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Chapter 45 Solutions

m = (my + My) = (Mzr + Mte + 3mp)

Am = (1.008 665 u + 235.043 924 u) — (97.912 0 u + 134.908 7 u + 3(1.008 665 u))

Am = 0.205 89 u = 3.418 x 10728 kg so Q = Amc? = 3.076 x 107 J = [192 MeV

Three different fission reactions are possible: tn+ 2Bu - BVsr+ Wixe +23n | Bixe
in+2Bu - BVsr+18Bxe +33n | Exe In+ 2Bu s BVor+ E2xe +4in | ¥xe
n+28Th- BTh - Bpa+e” +v  BlPa- PU+e +V

n+2Bu - Bu- BNp+e +v 2Np - 2Pu+e” +v

Q=(am)c? = [mn + My23s =~ Mgaia1 ~ Mkre2 = 3mn] c?

Am = [(1.008 665 +235.043 924) - (140.913 9 +91.897 3+ 3 x 1.008 665)| u = 0.215 39

Q =(0.215 39 u)(93L5 MeV/u) =

Am _ 0.21539u 4
f="l= 20992 —913x1074 = [0.0913%
m;  236.052 59 u

If the electrical power output of 1000 MW is 40.0% of the power derived from fission
reactions, the power output of the fission process is

aq
= %.50 x109 JCEBO4X107E_ ) 01014 1y
0.400 s H

Jm 1fission [ leVv
d0000 x 10° evHL60 x 102

0 -
The number of fissions per day is %.16 x10% = JH: 6.74 x10%* d?

This also is the number of 23U nuclei used, so the mass of 2%°U used per day is

lei 235 g/mol O
74x10%4 DUC =2.63x10% g/d = [2.63 ka7d
% d 02 x10% nuclei/mold_ g

In contrast, a coal-burning steam plant producing the same electrical power uses more than
6 x 10° kg/d of coal.
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The available energy to do work is 0.200 times the energy content of the fuel.

[0.0340 2°U 071000 g1 mol 056.02 x 1022 [1{208)(1.60 x 10+ J)O

(100 kg fUEl)E fuel % 1kg %235 g % mol % fission

(2.90x10% 3)(0.200) = 5.80 x 10 1 = (1.00 ¥ 10° N c

d=5.80><106m=

Goal Solution
Suppose enriched uranium containing 3.40% of the fissionable isotope ‘gyU is used as fuel for a ship. The
water exerts an average frictional drag of 1.00x10° N on the ship. How far can the ship travel per

kilogram of fuel? Assume that the energy released per fission event is 208 MeV and that the ship's
engine has an efficiency of 20.0%.

G:

235

Nuclear fission is much more efficient for converting mass to energy than burning fossil fuels.
However, without knowing the rate of diesel fuel consumption for a comparable ship, it is difficult
to estimate the nuclear fuel rate. It seems plausible that a ship could cross the Atlantic ocean with
only a few kilograms of nuclear fuel, so a reasonable range of uranium fuel consumption might be
10 km / kg to 10 000 km/kg.

The fuel consumption rate can be found from the energy released by the nuclear fuel and the work
required to push the ship through the water.

One kg of enriched uranium contains ~ 3.40% §°U so My = (1000 g)(0.0340) = 34.0 g

In terms of number of nuclei, this is equivalent to

o 1 _
Nogs =(34.0 g) 35 g/ mol ae.oz x10% atoms/mol) =8.71x10% nuclei

If all these nuclei fission, the thermal energy released is equal to

(8.71.x10% nucei) 208 MeV {1602x1079 y/ev)=2.90x10% J
nucleus
Now, for the engine,  efficiency = M or e= fdcos 6
heat input Qh

So the distance the ship can travel per kilogram of uranium fuel is

Qy _ 0.200(2.90 x 102 )

= : =5.80x10° m
fcos(0) 1.00x10°> N

The ship can travel 5 800 km/kg of uranium fuel, which is on the high end of our prediction range.
The distance between New York and Paris is 5 851 km, so this ship could cross the Atlantic ocean on
just one kilogram of uranium fuel.
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45.8

45.9

45.10

45.11

@)

(b)

(©

(d)

Vists A
For a sphere: v=4m® and =Y so = 84V 1/3
p 3 4 70 \V (4/3)7'[7' -
For a cube: V=3 and | =Vv13 S0 9—6—3 6V - 1/3
3 2a +8a

I — 523 DVDV A_ ( ) —1/3
For a parallelepiped: V =2a and "0 SO v 6 30V
Therefore, the [sphere has the least Ieakage| and the |para|le|epiped has the greatest Ieakage|

for a given volume.

. . 0O 108g O
mass of 2%°U available = (0.007)(10° metric tons =7 x10"?
( )( )% metric ton E g

12 g
07x10 %O x 1023 nucleij_

number Of nUC|EI W | |:|

The energy available from fission (at 208 MeV/event) is

=1.8x10% nuclei

~ (1.8 x10% events)(208 MeV / event)(l. 60x107%2 3/ MeV) =6.0x10% ]

This would last for a time of t:E~6'0x71023J (8 6 x 100 ) O 1yr O 15000 yr
P 7.0x10% J’s (.16 x107 s

. h 60.0s 4o
In one minute there are 120ms - 5.00 x 10™ fissions.

So the rate increases by a factor of (1.000 25)°9°% = [2.68 x 10°

P =10.0 MW = 1.00 x 10" J/s

If each decay delivers 1.00 MeV = 1.60 x 10712 J, then the number of decays/s = |6.25 x 10'° Bq
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(b)

(@)

(b)

(@)

(b)

©

(d)

(®)
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The Q value for the D-T reaction is 17.59 MeV.

(17.59 MeV)(1.60 x 10722 J/MeV)

=3.39 x10 J/k
(5 u)(1.66 x 10727 kg/u) g

Heat content in fuel for D-T reaction:

(3.00 x 10° J/5)(3600 s/ hr)
(3.39 x 10" 1/ kg)(10~% kg / g)

ot = = [31.9 g/h burning of D and T|

. . 1
Heat content in fuel for D-D reaction: Q= 3(3.27 + 4.03) = 3.65 MeV average of two Q values

(3.65 MeV)(1.60 x 107 J/MeV)

=8.80 x10% J/k
(4 u)(1.66 x 1072 kg/u) g

(3.00 x10° J/55)(3600 s/ hr)
(8.80 x10'? 1/ kg)(10~° kg /)

Mop = = [122 g/h burning of D

At closest approach, the electrostatic potential energy equals the total energy E.

U < h@ZR) e gl (8.9 107 Nm?/C?)(16x 107 c:)zzlz2

: ={(2.30x107% J)z,Z
Fmin 1.00x10™% m ( ) 12

For both the D-D and the D-T reactions, Z; =Z, =1. Thus, the minimum energy required in
both cases is

) e \O 1MeV
£=(230x10™ ) g =

r=rp+rr =(120x107 m)[(2)¥* +(3)"°] = [3.24x107% m]

e (8.99x10° NTn?/c?)(160x107° ¢’

=€ = = -14 5=
Conserving momentum, mpy; = (mp +mg)vy, or v -5 Mo O [z,
» MpV; p T Mt Vs, f m%ﬁ 5 Vi
_ . _1 _1 0 omy O,
Ki+Ui—Kf+Uf. Ki+0—§(mD +mT)Vf +Uf i(mD +mT)WHVi +Uf
p+My
0
K;+0= U K U
' HD'Ir Ta mDV + T HiiD"’mTE e
D _ mD D = . ) : D’T’ID +m-|—|:| 5 -
d o i =Us: K; JE e 2 (444 keV) =
|Possibly by tunneling.|
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4515 (a) Average KE per particle is 3kgT =2mv?.

s 3(138x107% 1/K)(4.00 x108 K
Therefore, Vi :\§3l:;‘T :\/ ( )( ) =2.23 x 10 m/s

2(1.67 x 10727 kg)

0.1m

X —7
b) t=2~—=M [_107s
®) v 105 m/s
4516 (@) V :(317 x 108 mi3)g1609 _mD? =1.32x10'8 m®
O1mi O

Muater =PV = (10* kg/m?)(132x 10" m?) =132 x10% kg

D'\/IH O 12.016 21 20
my. = 2 = ————1132x10 kg| =148 x10"" k
"2 " HVino 20 Dl8.015g g) g

Mpeuterium = (0.0300%) my;, = (0.0300 x107?)(1.48 x 102 kg) = 4.43 ¥ 10'° kg
The number of deuterium nuclei in this mass is

N = MDeuterium — 4.43x 10" kg
Mpeuteron ~ (2.014 u)(1.66 x107%" kg/u

=1.33x10%
)

Since two deuterium nuclei are used per fusion, 3H + 2H - 3He + Q, the number of events is
N/2 =6.63 x10%.

The energy released per event is
Q :[MzH + M, - M4He] ¢? =[2(2.014 102) - 4.002 602] u (9315 MeV/u) = 23.8 MeV

The total energy available is then

.60 x 1072 90
1 MeV

2.52x10%

E= B%BQ = (6.63x10?)(23.8 MeV)

(b) The time this energy could possibly meet world requirements is

(=E__ 252x10%) ) =(3.61><1016 s)

P 100(7.00x10" J/s

o lyr 0O
(8.16 x 10" sO

114 x10° yr| ~ 1 billion years.
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Including both ions and electrons, the number of particles in the plasma is N =2nV where n
is the ion density and V is the volume of the container. Application of Equation 21.6 gives
the total energy as

6 3
E = $ NkgT =3nVkgT =3(2.0x10% cm_3)§50 mﬂ%@l.% x10% J/K)(4.0x10° K|

From Table 20.2, the heat of vaporization of water is L, =2.26 x 108 J/Kg. The mass of water
that could be boiled away is

E 17x107 ]
m=—=——"""""° =[73k
L, 2.26x10° J/kg

Lawson’s criterion for the D-T reaction is nr>10% s/cm3. For a confinement time of

1=100s, this requires a minimum ion density of n=

At the ignition temperature of T =4.5x10" K and the ion density found above, the plasma
pressure is

6 3
P = 2nkgT :251014 cm‘ﬂ%ﬂiL”; 138 %1072 J/K)(4.5x107 K) = |1.24 x10° J/m°
m

The required magnetic energy density is then

2
Ug =2 >10P :10(1.24x105 J/m3) =1.24x10° J/m?,
249

B>, 2(4mx107 N/AZ)(124x10° 3/m?) =

Let the number of ®Li atoms, each having mass 6.015 u, be Ng while the number of ’Li
atoms, each with mass 7.016 u, is N;.

Then, Ng =7.50% 0f Niotal = 0'0750('\'6 + N7)’ or N7 = Eb06972550§\|6

Also, total mass =[Ng(6.015 u) + N;(7.016 u)](1.66 x 102" kg/u) =2.00 kg,

00.925
£0.0750

This yields Ng =1.30x10%| as the number of ®Li atoms and
N, = 00:925 gl. 30 x 1025) =1.61x10%| as the number of "Li atoms.

"~ 0.0750

or Ne§6-015 u)+ 37.016 u)@l.se x107% kg/u) =2.00 kg.

© 2000 by Harcourt, Inc. All rights reserved.



598 Chapter 45 Solutions

45.20
45.21
45.22
€y
(b)
4523 (a)

(b)

The number of nuclei in 1.00 metric ton of trash is

N = 1000 kg (1000 g/kg)(6.02 x 1023 nuclei/mol) /(56.0 g/ mol) = 1.08 x 10? nuclei

At an average charge of 26.0 e/nucleus, q= (1.08 x 1028)(26.0)(1. 60 x 10_19) =4.47x10"° C
_q_ 4.47x10'° _ 4
Therefore t="=——————=447x10"s=|12.4 h
| 1.00x10°
mass present 5.00 kg

0=

= = — =3.35x10% nuclei
mass of nucleus (89.9077 u)(1.66 x 10 kg/u)

~In2_ In2

= =2.38x1072 yr'1:4.52><10'8 min~t
Ty 291yr

Ry = ANg =(4.52x 107 min)(3.35 x 10%°) = 1.52 x 10" counts/min

.
Ro_gar.  l00countsimin__g 4,998 gng At=-In(6.60x107%) = 39.6
Ro 1.52x10™ counts/min

. 39.6 39.6 3

ivin t= = =11.66 x10° yr
gving A 2.38x107%yrt y

Source: 100 mrad of 2-MeV y-rays/h at a 1.00-m distance.
For y-rays, dose in rem = dose in rad.

Thus a person would have to stand |10.0 hours| to receive 1.00 rem from a 100-mrad/h
source.

If the y-radiation is emitted isotropically, the dosage rate falls off as 1/ re.

Thus a dosage 10.0 mrad/h would be received at a distance r =+/10.0 m = .

The number of x-rays taken per year is

n=(8 x-ray/d)(5 d/wk)(50 wk/yr)=2.0x10° x - ray/yr

5.0 rem/yr _
2.0x10% x - ray/yr

2.5x107% rem/x - ray

The average dose per photograph is

The technician receives low-level background radiation at a rate of 0.13 rem/yr. The dose of
5.0 rem/yr received as a result of the job is
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5.0 rem/yr

= | 38 times background levels
0.13 rem/yr
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_ 1, deO
= HX =— 20
4524 (@) 1=1le™", so X u InD| -
. - . . 1
With u =159 cm 1, the thickness when |1 =14/2 is x=———1In(2)=(0.436 cm
KU o/ 159 om—> (2) -
| 1
b) When -2=100x10% x=——1In(100x10*)=[5.79 cm
() | 1.59 cm} ( )
45.25 1rad =1072 J/ kg Q=mcAT Pt=mcAT

_ mcAT _ m(4186 J/ kgrIC)(50.0 °C) _ _

(10)(10‘2 1/kg E'k)(m)

Note that power is the product of dose rate and mass.

-2
45.26 Q _ absorbed energy - (1000 rad) 107° J/ kg

m unit mass 1rad

=10.0J/kg

The rise in body temperature is calculated from Q =mc AT where ¢ = 4186 J/kg - °C for water
and the human body

L : ig
AT =—=(10.0J/kg) ————————=12.39x10"° °C| (Negligible
me ¢ 9) 4186 1/ kgFIC (Negligible)
45.27 If half of the 0.140-MeV gamma rays are absorbed by the patient, the total energy absorbed is

(0.140 MeV) 31,00 x 107 g[16.02 x 10%* nuclei

E
2 98.9 g/mol H  1mol

aN 12
- 4.26 x 1022 MeV

£ =(4.26x10" MeV)(160x 107 J/MeV)=0.682 ]

. . 0.682J0 1rad O
Thus, the dose received is Dose = =1(1.14 rad
60.0 kg E].O_Z J/kg%
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23 H 0
[6.02x10™ nuclei/molt_ 6.70 x 1022
89.9 g/mol H

45.28 The nuclei initially absorbed are N :(1.00 x107° g)

The number of decays in time t is AN =Ny -N = No(l—e'“) = Nogl—e_('n 2)t/T1/ZB

At the end of 1 year, _t _100yr_ 0.0344
Ty 29.1yr
and AN =Ng - N =(6.70 x10"2)(1- 720 = 1 58 x 10
The energy deposited is E= (1. 58 x 10“)(1.10 MeV)(l. 60 x 10712 J/MeV) =0.0277 ]
o [0.0277 30 -
Thus, the dose received is Dose = =13.96x10"" J/kg| =0.0396 rad
570.0 kg E /kg

e lc@vy? _ (5.00x107% F)(100x10° V)
4529 (a) — = = ] =

E; 0500 MeV ~ (0.500 MeV){160x107%% 3/ Mev

2 Q_Clv) _ (5.00x1072 F)(1.00x 10° V)

- = |3.12 x 1010 electrons|
e e 160x10 7 C

(b)

energy discharged _ %C(AV)2 _ c(av)

4530 (a) amplification=
E E 2E

charge released _ | C(AV)

charge of electron e

(b)

4531 (a) E, =10.0eV is the energy required to liberate an electron from a dynode. Let n; be the number
of electrons incident upon a dynode, each having gained energy e(AV) as it was accelerated to
this dynode. The number of electrons that will be freed from this dynode is N; = nie(AV)/E;:

At the first dynode, n=1 and N;= w =
10.0 eV
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(b)

©

*45.32 (a)

(b)

©

1

For the second dynode, n, =N, =10%, SO = w =102,
10.0 eV
2

At the third dynode, n, =N, =102 and = w =103,
10.0 eV

Observing the developing pattern, we see that the number of electrons incident on the
seventh and last dynode is h; = Ng = .

The number of electrons incident on the last dynode is ny =10%. The total energy these
electrons deliver to that dynode is given by

E = nie(AV) =10°e(700 V - 600 V) =

The average time between slams is 60 min/38 =1.6 min. Sometimes, the actual interval is
nearly zero. Perhaps about equally as often, it is 2x1.6 min. Perhaps about half as often, it is

4x16 min. Somewhere around 5x16 min= , the chances of randomness
producing so long a wait get slim, so such a long wait might likely be due to mischief.

The midpoints of the time intervals are separated by 5.00 minutes. We use R=R0e_“.
Subtracting the background counts,

337 - 5(15) =[372 -5(15)] o~{In2/Ts2)(5.00 min)

[620_ _ . o _ -
or In Go7" In(0.882) = ~3.47 min/T, , which yields T; , = :

As in the random events in part (a), we imagine a =5 count counting uncertainty. The
smallest likely value for the half-life is then given by

[262-50_
p97 +50

=3.47 min/Ty 5, or (T1/2) =211 min

min
The largest credible value is found from

(262 +50]_
[p97 —50

Thus, Ty, = 568'8;21'151 588'82_21'1gmin = (30+9) min = 30 min £ 30%

In

~3.47 min/Ty 5, yielding (Ty,) =38.8 min

max
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The initial specific activity of 5°Fe in the steel,

200 uCi _ 100 uCi [8.70 x 10* BqO

R/m) = = =3.70x10° Bq/ k
(R/Mo=0200kg~ kg H 1xci H e
After 1000 h, % = (R/m)ye ™t = (3.70 x 108 B / kg)e™(¢-40 <107 h™)(2000h) = 1 95 % 106 Bg / kg
. . _ 800 . L
The activity of the oil, Roil = (500 Bq/hter%G.SO liters) = 86.7 Bq
Therefore, Min oil = Roil __ 86'76 Bq = 4.45x107° kg
(R/m) 1.95x10° Bq/kg
-5
So that wear rate is 445x10 7kg _ 1551078 kg/h
1000 h
. 14 . . In2 In2 -1
The half-life of " O is 70.6 s, so the decay constantisA = —— = =0.00982s
Tl/Z 70.6 s

0.009 82 571)(300's) _ £ 26 x 10°

The O nuclei remaining after five minis N =Nge = (101°)e_(
The number of these in one cubic centimeter of blood is

O 1200cm® 0100 cm® O

O
N'=N =(5.26 x 108 =2.63x10°
Heotal vol. of bloodH (5 6x10 )EOOO cm3H 6310

and their activity isR = AN’ = (0.009 82 s‘l)(2.63 x 105) =2.58x10% Bq |~ 10° Bq

The number of photons is 10* MeV/1.04 MeV =9.62 x10%. Since only 50% of the photons are
detected, the number of %°Cu nuclei decaying is twice this value, or 1.92x10*. In two half-
lives, three-fourths of the original nuclei decay, so 2N, =192x10* and Ny =2.56x10*. This

is 1% of the ®°Cu, so the number of ®Cu is 2.56 x 10° .

Natural copper is 69.17% ®3Cu and 30.83% ®Cu. Thus, if the sample contains N¢, copper
atoms, the number of atoms of each isotope is
N63 =0.6917 NCU and N65 =0.3083 NCU'

Therefore,  Nes = 06917

Ngs 0.3083

_[D.69170), _[D.6917
[0.30830 % ™ [.3083

r Ngs

32.56 x 106) =5.75x10°

The total mass of copper present is then Mey = (62.93 u)N63 +(64.93 U)Ngs:

Moy = [(62.93)(5.75 x10°) +(64.93)(2.56 106)] u(166x10% g/u)=8.77x10 g [-10™ g

Starting with N = 0 radioactive atoms at t = 0, the rate of increase is (production — decay)
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dN
ot =R-AN s0 dN = (R - AN)dt

N
The variables are separable. IN 0 R dj N =I:_o dt

B 1T IO nRANG.
A R R
@m@:e_}” and _']_—AN: -At
R R

Therefore, N = ;(l_e—/\t)

(b) The maximum number of radioactive nuclei would be RZA

4537 (a) At6 x 108 K, each carbon nucleus has thermal energy of

3keT =(15)(8.62x 1075 eV /K)(6 x 10° K) =

(b) The energy released is  E= [Zm(Clz) - m(NeZO) - m(He4)] c?

E = (24.000 000 — 19.992 435 - 4.002 602)(931.5) MeV = |4.62 MeV

In the second reaction, E= [Zm(Clz) - m(MgZ4)](931. 5)MeV /u
E = (24.000 000 — 23.985 042)(931.5)MeV = |13.9 MeV

(c) The energy released is the energy of reaction of the # of carbon nuclei in a 2.00-kg sample,
which corresponds to

AE = (2.00 « 1039)[6'02 x 102% atoms / mol %4.62 MeV / fusion event 1kwh 0O
H 12.0 g/ mol 2 nuclei / fusion event 0,25 x10%° MevD

(100 x10%)(4.62)
2(2.25x10%)

AE = kwh = [1.03 x 107 kwh|
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Suppose each 285y fission releases 208 MeV of energy. Then, the number of nuclei that must
have undergone fission is

_ totalrelease  _ 5x10% )
energy per nuclei (208 Mev)(1.60 x1073 J/MeVv

) = [1.5x10% nuclei

mass= L 15% 10%* nuclei
96.02 x10% nuclei/mol

a
5(235 g/mol) = [0.6 kg

For a typical 2°U, Q=208 MeV; and the initial mass is 235 u. Thus, the fractional energy

loss is
Q 208 MeV 4
= =9.50x10 " = 0.0950%
me® (235 u)(931.5 MeV,u)
For the D-T fusion reaction, Q =17.6 MeV
The initial mass is m =(2.014 u)+(3.016 u) =5.03 u
. o .0 17.6 MeV 3
The fractional loss in this reaction is = =3.75%x107° = [0.375%
me?  (5.03 u)(931.5 MeV/u)
0,
0.375% _395 or the fractional loss in D — T fusion is about 4 times that in 2 U fission |

0.0950%

To conserve momentum, the two fragments must move in opposite directions with speeds
v, and v, such that

Um,

|
lel = m2V2 or V2 = %B\ll

The Kinetic energies after the break-up are then

Ky =21myvi and Ky =3m,v

1 - m,
K1 +K; K1+(m1 mZ)Kl m; +m;

The fraction of the total kinetic energy carried off by m, is

m, _
m; +m, my +m,

and the fraction carried off by m, is 1-
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45.41

_In2 _ In2
Tio (123yr)(3.16x107 s/yr

The decay constant is A ) =178x107° 571

The tritium in the plasma decays at a rate of

14 6 A3 O
.00 x 101 [I10° cm aSO'O mg)D

R=AN=(178x107° s7%) T o
cm m

U 1Ci O .
R=178x10" Bq=(178x10"% B =[482 Ci
q ( q)%.70><1010 BqD 482 Ci

o _4x100Ci g .. .
The fission inventory is Y 10" times greater| than this amount.
i

Goal Solution

The half-life of tritium is 12.3 yr. If the TFTR fusion reactor contained 50.0 m? of tritium at a density
equal to 2.00 x 10 jons/cm?, how many curies of tritium were in the plasma? Compare this value with
a fission inventory (the estimated supply of fissionable material) of 4 x10'° Ci.

G:

It is difficult to estimate the activity of the tritium in the fusion reactor without actually calculating
it; however, we might expect it to be a small fraction of the fission (not fusion) inventory.

The decay rate (activity) can be found by multiplying the decay constant A by the number of fH
particles. The decay constant can be found from the half-life of tritium, and the number of particles
from the density and volume of the plasma.

The number of Hydrogen-3 nuclei is

N = (50.0 m®)2.00 x 201 PAEE g Cr':g =100x10% particles
m

_In2_0693 O 1lyr O

= =178x107% s
Ty, 12.3yrB.16x10" sO

A

The activity is then

0 i D
R=AN =(178x10 5)(100 x 10 nuclei) =178 x 102 Bq = (178 x 10 Bg)— o 7= 482 Ci
.70 x10™ Bg ]

Even though 482 Ci is a large amount of radioactivity, it is smaller than 4.00 x10'° Ci by about a
hundred million. Therefore, loss of containment is a smaller hazard for a fusion power reactor than
for a fission reactor.
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45.42 Momentum conservation: 0=my Vi +MyVg, OF, MV = MgV,
1 5 1(mgvy)? _ (meve)’ _Om2 O,
Thus, K ==myvi = - +——4—= =0V
2 2 my 2my my;
0 (4.002 6 u) 20

_ %108 %108 ?
K= W [19.30x 10 m/s =(114 u)9.30x10° m/sg

Kii =114(1.66 x 1027 kg):.30 x 10° m/s? =164x107%3 )

45.43 The complete fissioning of 1.00 gram of U?% releases
rQ=_ (L009) 5‘0.02 x 102 toms Mev %{ 60 x 10713 D_ 8.20x 10 J
235 grams / mol mol flssmn v U

If all this energy could be utilized to convert m kilograms of 20.0°C water to 400°C steam (see
Chapter 20 of text for values), then

AQ =mc,, AT +mL,, + mcg AT

AQ = m|(4186 1/ kgIC)(80.0 °C) +2.26 x 10° 1/ kg + (2010 1/ kgIIC)(300 °C)|

10
Therefore m= Llsoj = [2.56 x 10* kg
3.20x 10° 1/ kg

45.44 When mass m of 2®U undergoes complete fission, releasing 200 MeV per fission event, the
total energy released is:

O m O .
= N A (200 MeV where N, is Avogadro’s number.
Q D35 g /mol] Al ) A g

If all this energy could be utilized to convert a mass m,, of liquid water at T, into steam at T,
then,

Q =my[cy(100°C = T,) +L, + (T, ~100°C)

where c,, is the specific heat of liquid water, L, is the latent heat of vaporization, and c; is the
specific heat of steam. Solving for the mass of water converted gives

_ Q _ mN A (200 MeV)
my, = =

[w(100°C = To) +L, +eo(Ty ~100°C)] | (235 g/mol)[c,,(100°C ~T) +L, + (T, ~100°C)

© 2000 by Harcourt, Inc. All rights reserved.
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4545 (a) The number of molecules in 1.00 liter of water (mass = 1000 g) is
(.00 x 10% g0 23 25
N = 6.02 x10“° molecules/mol | =3.34 x10-> molecules
%8.0 g ’moIE{( / )
The number of deuterium nuclei contained in these molecules is

N' = (3.34 x10%° molecules) 0_ldeuteron [_, 01,102 geuterons

(3300 moleculesU

Since 2 deuterons are consumed per fusion event, the number of events possible is
N’/2 =5.07 x 10% reactions, and the energy released is

Erusion = (5.07 ¥ 102! reactions)(3.27 MeV/reaction) = 1.6 x 102 MeV

Erusion = (166 %102 MeV/)(1.60x 1072 J/MeV) = [ 2.65x 10° J

(b) In comparison to burning 1.00 liter of gasoline, the energy from the fusion of deuterium is

) 9
Efusion — 2.65x 107 J =|78.0 times larger| .
Egasoline 3.40x10° )

45.46 The number of nuclei in 0.155 kg of %°Po is

_ 0 155¢g

No = E(G.OZ x10% nuclei/g) = 4.44 x10% nuclei
%09.98 g,/ mol

The half-life of 2!°Po is 138.38 days, so the decay constant is given by

A= In2 _ In2
Ti2 (138.38 d)(8.64 x 10° 5/d

) =5.80x108 g1

The initial activity is Ro=ANg = (5.80 x1078 5'1)(4.44 x10% nuclei) =2.58 x10'°® Bq
The energy released in each 29Po - 23Pb + 3He reactionis Q= My, — Mg, — M, 2
34 PO g2 Pb oHe

Q =[209.982 848 ~ 205,974 440 - 4.002 602]u [$3L5 7 0=5.41 MeV

Thus, assuming a conversion efficiency of 1.00%, the initial power output of the battery is

decays ] MeV % 3 30O
P =(0.0100)R,Q = (0.0100) =2.58 x 10'° 41 60x107° ———=(223 W
( JRQ =( )% S EBS decay Mev U



45.47

*45.48

*45.49

(@)

(b)

(@)
(b)

©

(d)

(@)

(b)

©
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The thermal power transferred to the water is P, =0.970(waste heat)

P, =0.970(3065 —1000) MW = 2.00 x10° J/s

_ p, _(2.00x10° J/s)(3600 s/h)
w is the mass of heated per hour: r, =—/%.=

=4.91x10® kg/h
c(AT) (4186 J/kgrIC)(3.50 °C) - 9/

4.91x10% kg/h
1.00x10% kg m®

=14.91x10° m*/h

The volume used per hour is

. 03065 x 10° J/s (0 1 kg EI]SGOO sO_
The 235U fuel is consumed at a rate 0.141 kg/h
B7 80x1010 J/g%ooog 1h o

AV = 47r(ar) = 471(14.0 x 10° m)2(0.05 m)=123x10% m3 | ~108 m?

The force on the next layer is determined by atmospheric pressure.

W =P(AV) = 1013 x10° ﬁzgl 23x10° m?)=125x10° J | ~102
m

1.25x10" J = L (yield), so yield =1.25 x10" J | ~10"

14
L2x107 ) _597x10% ton TNT ~10° ton TNT  or [~ 10 kilotons
4.2x10% J/ton TNT

md® 0 700k e
v=13=" g 9 = [0:155 m]
p H E Efl87><103 kg/m3E m

Add 92 electrons to both sides of the given nuclear reaction. Then it becomes
238U atom - 8 3He atom + 235Pb atom + Q.

Quet = EMzs, ~8My,, ~ Mansy, 7 =[238.050 784 - 8(4.002 602) - 205.974 440 u (9315 MeV/u)

Q-

If there is a single step of decay, the number of decays per time is the decay rate R and the

energy released in each decay is Q. Then the energy released per time is . If there is

a series of decays in steady state, the equation is still true, with Q representing the net decay
energy.

© 2000 by Harcourt, Inc. All rights reserved.
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45.50

45,51

(d) The decay rate for all steps in the radioactive series in steady state is set by the parent uranium:

D700 X104 ga 23 . 26 .
N = 6.02 x10°° nuclei/mol) =177 x10“° nuclei
H238 g/mol / )
=In2 _ '”29 —155x1070 L
Ty 4.47%x10°% yr yr

0
R=AN =[155x 10710 ylram? x 10% nuclei) =2.75x10' decays/yr,

0
so P=QR=(5L7 MeV)E2.75><1016 ylrﬁl.emxm‘13 J/MeV) =|2.27x10° J/yr

(e) dose in rem = dose in rad x RBE

rem radd rad

5.00 — H}Iose in —Hl .10, giving H}Iose in WH—455 W

-2
The allowed whole-body dose is then (70 0 kg Hﬂ .55 rad %Olri;dkgﬁ 3.18 I/yr

= E(thermal) = >kyT =0.039 eV
1\" o 1\" 6
Er :(E) E  where n= number of collisions, and 0.039= (E) (2.0 x10 )

Therefore, n=25.6=|26 collisions

From conservation of energy: K, +K,=Q  or %mo,vo,2 +%mnvn2 =17.6 MeV
Conservation of momentum: m,Vv, =m.V or %:—“H/
' avVa — n'n
. Dm Om, +m 2
The energy equation becomes: Im v+l m v2 =Fn "’alm v ):17.6 MeV
gy €q 2 aH GE n n H m, 2 MV

4.002 602
Thus, ﬁl? 6 MeV) = = [14.1 MeV]
Bﬁ 51 008 665 + 4.002 602% [24.1 Mev]
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Goal Solution
Assuming that a deuteron and a triton are at rest when they fuse according to

2H+°H - *He+n+17.6 MeV,

determine the kinetic energy acquired by the neutron.

G:

The products of this nuclear reaction are an alpha particle and a neutron, with total kinetic energy of
17.6 MeV. In order to conserve momentum, the lighter neutron will have a larger velocity than the
more massive alpha particle (which consists of two protons and two neutrons). Since the kinetic
energy of the particles is proportional to the square of their velocities but only linearly proportional
to their mass, the neutron should have the larger kinetic energy, somewhere between 8.8 and 17.6
MeV.

Conservation of linear momentum and energy can be applied to find the kinetic energy of the
neutron. We first suppose the particles are moving nonrelativistically.

The momentum of the alpha particle and that of the neutron must add to zero, so their velocities
must be in opposite directions with magnitudes related by

m,v,+myv, =0  or (10087 u)v, =(4.0026 u)v,

At the same time, their kinetic energies must add to 17.6 MeV

1 2 .1 2_1 2,1 2 _
E=2myvp +5mgVe” = (1.0087 u)v,® +2(4.0026 u)v,” =17.6 MeV

lu O
4 Mev/c20

Substitute v, =0.2520v,: E =(0.50435 u)vn2 +(0.12710 u)vn2 =17.6 MeVEb31 29

I 2
vy =, 2OI89CT _ 173¢=5.19x107 m/s
\0.63145
Since this speed is not too much greater than 0.1c, we can get a reasonable estimate of the kinetic
energy of the neutron from the classical equation,
(931.494 MeV /¢? 0

1 1
K =2mv? = (10087 u)(0.1730)5 ' 0= 14.1Mev

The kinetic energy of the neutron is within the range we predicted. For a more accurate calculation
of the kinetic energy, we should use relativistic expressions. Conservation of momentum gives

V, \'

YoMV + YgMeVvy =0 10087 —"——=4.0026 ————
V1-v, Y/ ¢ V1-vg/c?
2 2
. v v,
ieldin 4 = n
Y g ¢ 15.746c% - 14.746v,?
Then (Vo —1)mnc® +(yq —2)m,c? =17.6 MeV

and v, =0.171c, implying that  (y, —1)m,c® = 14.0 MeV

© 2000 by Harcourt, Inc. All rights reserved.
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45.52

45.53

(@)

(b)

(©

(d)

(®)

From Table A.3, the half-life of *2P is 14.26 d. Thus, the decay constant is

~In2_ In2

== =0.0486 d 1 =5.63x107" s7*.
T, 14.26d

Ry _ 5.22x10° decay s
A 5.63x107" s7*

No = =9.28 x 10" nuclei
At t=10.0 days, the number remaining is

0.0486 d*)(10.0 d)

N =Npe ™t =(9.28x10% nuclei)e_( =5.71x10'2 nuclei

so the number of decays has been Ny — N =3.57 x 102 and the energy released is
_ 12 16 0O
E =(3.57 % 10"?)(700 keV) 1.60 x 10 004001

If this energy is absorbed by 100 g of tissue, the absorbed dose is

_00.400) OJ 1rad

O
DO =1 100 kg 02 3/kgH

6.02 x 1022 nuclei/mol
239.05 g/mol

The number of Pu nuclei in 1.00 kg = (1000 g)

The total energy = (25.2 x 10?3 nuclei)(200 MeV) = 5.04 x 10%® MeV

E = (5.04 x 10% MeV)(4.44 x 1072 kWh/MeV) = [2.24 x 10’ kWh| or 22 million kwh

E = Amc? = (3.016 049 u + 2.014 102 u — 4.002 602 u — 1.008 665 u) (931.5 MeV/u)

E= |17.6 MeV for each D-T fusion|

En = (Total number of D nuclei)(17.6)(4.44 x 107%°)

En = (6.02 x 10%%)(1000/2.014)(17.6)(4.44 x 107%0) = |2.34 x 108 kWh|

En = the number of C atoms in 1.00 kg x 4.20 eV
En = (6.02 x 10%6/12.0)(4.20 x 10~% MeV)(4.44 x 10%°) = [9.36 kWh

Coal is cheap at this moment in human history. We hope that safety and waste disposal
problems can be solved so that nuclear energy can be affordable before scarcity drives up the
price of fossil fuels.



*45.54

*4555 (a)

(b)

4556  (a)

(b)
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Add two electrons to both sides of the given reaction. Then 41H atom - jHe atom +Q
where Q = (Am)c® =[4(1.007 825) - 4.002 602] u (9315 MeV/u) = 26.7 MeV
or Q=(26.7 MeV)(160x 107 J/MeV)=4.28 1072 J

The proton fusion rate is then

power output 3.77x10% Js

= =[3.53x10% protons/s
energy per proton (4.28 x 10712 .])/(4 protons) /

rate =

Qi =[Ma + Mg - Mc - Mg]c?, and Q =[Mc +Mp - Mg - Mg]¢?
Qnet =Qi +Qy :[MA+MB_MC_ME+MC+MD_MF_MG]C2

Qnet =Qi +Qy :[MA+MB+MD_ME_MF_MG]CZ

Thus, reactions may be added. Any product like C used in a subsequent reaction does not
contribute to the energy balance.

Adding all five reactions gives H+H+ %e+IH+IH+ %e ~ JHe+2v+Qpq
or 1H+2 le - 2He+2v+Qnet
Adding two electrons to each side 41Hatom — 5He atom +Q,

410|° =[4(2.007 825) - 4.002 602] u (9315 MeV/u) =

2

Thus, Que = ’4 My, -

-2 70
The mass of the pellet is m=pV = %J 200 EB‘iTDl 50 ><10 cmE 0=3.53x107/ g

EH3

The pellet consists of equal numbers of 2H and ®H atoms, so the average atomic weight is
2.50 and the total number of atoms is

_ 8,53 x1077 gE(G 02 x 1023 atoms/mol) 8.51x 106 atoms
2.50 g/mol

When the pellet is vaporized, the plasma will consist of 2N particles (N nuclei and N
electrons). The total energy delivered to the plasma is 1.00% of 200 kJ or 2.00 ki. The

temperature of the plasma is found from E = (2N)(% kBT) as

3
E _ 2.00x10 J_ ): 568 x10° K

~ 3Nkg 3(8.51x1016)(1.38x10 B K

Each fusion event uses 2 nuclei, so N/2 events will occur. The energy released will be

EB51><1016 -3 J 0O 5,
%:) 17.59 MeV) .60 x 10 oyn=120%10° 1= [120 K]
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*4557 (a)

(b)

©

4558  (a)

(b)

©

The solar-core temperature of 15 MK gives particles enough Kkinetic energy to overcome the
Coulomb-repulsion barrier to 1H + 3He - 3He +e* +v, estimated as k, (¢)(2e)/r. The Coulomb

barrier to Bethe’s fifth and eight reactions is like k.(e)(7e)/r, larger by % times, so the
temperature should be like %(15><1O6 K)= 5x 10" K| .

For C +'H - BN +Q,

Q, =(12.000 000 +1.007 825 - 13.005 738)(93L.5 MeV) =

For the second step, add seven electrons to both sides to have:
BNatom - Bcatom+e +e* +Q.

Q, =[13.005 738 - 13.003 355 ~ 2(0.000 549)|(931.5 MeV) =

Qs =Q; =2(0.000 549)(931.5 MeV) =

Q, =[13.003 355 +1.007 825 - 14.003 074](931.5 MeV) =

Qs =[14.003 074 +1.007 825 - 15.003 065](931.5 MeV) =

Qs =[15.003 065 ~ 15.000 108 - 2(0.000 549)|(931.5 MeV) =

Qg = [15.000 108 +1.007 825 - 12 - 4.002 602](931.5 MeV) =
The sum is , the same as for the proton-proton cycle.

Not all of the energy released heats the star. When a neutrino is created, it will likely fly
directly out of the star without interacting with any other particle.

I, _ lge™H2X

Iy

- = e—(llz - py)x

|Oe—#1x

150 _ o~(5.40-410)(0.200) _ ;356 _

l100

5o _ e—(5.4o - 41.0)(1.00) _ 356 = | 2. 89 x 1015

l100

Thus, a 1.00-cm aluminum plate has essentially removed the long-wavelength x-rays from
the beam.



