleus:

Substitute numerical values in
equation (1) and evaluate Ry

67 oo
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R (1.44MeV -fm)(2x 79)

min 8MeV
=| 28.4fm

(1.44MeV -fm)(2x5)

Rmin =
8MeV

={1.80fm

Key _ 8MeV. . siiMev
4u

1+

197u
n _ (144MeV fm)(2x79)

min 7.841MeV

=(29.0fm

Note that this result is about 2% greater that
Rmin calculated ignoring recoil.

_ 8MeV

Koy = - =5.714MeV
1+ —
10u
n _ (1.44MeV fm)(2x5)
mn 5.714 MeV

=| 2.52fm

Note that this result is about 40% greater
that Ry,in calculated ignoring recoil.

Picture the Problem The allowed energy levels in a one-dimensional infinite square well

are given by Equation 35-13: E, = nz(

|
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(a) The lowest energy of a nucleon (6.63x10’34 J .3)2
of mass 1 u in the well corresponds 1 8(1u)(1.66><10‘27 kg/u )(3fm)2
ton=1: . 1oV
=3.678x107" X ————
1.60x10™J

=| 23.0MeV

(b) Because neutrons are fermions, there can be only two per state:

E = 2(E, +E, + E, +E, + E; + E;) = 2(E, + 2°E, + 3°E, + 42, + 5°E, + 6°E, )
=182E, =182(23.0MeV) =| 4.19GeV

(c) Find E for 4 protons and 4 neutrons: E=4(E +E,+E,)= 4(El +2°E +3 El)
= 56E, = 56(23.0MeV)=| 1.29GeV

68 e
Picture the Problem We can apply BE = (Am)c? to the model to find the binding
energies and the binding energies/bond.

(a) Find the binding energy BE for BE = (4ma - mwO)C2
this model: — [4(4.002603 u)~15.994915 u]c?
=(0.015497 u)c?
There are 6 bonds for the regular BE _ 1BE = 1(0.015497 u)c
tetrahedron: bond
~ 1(0.015497 u)c? x 3LOMeVIU
c
=| 2.406 MeV
(b) '2C has 3 pairwise « particle BE(HC): 3x BE(4 He)+ 3(2.406 MeV)

bonds. Find the total BE for *C
with this model:

Calculate BE(*He):



BE(*He)= [Z(mp +m,)- mme]c2

= [2(1.007825u +1.008665u ) — 4.002603u]c? x

=28.30MeV

Substitute numerical values and evaluate BE(HC):

BE(C)=3(28.30MeV)+3(2.406 MeV) =] 9

Use Table 40-1 to find BE(”C):

BE(*C)= [G(mp +m,)- muc]c2

= [6(1.007825u +1.008665u ) —12.000000 u |¢?

=92.2MeV
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931.5MeV/c?
u

2.1MeV

Note that this result is good agreement with the model.

69 oo

931.5MeV/c?

Picture the Problem We can separate the variables in the differential equation dN/dt =
Rp — AN and integrate to express N as a function of t. When dN/dt = 0, R, — AN, =0, a

condition we can use to find N...

(a) Separate the variables in the
differential equation to obtain:

Integrate the left side of the equation
from 0 to N and the right side from
0 to t to obtain:

Letu=R, - AN'. Then:

du = —AdN’
and
TN 1%du 1, |°
S
-([Rp—/iN 12[ u A " 0
1 N
:—zln(Rp—iN')o
=—%In(Rp—/1N)+—In(Rp)
RS
A (R =N
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t 1 R
Because jdt':t: =In P =t
0 A (R,—4N
Solve for N to obtain: N = 7p(l_e_u)

The following graph of N(t) = (Ry,/2)(1 —e ™) was plotted using a spreadsheet
program. Note that N(t) approaches Ry/4 in the same manner that the charge on a
capacitor approaches the value CV.

|

At
b) When dN/dt = 0: R
(b) When R—IN,=0= N, =—2
A
The decay constant is: P In2
Ly,
Substitute for A to obtain: N - i
*In2 ¥?
Substitute numerical values and 100s™ . 60s
N, = 10minx—
evaluate N..: In2 min

=|8.66x10*
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*70 (1]

. e N
Picture the Problem The mass of **U required is given by m,,. = N—MZSS, where
A
M.ss is the molecular mass of 2°U and N is the number of fissions required to produce
7.0x10% J.

Relate the mass of ?*°U required to N M
Myzs = Mg

the number of fissions N required: N,

)

where Mass is the molecular mass of 2°U.

Determine N: N = Eannal
Eperfission
Substitute numerical values and N = 7.0x10"J
evaluate N: - 9
200 MeV x 1.60x107J
eV
=2.18x10%

Substitute numerical values in equation (1) and evaluate mzs:

2.18x10%

m,.. = 235g/mol)=| 8.51x10° k
% = 502 10% nucieimol 229/ mo) S

71 e

Picture the Problem In the ground state of a one-dimensional infinite square well of
length L the wavelength of a particle is 2L. We can use de Broglie’s equation to find p for
the particle and the relationship E* = E; + p*c?with E, << pc to show that E ~ pc.

(a) In the ground state of a one- A =2L=2(2fm)=| 4.00fm
dimensional infinite square well of
length L:
(b) Use de Broglie’s relation to _h _hc
. p=—=—
obtain: A A
Substitute numerical values and 0= 1240eV-nm _ 310MeV/e
evaluate p: (4fm)c

2

c¢) Relate the total energy of the
© % E*=E;+p’c’ = p2c2[1+ 5
p

electron to its rest energy and

2C2
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momentum:

Because E, << pc: E?~ p’c® = E~| pc

(d) The kinetic energy of an electron K=E-E,~E=npc

in the ground state of this well is = (310MeV/c)c = 310MeV
given by:

72 e

Picture the Problem When a single proton is removed from a *2C nucleus, a B nucleus
remains and we can use Q = Amc? to determine the minimum energy required to remove
a proton.

The nuclear reaction is: 2C+Q—"iB+H

The minimum energy Q required is: Q= (mﬂs +m,, - muc)Cz

Substitute numerical values and evaluate Q:

mj ~[16.0MeV

Q =(11.009306 u +1.007825u)—lZ.OOOOOOu](g

*73 00
Picture the Problem The momentum of the electron is related to its total energy through
E? = p°c® + E. and its total relativistic energy E is the sum of its kinetic and rest

energies.

(a) Relate the total energy of the E®=p°c®+E; (1)
electron to its momentum and rest

energy:

The total relativistic energy E of the E=K+E,

electron is the sum of its Kinetic
energy and its rest energy:

Substitute for E in equation (1) to (K+E,) = p%c?+EZ
obtain:
Solve for p: 1/KiK+2Eoi
p=Y—
c

Substitute numerical values and evaluate p:
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|/(0.782MeV)(0.782MeV +2x0.511MeV)

p= =|1.188MeV/c
c
(b) Because p, = —pe: K Py
o=
2m,
Substitute numerical values (see ~ (1.188 MeV/c)Z _[752ev
Table 7-1 for the rest energy of a P 2(938.28 MeV/cz) a €
proton) and evaluate K:
(c) The percent correction is: K, _ 752eV. 0.0962%
K 0782MeVv —

74 (1 1]

Picture the Problem Conservation of momentum and conservation of energy allow us to
find the final velocities. Because the initial kinetic energy of the nucleus is zero, its final
kinetic energy equals the energy lost by the neutron.

(a) Apply conservation of (m +M )V =mv,_
momentum to the collision to
obtain:
Solve for V: Vo= | MV
m+M
(b) In the CM frame, Vi =V and so: V,, =|V
In the CM frame, V; = -V, and so: Ve =| -V
(c) Use conservation of momentum mv, =mv; + MV, (1)
to obtain one relation for the final
velocities:
The equality of the initial and final Vi =V ==V —v )=0+v,
Kinetic energies provides a second and so
equation relating the two final Ve =V =V,

velocities. This is implemented by
equating the speeds of recession and
approach:
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To eliminate vy, substitute in mv, = m(VMf —vL)+ MV,
equation (1) :

Solve for Vs 2m
Ve = Vv

MOl Mam "t
(d) The kinetic energy of the Ky =1 MV
nucleus after the collision in the
laboratory frame is:
Substitute for Vs and simplify to om 2

. Ky =3M V.
obtain: 2 +m
4mM
= 2 (% mVE )
(M +m)

(e) The fraction of the energy lost by the neutron in the elastic collision is given
by:

A m
AE _-Ky _ (M4+mP¥ Y amM o 4mM |y
E imy 1mv} (M +m)y VR L ? LM ?
M M

75 00
Picture the Problem We can use the result of Problem 74, part (e), to find the fraction
f= Ef/E0 of its initial energy lost per collision and then use this result to show that,

after N collisions, E = (0.714)"E,.

(a) Determine f = E, /E, per f_Eo-AE _, AE
collision: E, E,
From Problem 74, part (e): AE _ 4m
- 2
0 M(1+mj
M
Substitute for AE/Ey in the fo1_ ~4m

expression for f to obtain: M( m jz



Substitute numerical values and
evaluate f;

After N collisions:

(b) Solve equation (1) for N:

Substitute numerical values and
evaluate N:

Nuclear Physics 1403

4(1.008665u)
fo1- .
12.000000y( 1 +-008665u.
12.0000004
~0.714

E,=f"E, =|(0.714)"E, (1)

In(o.ozevj
_\2MeV ) oyg

In(0.714)

from 2 MeV t0 0.02eV.

55 head - on collisions are required to reduce the energy of the neutron

76 00

Picture the Problem We can use the result of Problem 74, part (e), to find the fraction
f =E /E0 of its initial energy lost per collision. Note the difference between the energy

loss per collision specified here and that of the preceding problem. In the preceding
problem it was assumed that all collisions are head-on collisions.

(a) Determine f =E, /E, per

collision:

In a collision with a hydrogen atom:

After N collisions:

Solve equation (1) for N:

fo E,-AE :1_£
EO EO
E =0.63
E0
and so
f =0.37

(2)
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Substitute numerical values and
evaluate N:

In(o.ozevj
_\2MeV ) 1a:

In(0.37)

19 head - on collisions with an atom of hydrogen are required to reduce the
energy of the neutron from 2 MeV t0 0.02eV.

(b) In a collision with a carbon
atom:

Equation (2) becomes:

Substitute numerical values and
evaluate N:

AE _ 0.11
E

0

and so
f =0.89

|n(EfN]
B )

" n(0.89)

In(o.ozevj
2MeV
—e =158

In(0.89)

158 head - on collisions with an atom of carbon are required to reduce the
energy of the neutron from 2 MeV t0 0.02eV.

*77 (X1}

Picture the Problem We can differentiate NB(t) =

N A0 ﬂ“A

(e"l’*t - e‘iﬁt) with respect
ﬁ“B - j’A

to t to show that it is the solution to the differential equation

dNB/dt = ﬂANA - ﬂBNB.

(a) The rate of change of Np is the rate of generation of B nuclei minus the rate of decay

of B nuclei. The generation rate is equal to the decay rate of A nuclei, which equals

AaNa. The decay rate of B nuclei is AgNp.

(b) We’re given that:

dN
dtB =AANp — A5 Ng 1)
N A
N(1)= T2 e e ) )
’ j’B _/1/-\

N, = N, e @A)
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Differentiate equation (2) with respect to t to obtain:

d Naoda d Y
—IN — _TA0TA ¥ (oAl _ ot )| - TAOTA [ N ~ gt

Substitute this derivative in equation (1) to get:

iNAO/;:A [_ /lAe"“At +/18e”"3‘]= ﬂANAOe_ﬂAt _/IB|:/1NA02; (e—/lAt _p el ):|
8 A B~ A

Multiply both sides byM and simplify to obtain:
ZETN

N 50 [_ /flAefﬂAt n /IBe%Bt] _ Ag —Ap NAOeiﬂAt _ NAo(e%At _e—ﬂBt)
g s

_ NAsr - _ _
— NAOe Aat _Me 2N NAoe Ant + NAoe Agt
B

—Apt

= —ATA g A L N e

Mol e 4]

which is an identity and confirms that equation (2) is the solution to equation (1).

If 1, > A5 the denominator and the expression in the parentheses are both
(c) | negativefort>0.If 1, < A, the denominator and the expression in the
parentheses are both positive fort > 0.
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(d) The following graph was plotted using a spreadsheet program.
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Picture the Problem We can express the time at which the number of isotope B nuclei
will be a maximum by setting dNg/dt equal to zero and solving for t.

From Problem 77 we have:

Replace 4aNa by A, N .6 " and

Noby Na

ﬂ“B _ﬂ“A

Simplify to obtain:

Remove the parentheses and
combine like terms to obtain:

Solve for t:

—Aat —Agt .
A_e B).

dN,
dt

= A N, — 45Ny = 0 for extrema

AN 87 = Ay %(e‘“‘ —e7e ) =0
B

A
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Remarks: Note that all we’ve shown is that an extreme value exists at
In(4,/4 . .. .
t= # To show that this value for # maximizes Ng, we need to either
B~ %4
1) examine the second derivative at this value for ¢, or 2) plot a graph of Nz as a

function of time (see Problem 77) .

79 (1 1]
Picture the Problem We can show that, provided 7, >> 7, € ™' —e ' ~1 and

a ~ A and, hence, that Ng = (1a/4s)Na.

As = Ay
We h f Problem 77 (b): N, A _ _
e have, from Problem 77 (b) NB(t): A% (e W _g th) 1)
ﬂ“B A
Because 7, >> 75 : Ap << g
When several years have passed, e —e e 21 (2)
because A,t <<1:
Also, when A, << Ag: A An 3)
/13 - j’A /13
Subs_titute (2) and (3) in (1) to NB(t): ;L—ANA
obtain: Ag
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