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1.5x107° C-m
@ qzﬁz—_g
d 0.16x10° m

21
q_937Tx107C o0
e 1.602x10™° C

EVALUATE: The fractional ionic character for the bond in HI is much less than the fractional ionic character for

the bond in NaCl. The bond in HI is mostly covalent and not very ionic.
2
42.36. The electrical potential energy is U =—5.13eV, and r= e =2.8x107"" m.
4me, U
42.37. (a) IDENTIFY: E(Na)+ E(Cl)=E(Na*)+ E(CI")+U(r). Solving for U(r) gives

U(r)=-[E(Na")— E(Na)]+[E(Cl)— E(CI)].

=9.37x10% C

SETUp: [E(Na")—E(Na)] is the ionization energy of Na, the energy required to remove one electron, and is

equal to 5.1 eV. [E(CI)— E(CI7)] is the electron affinity of Cl, the magnitude of the decrease in energy when an

electron is attached to a neutral Cl atom, and is equal to 3.6 eV.
2

EXECUTE: U =-5.1eV+3.6eV==15eV=-24x10"17, and —4#6— =-24x10"7J
7Z'€0 r

19 :(8.988><109N'm2/cz) 19
24%10"° J 24x107 7

r=9.6x10"" m=0.96 nm
(b) ionization energy of K =4.3 eV; electron affinity of Br=3.5¢eV

2

1
Thus U =—43 eV +3.5eV=-08eV=-1.28x10""J, and ——— =—1.28x107"° J

. e (1.602x107" C)°
4re,

4re, r

2 —19 2

r=|  _(8.988x10° N-m?/c2)1002X10C)
4re, J128x107 ] 1.28x107° 1

r=1.8x10° m=1.8 nm
EVALUATE: K has a smaller ionization energy than Na and the electron affinities of Cl and Br are very similar,
so it takes less energy to make K* + Br~ from K+ Br than to make Na*+Cl™ from Na+Cl. Thus, the
stabilization distance is larger for KBr than for NaCl.

42.38. The energies corresponding to the observed wavelengths are 3.29x107' J, 2.87x107' J,2.47x107 ],
2.06x107" Jand 1.65x107' J. The average spacing of these energies is 0.410x107' J and these are seen to

2
correspond to transition from levels 8, 7, 6, 5 and 4 to the respective next lower levels. Then, 7 =0.410x1077J,

from which 7 =2.71x10"" kg-m>.

42.39. (a) IDENTIFY: The rotational energies of a molecule depend on its moment of inertia, which in turn depends on
the separation between the atoms in the molecule.

SETUP: Problem 42.38 gives [ =2.71x107" kg-m®. I =m,r’. Calculate m_ and solve for r.

—27 —26
Expcure:  m, =i =(1.67><10727 kg)(5.81><10726kg)
my+mg  1.67x107 kg+5.81x107 kg

. 1 2.71x10" kg-m’
1.623x107" kg

EVALUATE: This is a typical atomic separation for a diatomic molecule; see Example 42.2 for the corresponding

distance for CO.

(b) IDENTIFY: Each transition is from the level / to the level [/ —1. The rotational energies are given by Eq.(42.3).

The transition energy is related to the photon wavelength by AE = hc/A.

=1.623x10" kg

=1.29%107"" m =0.129 nm
mr

2 2
SETUP: E =I(+Dh*/2I, s0 AE=E,—E,_ =[I(l+1)—1(—- 1)](%) = z[fﬂ

2
EXECUTE: [ h— :E
1 A

;. 2mel _ 2m(2998x10° m/s)(2.71x10™ kg-m?) _ 4.843x10" m
hA (1.055x107™ J-5)A 2
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42.40.

42.41.

4
For 2=60.4 ym, 1= —5 10 M _
60.4x10° m
_4
For 1=69.0 yim, [ = 234310 m _
69.0x10° m
4
For 2=804 ym, [ = 2o>x10_ M _¢
80.4x10° m
_4
For A=96.4 um, [ = 234310 m _
96.4x10° m
4
For 2=120.4 gim, 1 = ~o2x10_m _
1204x10° m

EVALUATE: In each case [ is an integer, as it must be.
(c) IDENTIFY and SET UP: Longest A implies smallest AE, and this is for the transition from /=1 to [ =0.

2 —34 2
Execute: AE=1| - = (1'055X137 ! S)2 =
I 2.71x10% kg-m

g2 he _ (6.626x107" J-5)(2.998%x10° m/s)
AE 4.099x107 J

EVALUATE: This is longer than any wavelengths in part (b).
(d) IDENTIFY: What changes is m_, the reduced mass of the molecule.

4.099x107 J

=4.85x107" m =485 um.

. . n’ h 27cl o
SET UP: The transition energy is AE:l(T] and AEZTC, SO /’L:% (part (b)). I =mr?, so A is directly

A(HCI) _ A(DCI) so A(DCI) = A(HCI) m_(DCI)
m (HCl) m (DCI) m, (HCI)
EXECUTE: The mass of a deuterium atom is approximately twice the mass of a hydrogen atom, so
my, =3.34x107" kg.

mym, _ (3.34x10™ kg)(5.81x10" kg)
m,+m,  3.34x107 kg +5.81x107 kg
3.158x1077 kg
1.623x107 kg
1=8—>1=T7,A=(60.4 um)(1.946) =118 um
1=7—>1=6;4=(69.0 um)(1.946) =134 um
I=6—>1=5,4=(80.4 um)(1.946) =156 um
[=5->1=44=(96.4 um)(1.946) =188 um
I=4—>1=3;4=(120.4 um)(1.946) =234 um

EVALUATE: The moment of inertia increases when H is replaced by D, so the transition energies decrease and
the wavelengths increase. The larger the rotational inertia the smaller the rotational energy for a given [ (Eq.42.3).

nl_ hid

proportional to m,.

m (DCI) = =3.158x10" kg

A(DC) = Z(HCI)[ j =(1.946)A(HCI)

From the result of Problem 42.11, the moment inertia of the molecule is [ =—= —= 6.43x107* kg- m? and
T C
I
from Eq.(42.6) the separation is 7, = /— =0.193 nm.
ml'
X mAI+)) . .. e
(@) E, =—=———. E, =0 (I =0),and there is an additional multiplicative factor of 2/ + 1 because for each /

21 21

. n _R2
state there are really (2 +1) m, -states with the same energy. So — = (2] +1)e”""*P/C*D

n,
(b) T=300K,I =1.449x10™ kg-m".
2 —23
i E = WAD g gy Ban  TOXI0TT g5
2(1.449x107 kg-m?) kT (1.38x107 J/K) (300 K)

n

Q2l+1)=3, s0LL =(3)e ¥ =2.05.

n,
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42.42.

42.43.

2
(i) £=2 = _r@e+) =0.0556.
KT 2(1.449x10°° kg-m?) (138x10 J/K) (300 K)

(20+1)=5, 50 M=l = (5)(e5F) = 4.73.
nO
2
(lll) El:l() — — h (120) (10+1) — =1.02
KT~ 2(1.449x107 kg -m?) (1.38x10% J/K) (300 K)

QL+1)=21,50 =0 = (21) (¢1)=7.57.

n()

2
(iv) L0 S A CUICY ) =3.89
KT~ 2(1.449x107% kg -m?) (1.38x10> J/K) (300 K)

(20 +1) =41, so =20 = (41)¢¥ =0.838.
ny,
) E g _ 7*(50) (50+1)

=23.6
kT 2(1.449x107* kg-m?) (1.38x107 J/K) (300 K)

(20+1)=101, s0 =0 = (101)e 3¢ =5.69x10™.

n,
(c) There is a competing effect between the (2/ + 1) term and the decaying exponential. The 2/ + 1 term dominates
for small /, while the exponential term dominates for large /.

(@) I, =1.449x107* kg-m”.
- P11+ _ (1.054x10™ J-5) (D) (1+1)
= 21 2(1.449x107 kg-m?)
AE=7.67x10"J=4.79x10" eV.
42 he _(6.63x107 T -5) (3.00x10" m/s)
AE (7.67x107% 1)
(b) Let’s compare the value of k7 when T = 20 K to that of AE for the / =1—1 =0 rotational transition:

kT = (1.38x107 J/K) (20 K) =2.76 X107 J.

0.

=7.67x107J. E,

=0 =

=2.59%107 m=2.59 mm.

AE =7.67x107> J (from part (a)). SOfET =3.60.

Therefore, although T is quite small, there is still plenty of energy to excite CO molecules into the first rotational
level. This allows astronomers to detect the 2.59 mm wavelength radiation from such molecular clouds.

IDENTIFY and SETUP:  E, =I(l+1)k* /21, so E, and the transition energy AE depend on I. Different isotopic
molecules have different /1.

mymy _ (3.8176x107° kg)(5.8068%x10*° kg)
my, +me  3.8176x107° kg+5.8068x10 kg
I=mr" =(2.303x107° kg)(0.2361x10~ m)’ =1.284x107 kg -m’
=2 — [ =1 transition

EXECUTE: (a) Calculate / for Na*Cl: m, = =2.303x107 kg

=1.734x107%J

2 2 —34 2
AE:EZ_EI=(6_2)(h_j=£_2(1.055x10 Is)

21) 1 1284x10* kg -m®
—34 8
AE=TC g0 g2 fe _(6626x107 ) S)(z;i%xm ™/S) 1 146x10™ m=1.146 cm
A AE 1.734x10 J

[ =1—1=0 transition

n’ o1 -23 -24
AE=E,—E,=(2-0) = =—(1.734x107 J) =8.67x107™* J
I 2

21
34 8
e he _ (6.626x10™ J-5)(2.998x10° m/s) 2991 em
AE 8.67x107J

myme  (3.8176x107° kg)(6.1384x107 kg)
my, +my  3.8176x107° kg +6.1384x107 kg
I=mr*=(2.354x107 kg)(0.2361x10”° m)* =1.312x10™* kg-m’

(b) Calculate / for Na¥’Cl: m, = =2.354x107 kg
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42.44.

42.45.

42.46.

42.47.

[ =2 — [ =1 transition
_aw 2105510 ik S)zz —1.697X107% J
I 1312x10% kg-m
_he _(6.626x107* J-5)(2.998x10° m/s)
TAE 1.697x1072 J
[ =1—[=0 transition

2
AE= hT = %(1.697x10'23 1)=8.485x107 J

AE

=1.171x107? m=1.171 cm

g2 he _ (6.626x107" J-$)(2.998%x10° m/s)
AE 8.485x107* J

The differences in the wavelengths for the two isotopes are:
=2 —1[=1 transition: 1.171 cm —1.146 cm =0.025 cm
I =1—1=0 transition: 2.341 cm—2.291 cm =0.050 cm

EVALUATE: Replacing ¥ Cl by “Cl increases I, decreases AE and increases A. The effect on A is small but

=2.341cm

measurable.

The vibration frequency is, from Eq.(42.8), f = > =1.12x10" Hz. The force constant is

kK'=Qxf)’m =777 N/m.

E=[n+i|n X =g =Ly [
2 m, 2 \my
:Eozl(l.054><10’34J~s) M:4.38x10’2‘)]:0.274ev

2 1.67x107 kg

This is much less than the H, bond energy.

(a) The frequency is proportional to the reciprocal of the square root of the reduced mass, and in terms of the
atomic masses, the frequency of the isotope with the deuterium atom is

f=1 [—mFmH/(W"H +’"F)]V2 =f [_l"_(mF/mD)jl/z
e, [(my +m) 1+ (g fmy) )

Using f, from Exercise 42.13 and the given masses, f =8.99x10" Hz.

IDENTIFY and SET Up: Use Eq.(42.6) to calculate /. The energy levels are given by Eq.(42.9). The transition
energy AFE is related to the photon wavelength by AE = hc/A.

mym;  (1.67x1077 kg)(2.11x10™ kg)
my+m, 1.67x107 kg+2.11x10™ kg

I=mr*=(1.657x107" kg)(0.160x10™ m)* =4.24x10™" kg-m’

EXECUTE: (a) m, = =1.657x107" kg

2 7
(b) The energy levels are E,, =I(/ + l)(%) +(n+Hh /k— (Eq.(42.9))
mr

’ 2
1/k—=a)=2izf so E, =10+ D = |+ (nt g
m 21
(i) transition n=1—-n=0,[=1—>1=0

AE=(2—0)(h j+(1+g—g)hf =h7+hf

21
AE=E so ﬂ=£= 5 he = <
A AE  (WID+hf (h/27l)+f
34
S LSO TS 5 96010 1y
27l 27(4.24x107 kg m?)
c 2.998x10° ms

1= _ - =430 um
(h/2xD)+f  3.960x10" Hz+6.93x10" Hz
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42.48.

42.49.

42.50.

41.51.

(i) transition n=1—n=0, [=2—1=1

AE=(6—2)(%j+hf=%+hf

ae c B 2.998x10° m/s
2(h/2x)+ f 2(3.960x10" Hz)+6.93x10" Hz

(>iii) transition n=2—>n=1,1=2—1=3

n’ 3n’

— |[+hf =——+h

21] / 1 /

1= c _ 2.998x10° m/s
=3(n/2xl)+ f  -3(3.960x10" Hz)+6.93x10" Hz

EVALUATE: The vibrational energy change for the n=1— n =0 transition is the same as for the n=2—>n=1

transition. The rotational energies are much smaller than the vibrational energies, so the wavelengths for all three
transitions don’t differ much.

=428 um

AE = (6—12)(

=4.40 um

e . 1 1 1 o AEIKT

The sum of the probabilities is f(E. +AE)+ f(E. —AE)= ST ] T ] = ST + 3 o =
323 435223
Since potassium is a metal we approximate E.=FE,. = E.= —om
m
1kg/m’
But the electron concentration n =2 = n = % =1.31x10 electron/m*
m 6.49x107 kg
23 _4/3 -3 T2 28, 3\2/3

—E, = 3727 (1.054%107" J-5)°(1.31x10” /m”) —324%10"° T=2.03eV.

2(9.11x107" kg)

IDENTIFY: The only difference between the two isotopes is their mass, which will affect their reduced mass and

hence their moment of inertia.
2

SET UP: The rotational energy states are given by E=I[(/ + l)z—l and the reduced mass is given by m, =

mlmz/(ml + mz).
EXECUTE: (a) If we call m the mass of the H-atom, the mass of the deuterium atom is 2m and the reduced masses
of the molecules are

H, (hydrogen): m,(H) = mm/(m + m) = m/2

D, (deuterium): m (D) = 2m)2m)/2m + 2m) =m
Using I = m, roz, the moments of inertia are Iy = mr02/2 and Ip = mroz. The ratio of the rotational energies is then
By _1A4D(R120) 1, mi
E, d+D(r*/21,) L, m.

2

To

1 kK
" Mm@ o
m
(b) The ratio of the vibrational energies is ﬂ = L = m, (D) = " \/5 .
E, 1 k m_(H) m/2
n+— \h |[—— r
2 m (D)

EVALUATE: The electrical force is the same for both molecules since both H and D have the same charge, so it is
reasonable that the force constant would be the same for both of them.

IDENTIFY and SET UP:  Use the description of the bce lattice in Fig.42.12c in the textbook to calculate the
number of atoms per unit cell and then the number of atoms per unit volume.

EXECUTE: (a) Each unit cell has one atom at its center and 8 atoms at its corners that are each shared by 8 other
unit cells. So there are 1+8/8 =2 atoms per unit cell.

n_o_ 2 _ 4.66x10% atoms/m’

vV (035x10° m)

32/3”4/37/_[2 N 2/3
(b) Epy="—"—""
2m \%

In this equation N/V is the number of free electrons per m’. But the problem says to assume one free electron per
atom, so this is the same as n/V calculated in part (a).

m=9.109x10" kg (the electron mass), so E., = 7.563x107° IT=4.7 eV
EVALUATE: Our result for metallic lithium is similar to that calculated for copper in Example 42.8.
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42.52.

42.53.

42.54.

42.55.

42.56.

2
(a) iU or = ae LZ—SALQ. Setting this equal to zero when r =1, gives 7} = 8A47;€°
dr 4re, r r oe
2 7 2
andso Uy, =2 Lo 5| Av o, U, = 2% = 126x10™ T =—7.85¢V.
4me,\ r 8r 32reyr,

(b) To remove a Na*Cl™ ion pair from the crystal requires 7.85 eV. When neutral Na and Cl atoms are formed
from the Na*and CI™ atoms there is a net release of energy —5.14 eV +3.61eV =-1.53 eV, so the net energy
required to remove a neutral Na, CI pair from the crystal is 7.85eV —1.53eV =6.32¢eV.

dE -
(a) IDENTIFY and SETUP: p= —ﬁ. Relate E , to E., and evaluate the derivative.

3N 3 32/3 4/3h2
EXECUTE: E, =NE, ="~ E, =2 >~ R
5 5 2m

dE 3( 323 74352 2 2B 482\ N 5/3
IOI:—[ i N3 —EV'SM so p= S v e was to be shown.

av. 5 2m Sm

(b) N/V =8.45x10* m™
_(3*77*°(1.055x107 J-s)?
_[ 5(9.109x10™" kg)

](8.45><1028 m~)"? =3.81x10" Pa=3.76x10° atm.

(c) EVALUATE: Normal atmospheric pressure is about 10° Pa, so these pressures are extremely large. The
electrons are held in the metal by the attractive force exerted on them by the copper ions.

23_4/32.2 53 23_4/32.2 W,
(a) From Problem 42.53, p= u(%) . B=- dp = —VF A (ﬂj [ Nj:l = ép.

Sm dv 3 sm \v) (v?)| 3
N 23 _4/33.2
(b) =845 x10* m™. B= % S 5” (8.45x10*m™)”* =6.33x10" Pa.
m
10
(c) —61343 xllo(?l PPa =0.45.The copper ions themselves make up the remaining fraction.
4 X a

BB (N 23 1 ,
a E =—|— . Let E =—mc .
@ Ery 2m \V 100
/2
N 2l 3 232,33 232,33 .
(7){(100)32%“/%2} 10073 3000m7 OO

8.45x10* m™ S . . . S
+=35.06x107. Since the real concentration of electrons in copper is less than one part in 107" of the

1.67x10* m™
concentration where relativistic effects are important, it is safe to ignore relativistic effects for most applications.
6(2x10* kg)

1.99x107 kg

(b)

(c¢) The number of electrons is N, = =6.03%x10%. The concentration is

56
Ne :&063:6.66X1035 m73.
V  47(6.00x10° m)

35 -3
6.66x10 m% =400 so relativistic effects will be very important.

1.67x10¥ m

IDENTIFY: The current through the diode is related to the voltage across it.

SETUP: The current through the diode is given by I = Is (¢ — 1).

EXECUTE: (a) The current through the resistor is (35.0 V)/(125 Q) = 0.280 A = 280 mA, which is also the
current through the diode. This current is given by I = Is (¢*"*" — 1), giving 280 mA = 0.625 mA(¢"”" — 1) and 1 +

KTIn449 (1.38x107 J/K)(293 K)In449
e 1.60x10™ C -

(d) Comparing this to the result from part (a)

(280/0.625) = 449 = ¢**". Solving for V at T = 293 K gives V =

0.154 V
(b) R = V/I =(0.154 V)/(0.280 A) = 0.551 Q
EVALUATE: At a different voltage, the diode would have different resistance.
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1 <4949, ¢ (-1 1 1 1 1 1) ¢ (2 2 1 1
42.57. (@) U=——- %:q—[—+—————+———j: A (—————— j
dne, i r;  Adne\d r r+d r-d r d) 4me\r d r+d r—d
1 1 1] 1 1 | 1, d 4 d d*) 2 2d°
But + = == l-—+—+Fl+—+— [=—+—
r+d r—d r d d r ror ror roor
1+ 1
r r
2¢*(1 d*\_ -2p> 2p’
Ly 21 ) 2 2
4re, \d 1 4neyr’  Ame,d
1 a4, ¢ (-1 1 1 111 P (=2 2 2 2d°
(b)U:—z%:q—(———+ + ————J: 4 ———+—+i3 =
dmeyii 1, Amg\d r r+d r—d r d) 4me\(d r 1 1
-2¢°(1 d* -2p>  2p’
4 ———|=>U= p3+ p%.
dre, \ d 1 e d”  Ameyr
If we ignore the potential energy involved in forming each individual molecule, which just involves a different
choice for the zero of potential energy, then the answers are:
_ 2
(a) U= 2p - The interaction is attractive.
4me,r
2
(b) U =ip3. The interaction is repulsive.
Armeyr
. . , 1 & 1 & 7 1 &
42.58. (a) Following the hint, k'dr =—d| —— =———dr and ho =h2k /m=h |— - =
dme, 1 o 2me, 1, €y mr,

1.23x107"° J=0.77 ¢V, where (m/2) has been used for the reduced mass.
(b) The reduced mass is doubled, and the energy is reduced by a factor of V2 100.54 eV.
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43.1.

43.2.

43.3.

434.

43.5.

(a) szSi has 14 protons and 14 neutrons.

(b) ¥Rb has 37 protons and 48 neutrons.

(c) ;?5 Tl has 81 protons and 124 neutrons.

(a) Using R=(1.2 fm)Al/3, the radii are roughly 3.6 fm, 5.3 fm, and 7.1 fm.

(b) Using 47R’ for each of the radii in part (a), the areas are 163 fm®, 353 fm” and 633 fm>.

4 .
(©) 5;rR* gives 195 fm®, 624 fm® and 1499 fm®.

(d) The density is the same, since the volume and the mass are both proportional to A: 2.3x10" kg/m® (see
Example 43.1).
(e) Dividing the result of part (d) by the mass of a nucleon, the number density is 0.14/fm* =1.40x10*/ m'.

IDENTIFY: Calculate the spin magnetic energy shift for each spin state of the 1s level. Calculate the energy
splitting between these states and relate this to the frequency of the photons.

SET UP: When the spin component is parallel to the field the interaction energy is U =—x_B. When the spin
component is antiparallel to the field the interaction energy is U =+ B. The transition energy for a transition
between these two states is AE =24 B, where u, =2.79284, . The transition energy is related to the photon
frequency by AE =hf,so 2u B=hf.
—34 6

EXECUTE: B = o _ (6.626x107"J -s)(22.7 >;10 Hz)

24, 2(2.7928)(5.051x10™" J/T)
EVALUATE: This magnetic field is easily achievable. Photons of this frequency have wavelength
A=clf =13.2 m. These are radio waves.

(a) As in Example 43.2, AE =2(1.9130)(3.15245x107® eV/T)(2.30 T)=2.77x10" eV. Since f and S are in

opposite directions for a neutron, the antiparallel configuration is lower energy. This result is smaller than but
comparable to that found in the example for protons.

=0533T

(b) f=%=66.9MHz, X=?=4,48m_

IDENTIFY: Calculate the spin magnetic energy shift for each spin component. Calculate the energy splitting
between these states and relate this to the frequency of the photons.

(a) SETUP:  From Example 43.2, when the z-component of S (and i) is parallel to B, U =—| M B=
—2.7928,B. When the z-component of S (and 1) is antiparallel to B, U = —| M, 1 B=+2.7928u B. The state

with the proton spin component parallel to the field lies lower in energy. The energy difference between these two
states is AE =2(2.7928u_B).

AE _2(2.7928u,)B _ 2(2.7928)(5.051x10™" J/T)(1.65 T)

EXECUTE: AE=hf sof =
f sof h h 6.626x107* J-s
f=7.03x10" Hz =7.03 MHz
N 8
And then 4= = 229810 m/s o e

£ 7.03x10" Hz
EVALUATE: From Figure 32.4 in the textbook, these are radio waves.

43-1
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43.6.

43.7.

43.8.

43.9.

43.10.

(b) SETUP: From Egs. (27.27) and (41.22) and Fig.41.14 in the textbook, the state with the z-component of
i parallel to B has lower energy. But, since the charge of the electron is negative, this is the state with the

electron spin component antiparallel to B. That is, for the m, =—1 state lies lower in energy.
EXECUTE: For the m, =+1 state, U = +(2.00232)[zij (+§jB = +g(2.00232)(2€—hj3 = +1(2.00232) 4, B.
m m

For the m =—1 state, U =—+(2.00232) 1, B. The energy difference between these two states is
AE =(2.00232) i, B.
AE _2.00232u,B _ (2.00232)(9.274x107* J/T)(1.65 T)

AE=hf sof = - =4.62x10" Hz =46.2 GHz. And
h h 6.626x10™ J-5

< _ 2.998x10% m/s
f 4.62x10" Hz

EVALUATE: From Figure 32.4 in the textbook, these are microwaves. The interaction energy with the magnetic
field is inversely proportional to the mass of the particle, so it is less for the proton than for the electron. The

smaller transition energy for the proton produces a larger wavelength.

(a) 146m, +92m, —m; =193 u

(b) 1.80x10° MeV

(¢) 7.56 MeV per nucleon (using 931.5 MeV/u and 238 nucleons).

IDENTIFY and SET UP: The text calculates that the binding energy of the deuteron is 2.224 MeV. A photon that

breaks the deuteron up into a proton and a neutron must have at least this much energy.

E=E SO/1=E
A E

=6.49x10” m =6.49 mm.

A= (4.136x107" eV -$)(2.998x10° m/s)

2.224x10° eV
EVALUATE: This photon has gamma-ray wavelength.
IDENTIFY: The binding energy of the nucleus is the energy of its constituent particles minus the energy of the
carbon-12 nucleus.
SET UP: In terms of the masses of the particles involved, the binding energy is

EXECUTE:

=5.575x10"" m=0.5575 pm.

Eg = (6my + 6m, — me.1,)c’.
EXECUTE: (a) Using the values from Table 43.2, we get
Eg = [6(1.007825 u) + 6(1.008665 u) — 12.000000 u)](931.5 MeV/u) = 92.16 MeV
(b) The binding energy per nucleon is (92.16 MeV)/(12 nucleons) = 7.680 MeV/nucleon

(c) The energy of the C-12 nucleus is (12.0000 u)(931.5 MeV/u) = 11178 MeV. Therefore the percent of the mass

that is binding energy is 92.16 MeV =0.8245%.
11178 MeV

EVALUATE: The binding energy of 92.16 MeV binds 12 nucleons. The binding energy per nucleon, rather than
just the total binding energy, is a better indicator of the strength with which a nucleus is bound.
IDENTIFY: Conservation of energy tells us that the initial energy (photon plus deuteron) is equal to the energy
after the split (kinetic energy plus energy of the proton and neutron). Therefore the kinetic energy released is equal
to the energy of the photon minus the binding energy of the deuteron.
SETUP: The binding energy of a deuteron is 2.224 MeV and the energy of the photon is E = hc¢/A. Kinetic
energy is K = Yamv’.
EXECUTE: (a) The energy of the photon is
—34 8
3 _he _(6:626x107] s)(73];00x10 m/s ) 56810,
A 3.50x107" m
The binding of the deuteron is Eg = 2.224 MeV = 3.56x107"° J . Therefore the kinetic energy
isK = (5.68-3.56)x10"°J=2.12 x 10 J = 1.32 MeV.

(b) The particles share the energy equally, so each gets half. Solving the kinetic energy for v gives

—13
Y= 2_K = MIOWJ) =1.13x10" m/s
\' m 1.6605x10™" kg
EVALUATE: Considerable energy has been released, because the particle speeds are in the vicinity of the speed of light.

(@) 7(m, +my)—my =0.112u, which is 105 MeV, or 7.48 MeV per nucleon.

(b) Similarly, 2(m, +m_ )—m,, =0.03038 u =28.3 MeV, or 7.07 MeV per nucleon, slightly lower (compare to
Figure 43.2 in the textbook).
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43.11.

43.12.

43.13.

43.14.

43.15.

43.16.

(a) IDENTIFY: Find the energy equivalent of the mass defect.

SETUpP: A IS'B atom has 5 protons, 11—5=6 neutrons, and 5 electrons. The mass defect therefore is

AM =5m, +6m, +5m,—M (';B).

EXECUTE: AM =5(1.0072765 u)+ 6(1.0086649 u) +5(0.0005485799 u) —11.009305 u =0.08181 u. The energy
equivalent is E, =(0.08181 u)(931.5 MeV/u) =76.21 MeV.

(b) IDENTIFY and SETUP: Eq.(43.11): E,=C,A-C,A""-C,Z(Z-1)/A" -C,(A-2Z)*/A

The fifth term is zero since Zis odd but Nis even. A=11and Z =5.

EXECUTE: E, =(15.75 MeV)(11)—(17.80 MeV)(11)** = (0.7100 MeV)5(4)/11"* —(23.69 MeV)(11-10)*/11.
E, =+173.25 MeV —88.04 MeV —6.38 MeV —2.15 MeV =76.68 MeV

The percentage difference between the calculated and measured E; is 76.68 1\7/[66.\2,1_13[2.\2/1 MeV =0.6%

EVALUATE: Eq.(43.11) has a greater percentage accuracy for *Ni. The semi-empirical mass formula is more
accurate for heavier nuclei.
(@) 34m, +29m,; —m, =34(1.008665) u+29(1.007825) u —62.929601 u = 0.592 u, which is 551 MeV,
or 8.75 MeV per nucleon (using 931.5 MeV/u and 63 nucleons).
(b) In Eq.(43.11), Z=29 and N = 34, so the fifth term is zero. The predicted binding energy is
2

BN _ 69 ey

(63)” (63)

E, =556 MeV . The fifth term is zero since the number of neutrons is even while the number of protons is odd,

E, = (15.75 MeV)(63) — (17.80 MeV)(63)”* — (0.7100 MeV)

making the pairing term zero. This result differs from the binding energy found from the mass deficit by 0.86%, a
very good agreement comparable to that found in Example 43.4.

IDENTIFY In each case determine how the decay changes A and Z of the nucleus. The " and ~ particles have
charge but their nucleon number is A=0.
(a) SETUP:  -decay: Z increases by 2, A= N +Z decreases by 4 (an o particle is a ;‘He nucleus)

EXECUTE: *,Pu— jHe+ U
(b) SETUP: 3~ decay: Z increases by 1, A= N +Z remains the same (a 3 particle is an electron, e )

EXECUTE: }Na— e+ Mg
0

(c) SET UP [ decay: Z decreases by 1, A= N + Z remains the same (a " particle is a positron, ,je)

EXECUTE: 0 — Je+"N

EVALUATE: In each case the total charge and total number of nucleons for the decay products equals the charge
and number of nucleons for the parent nucleus; these two quantities are conserved in the decay.

(a) The energy released is the energy equivalent of m, —m, —m, = 8.40x10™* u, or 783 keV.
(b) m, >m_, and the decay is not possible.

IDENTIFY: The energy of the photon must be equal to the difference in energy of the two nuclear energy levels.
SETUP: The energy difference is AE = hc/A.
he (6.626x1071-5)(3.00x10° m/s)

EXECUTE: AE=—= - =8.015x107"°J = 0.0501 MeV
A 0.0248x107J

EVALUATE: Since the wavelength of this photon is much shorter than the wavelengths of visible light, its energy
is much greater than visible-light photons which are frequently emitted during electron transitions in atoms. This
tells us that the energy difference between the nuclear shells is much greater than the energy difference between
electron shells in atoms, meaning that nuclear energies are much greater than the energies of orbiting electrons.
IDENTIFY: The energy released is equal to the mass defect of the initial and final nuclei.

SET UP: The mass defect is equal to the difference between the initial and final masses of the constituent particles.
EXECUTE: (a) The mass defect is 238.050788 u — 234.043601 u — 4.002603 u = 0.004584 u. The energy released
is (0.004584 u)(931.5 MeV/u) = 4.270 MeV.

(b) Take the ratio of the two kinetic energies, using the fact that K = p*/2m:

Pih
&_ 2my,  m, 4

K pozc My, ﬁ

o

2m,,
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43.17.

43.18.

43.19.

43.20.

43.21.

43.22.

43.23.

43.24.

The kinetic energy of the Th is
4
234+4
Solving for v in the kinetic energy gives

—14
. /21(: 2(1.148x107J) 243110 mis
m (234.043601)(1.6605x10 kg )

EVALUATE: As we can see by the ratio of kinetic energies in part (b) , the alpha particle will have a much higher
kinetic energy than the thorium.

If 3~ decay of "“C is possible, then we are considering the decay ':C — YN+ 3.
Am=M("}C)-M ("IN)—m,

Am = (14.003242 u — 6(0.000549 u)) — (14.003074 u — 7(0.000549 u)) — 0.0005491 u
Am=+1.68x10"" u. So E = (1.68x107* u)(931.5 MeV/u) =0.156 MeV =156 keV

(a) A proton changes to a neutron, so the emitted particle is a positron (37).

KTh

4
Ky =——(4270MeV) = 0.07176 MeV = 1.148 x107* J
238

(b) The number of nucleons in the nucleus decreases by 4 and the number of protons by 2, so the emitted particle is
an alpha-particle.

(c) A neutron changes to a proton, so the emitted particle is an electron (47).

(a) As in the example, (0.000898 u)(931.5 MeV/u) =0.836 MeV.

(b) 0.836 MeV —0.122 MeV —0.014 MeV =0.700 MeV.

(@) 3 Sr— S+ %X . X has 39 protons and 90 protons plus neutrons, so it must be Y.
(b) Use base 2 because we know the half life. A=A,2"/"* and 0.014, = A,2"""" |
__T,log0.01 (28 yr)log0.01

=190yr.
log?2 log?2

IDENTIFY and SETUP: T, = % The mass of a single nucleus is 124m, = 2.07x107 kg .

|AN/A1| =0.350 Ci=1.30%x10" Bq; |AN/At|= AN

-3 10
6.13><10_25kg 2 gex10™: 4 AN/AL_1.30x10 2]23q 139%10" ¢
2.07x107 kg N 2.96x10

EXECUTE: N =

T, =%=1.58><10‘2 $=5.01x10" yr

Note that Eq.(43.17) can be written as follows: N = N()Z_’/T‘/z. The amount of elapsed time since the source was
created is roughly 2.5 years. Thus, we expect the current activity to be N = (5000 Ci)2~***”>" =3600 Ci. The

source is barely usable. Alternatively, we could calculate A= n(2 =0.132(years) ™" and use the Eq. 43.17 directly

12
to obtain the same answer.
IDENTIFY and SET UP:  As discussed in Section 43.4, the activity A= |dN / dt| obeys the same decay equation as

Eq. (43.17): A= Aoe’l‘. For "C, T,,=5730yand A =In2/T;,, soA= Aoe’(l"z’”r”2 ; Calculate A at each #;
A, =180.0 decays/min.

EXECUTE: (a) +=1000y, A=159 decays/min

(b) t=50,000y, A=0.43 decays/min

EVALUATE: The time in part (b) is 8.73 half-lives, so the decay rate has decreased by a factor or (%)8'73.

IDENTIFY and SET UP: The decay rate decreases by a factor of 2 in a time of one half-life.
EXECUTE: (a) 24 d is 3T, so the activity is (375 Bq)/(2*) =46.9 Bq

(b) The activity is proportional to the number of radioactive nuclei, so the percent is i;g—]]:q =36.2%
-7 bq

(c) ;‘;'I —>?l e+ l;iXe The nucleus ISiIXe is produced.

EVALUATE: Both the activity and the number of radioactive nuclei present decrease by a factor of 2 in one half-
life.
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43.25.

43.26.

43.27.

43.28.

43.29.

43.30.

43.31.

(@) H— e+ ;He
(b) N =Ny ™ ,N=0.100N, and A = (In 2)/T, ,

i ~In(0.100)T,
0.100=¢ """, —1(In 2)/T; ,, =In(0.100); t:%=40-9}’
n

(a) C;_N =500 £Ci=(500x107°)(3.70x10" s™') =1.85x10’ decays/s
1

Tl/z=£—>k=£=—ln2 ~6.69%107 s .
» T,, 12d(86,400s/d)

7
d—N:szN: dN | dt _ 1.85x10 de(;'ayls/s
di A 6.69%107s"

m=2.77x10"nucleix (131x1.66x10~" kg /nucleus ) =6.0x10 *kg =6.0x10~° g =6.0 ng
(b) A=Ae™. 14Ci=(500 £Ci)e™. In(1/500)=—Ar.

=2.77x10"nuclei . The mass of this many "' Ba nuclei is

__InQ500) ___In500) __g 59,106 — 108 days
P 6.69x107"s 86,400's
A=Ae ™ =Ae "V —Mﬂn(A/AO) .
%
L =— (In 2)¢ :_(ln 2)(4'00days)=2.80days
> In(A/4)  In(3091/8318)
AN _ v, 2=D2 In2 =136x10"" s
dt T,

L 1620 yr (3.15x107 s/yr)

23
N=1 [6.022)(10 atoms

=2.665%x10* atoms .
226¢g

‘;—N = AN =(2.665x10%)(1.36x107"'s™") =3.62x10" decays/s =3.62x10"°Bq
t

1Ci

Convert to Ci: 3.62x10" Bq| ——————
3.70x10" Bq

j =0.98 Ci

IDENTIFY and SET UP: Calculate the number N of '*C atoms in the sample and then use Eq. (43.17) to find the

decay constant A. Eq. (43.18) then gives T,,,.

EXECUTE: Find the total number of carbon atoms in the sample.

n=mi/M;

N, =nN,=mN,/M =(12.0x10" kg)(6.022x10% atoms/mol)/(12.011x10~ kg/mol)
N, =6.016x10” atoms, so (1.3x107%)(6.016x10”) =7.82x10" carbon-14 atoms
AN/ At =-180 decays/min =-3.00 decays/s

—AN | At

AN/At=—-AN; A= ~3.836x%107"2 s~

T,,=(In 2)/21=1.807x10" s=5730 y
EVALUATE: The value we calculated agrees with the value given in Section 43.4.
360x10°decays

=4.17x10° Bq=1.13x10"" Ci =0.113 xCi.
86,400 s

0.693 0.693

(@) T, (30.8 min)(60s/min)

‘;—N‘ =7.56x10" Bq=7.56x10" decays/s. A= =3.75x10"* s7".
t

1

0 /I

a
dt

_7.56x10"" decays/s

375510 5! =2.02x10" nuclei.
AOX S
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43.32.

43.33.

43.34.

43.35.

43.36.

43.37.

43.38.

43.39.

(b) The number of nuclei left after one half-life is % =1.01x10" nuclei, and the activity is half:

‘d—N =3.78x10" decays/s.
dt
(c) After three half lives (92.4 minutes) there is an eighth of the original amount, so N =2.53x10" nuclei, and an
eighth of the activity: (‘Z—N] =9.45x10" decays/s.
t

3070 decays/min

- =102 Bq/kg, while the activity of atmospheric carbon is
(60 sec/min) (0.500 kg)

The activity of the sample is

In (102/255)  In (102/255)
A 121x107y
IDENTIFY and SET Up: Find A from the half-life and the number N of nuclei from the mass of one nucleus and
the mass of the sample. Then use Eq.(43.16) to calculate | dN /dt |, the number of decays per second.

EXECUTE: (a) |dN/dtl= AN
_0.693 0.693
C T, (128x10° y)(3.156x107 s/1'y)
The mass of *’K atom is approximately 40 u, so the number of *’K nuclei in the sample is
1.63x10° kg~ 1.63x10” kg
40 u ©40(1.66054 %107 kg)
Then |dN /dtl= AN =(1.715x107"7 s7')(2.454x10'°) = 0.421 decays/s

(b) 1dN /dt = (0.421 decays/s)(1 Ci/(3.70x10'"° decays/s)) =1.14x10™"" Ci

EVALUATE: The very small sample still contains a very large number of nuclei. But the half life is very large, so
the decay rate is small.

(a) rem = rad X RBE. 200 = x(10) and x = 20 rad.

(b) 1 rad deposits 0.010 J/kg, so 20 rad deposit 0.20 J/kg . This radiation affects 25 g (0.025 kg) of tissue, so the
total energy is (0.025kg)(0.20 J/kg)=5.0x10" J=5.0 mJ

(c) Since RBE =1 for f-rays, so rem = rad. Therefore 20 rad = 20 rem.
1 rad = 10~ Gy, so 1 Gy = 100 rad and the dose was 500 rad.
rem = (rad)(RBE) = (500 rad)(4.0) = 2000 rem. 1Gy=1J/kg,s05.0J/kg .
IDENTIFY and SET UP: For x rays RBE =1 so the equivalent dose in Sv is the same as the absorbed dose in J/kg.
EXECUTE: One whole-body scan delivers (75 kg)(12x10™ J/kg) =0.90 J. One chest x ray delivers

0.907J
1.0x107 J
IDENTIFY and SET UP: For x rays RBE =1 and the equivalent dose equals the absorbed dose.
EXECUTE: (a) 175 krad =175 krem =1.75 kGy =1.75 kSv
(1.75%10° J/kg)(0.150 kg) = 2.62x10* J
(b) 175 krad =1.75 kGy ; (1.50)(175 krad) =262 krem = 2.62 kSv

The energy deposited would be 2.62x10” J, the same as in (a).
EVALUATE: The energy required to raise the temperature of 0.150 kg of water 1 C° is 628 J, and 2.62x10” J is
less than this. The energy deposited corresponds to a very small amount of heating.
(@) 5.4 Sv (100 rem/Sv) =540 rem.
(b) The RBE of 1 gives an absorbed dose of 540 rad.
(c) The absorbed dose is 5.4 Gy, so the total energy absorbed is (5.4 Gy) (65 kg) = 3511J. The energy required to
raise the temperature of 65 kg by 0.010°C is (65 kg) (4190 J/kg-K) (0.01C°) =3 kJ.
(a) We need to know how many decays per second occur.
1= 0.693 _ 0.693
T,, (12.3y)(3.156x10s/y)

255 Bq/kg (see Example 43.9). The age of the sample is then 7= =7573y.

=1.715x107"7 s

N= =2.454x%10'.

(5.0 kg)(0.20x107 J/kg) =1.0x107 J . It takes =900 chest x rays to deliver the same total energy.

=1.79x107s™".

.. . 1
The number of tritium atoms is N, = —

0 ﬂ

a
dt

_ (0.35Ci) (3.70x10" Bq/Ci)
1.79x107° s

=7.2540x10" nuclei .
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The number of remaining nuclei after one week is
N=N,e"=(7125 X10'%)g 17XI07SHDEHEO00) — 7 9462 %10" nuclei. AN = N, — N =7.8x10"decays. So the

energy absorbed is E,,, =AN E,=(7.8x10") (5000 eV) (1.60x10™"J/eV) =6.24J.  The absorbed dose is

total
(6.247)
(50kg)

(b) In the decay, antinetrinos are also emitted. These are not absorbed by the body, and so some of the energy of
the decay is lost (about 12 keV ).

43.40. (0.72x107° Ci) (3.7x10'°Bq/Ci) (3.156x10” 5) =8.41x10"" o particles. The absorbed dose is

(8.41x10") (4.0x10° eV) (1.602x107°J/eV)
(0.50 kg)

43.41. (a) IDENTIFY and SET UP: Determine X by balancing the charge and nucleon number on the two sides of the
reaction equation.

EXECUTE: X must have A=2+14-10=6and Z =1+7—5=3. Thus X is $Li and the reaction is
‘H+ "N - SLi+ "B
(b) IDENTIFY and SET UP: Calculate the mass decrease and find its energy equivalent.

EXECUTE: The neutral atoms on each side of the reaction equation have a total of 8§ electrons, so the electron
masses cancel when neutral atom masses are used. The neutral atom masses are found in Table 43.2.

mass of TH+ "4 N is 2.014102 u +14.003074 u=16.017176 u
mass of gLi+ '(5)B is 6.015121 u+10.012937 u =16.028058 u

The mass increases, so energy is absorbed by the reaction. The Q value is
(16.017176 u —16.028058 u)(931.5 MeV/u) =-10.14 MeV

(c) IDENTIFY and SET UP:  The available energy in the collision, the kinetic energy K_, in the center of mass

=0.125J/kg =12.5rad. Since RBE = 1, then the equivalent dose is 12.5 rem.

=1.08 Gy =108 rad. The equivalent dose is (20) (108 rad) = 2160 rem.

reference frame, is related to the kinetic energy K of the bombarding particle by Eq. (43.24).
EXECUTE: The kinetic energy that must be available to cause the reaction is 10.14 MeV. Thus

K, =10.14 MeV. The mass M of the stationary target (';N) is M =14 u. The mass m of the colliding particle
(*H) is 2 u. Then by Eq. (43.24) the minimum kinetic energy K that the >H must have is

K- M +m K. = 14u+2u (10.14 MeV) =11.59 MeV
M 14u

EVALUATE: The projectile (ZIH) is much lighter than the target ("7‘N) so K is not much larger than K_ . The K

we have calculated is what is required to allow the mass increase. We would also need to check to see if at this
energy the projectile can overcome the Coulomb repulsion to get sufficiently close to the target nucleus for the
reaction to occur.

43.42. My e + Moy =My

-m,, = 1.97x107u, so the energy released is 18.4 MeV.

43.43. IDENTIFY and SET UP: Determine X by balancing the charge and the nucleon number on the two sides of the
reaction equation.
EXECUTE: X musthave A=+2+9-4=7 and Z=+1+4-2=3. Thus X is ]Li and the reaction is
"H+;Be=Li+iHe
(b) IDENTIFY and SET UP: Calculate the mass decrease and find its energy equivalent.
EXECUTE: If we use the neutral atom masses then there are the same number of electrons (five) in the reactants
as in the products. Their masses cancel, so we get the same mass defect whether we use nuclear masses or neutral
atom masses. The neutral atoms masses are given in Table 43.2.
“H+;Be has mass 2.014102 u+9.012182 u=11.26284 u
7Li+ jHe has mass 7.016003 u +4.002603 u =11.018606 u

The mass decrease is 11.026284 u—11.018606 u =0.007678 u.
This corresponds to an energy release of 0.007678 u(931.5 MeV/1 u)=7.152 MeV.

(c) IDENTIFY and SET UP:  Estimate the threshold energy by calculating the Coulomb potential energy when the
7H and ;Be nuclei just touch. Obtain the nuclear radii from Eq. (43.1).

EXECUTE: The radius R, of the ;Be nucleus is R,, = (1.2x10™° m)(9)"” =2.5x10™" m.

The radius R, of the /H nucleus is R,, = (1.2x107"° m)(2)"” =1.5x107" m.

The nuclei touch when their center-to-center separation is
R=R, +R,=4.0x10" m.
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43.44.

43.45.

43.46.

43.47.

43.48.

43.49.

43.50.

43.51.

43.52.
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The Coulomb potential energy of the two reactant nuclei at this separation is
U= 1 qgq, _ 1 e(4e)

- 4re, r 4re, 1
4(1.602x10™° C)*
(4.0x107"° m)(1.602x107" J/eV)

This is an estimate of the threshold energy for this reaction.

EVALUATE: The reaction releases energy but the total initial kinetic energy of the reactants must be 1.4 MeV in
order for the reacting nuclei to get close enough to each other for the reaction to occur. The nuclear force is strong
but is very short-range.

IDENTIFY and SET UP:  0.7% of naturally occurring uranium is the isotope **U. The mass of one **U nucleus
is about 235m,,.

U =(8.988x10°N-m?/C?) =1.4 MeV

_ . 1.0x10"
EXECUTE: (a) The number of fissions needed is - 0x10"J = =3.13x10% . The mass of
(200x10° eV)(1.60x107" J/eV)

#3U required is (3.13x107)(235m,) =1.23x10° kg .

1.23%10° kg

b

®) 0.7x107
EVALUATE: The calculation assumes 100% conversion of fission energy to electrical energy.
IDENTIFY and SET UP: The energy released is the energy equivalent of the mass decrease. 1 u is equivalent to

931.5 MeV. The mass of one **U nucleus is 235m,.

EXECUTE: (a) U+ ,n— '%Ba+ 5% Kr+3,n

We can use atomic masses since the same number of electrons are included on each side of the reaction equation
and the electron masses cancel. The mass decrease is

AM :m(zggU) +m($n)—[m(“5‘2Ba) +m(§ZKr) +3m($n)}
AM =235.043930 u +1.0086649 u —143.922953 u—88.917630 u —3(1.0086649 u)
AM =0.1860 u. The energy released is (0.1860 u)(931.5 MeV/u) =173.3 MeV .

=1.76x10" kg

-3
(b) The number of **U nuclei in 1.00 g is M =2.55x10*'. The energy released per gram is

3>5mp

(173.3 MeV/nucleus)(2.55x10* nuclei/g) = 4.42x10” MeV/g .

(@ BSi+y= Mg+, X. A+24=28 so A=4. Z+12=14 so Z=2. X isan « particle.

(b) E, =—Amc’ =(23.985042 u +4.002603 u —27.976927 u) (931.5 MeV/u) =9.984 MeV

The energy liberated will be

M (JHe)+ M (3He) — M ([ Be) = (3.016029 u + 4.002603 u —7.016929 u)(931.5 MeV/u) =1.586 MeV.

(@ Z=3+2-0=5and A=4+7-1=10.

(b) The nuclide is a boron nucleus, and m,, +m,, —m_—m, =-3.00x10"" u, and s0 2.79 MeV of energy is absorbed.
Nuclei: 5X** — 573Y% " +] He** . Add the mass of Z electrons to each side and we find:

Am=M (Q X)-M (Q:;Y) -M (;‘He), where now we have the mass of the neutral atoms. So as long as the mass of

the original neutral atom is greater than the sum of the neutral products masses, the decay can happen.

A

Denote the reaction as ;X —> ,, 'Y +e”. The mass defect is related to the change in the neutral atomic masses by

[my —Zm ] —[my, —(Z +D)m_ ]—m, = (my —my),

where my and m, are the masses as tabulated in, for instance, Table (43.2).
AX* =, YUt 4 BT Adding (Z -1) electrons to both sides yields 5 X" — , Y + . So in terms of masses:
Am=M (3X") =M (, 1Y) =m, =(M(3X)=m)=M(,Y)=m =M (3X)=M(,Y)-2m,.So the decay will
occur as long as the original neutral mass is greater than the sum of the neutral product mass and two electron masses.
IDENTIFY and SETUP:  m=pV. 1 gal=3.788 L =3.788x10" m’. The mass of a **U nucleus is 235m,,.
1 MeV =1.60x107" J
EXECUTE: (a) For 1 gallon, m= pV = (737 kg/m3)(3.788><10_3 m?’)=2.79 kg= 2.79x10° g

1.3x10° J/gal

— = =4.7x10" J/g
2.79%10° g/gal
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35m,

(200 MeV/nucleus)(1.60x 107" J/MeV)(2.55x10*" nuclei) =8.2x10" J/g

(¢) A mass of 6m, produces 26.7 MeV.

(26.7 MeV)(1.60x107" J/MeV)

6m,
(d) The total energy available would be (1.99x10* kg)(4.7x10" J/kg) =9.4x10" J
37

power = energy o 1= energy _ 9.4><1026 J
power 3.86x10™ W

EVALUATE: If the mass of the sun were all proton fuel, it would contain enough fuel to last

11
(7600 y1) 4.3><104 I/g
47x10° J/g

43.53. Using Eq: (43.12): 4M =ZM, + Nm, — Ey /¢’ = M (}{Na) =11M, +13m, — E, / * .
(11)(10)
4"

(b) 1 g contains nuclei

=4.26x10" J/kg =4.26x10" J/g

=2.4x10" s=7600 yr

j:7.0><10‘° yr.

But E, = (15.75 MeV)(24) — (17.80 MeV)(24)* - (0.7100 MeV)

—(39 MeV)(24)™* =198.31 MeV.

@09 ey 242007

(198.31 MeV)

= M (*Na)=11(1.007825 u) +13(1 .008665 u) —
(wNa)=11( )+ ) 931.5 MeV/u

=23.9858u

_23.990963 —-23.9858
23.990963
If the binding energy term is neglected, M (;; Na) = 24.1987 u and the percentage error would be

24.1987 -23.990963
23.990963

% error x100=10.022%.

%x100=0.87%.

43.54. The o-particle will have % of the released energy (see Example 43.5). %(mTh — My, —m,) =

5.032x107 u or 4.69 MeV.
43.55. (a) IDENTIFY and SET UP: The heavier nucleus will decay into the lighter one.
EXECUTE: |, Al will decay into ;;Mg.
(b) IDENTIFY and SET UP: Determine the emitted particle by balancing A and Z in the decay reaction.

EXECUTE: This gives ;s Al -, Mg+, e. The emitted particle must have charge +e and its nucleon number

must be zero. Therefore, itis a 8" particle, a positron.
(c) IDENTIFY and SET UP: Calculate the energy defect AM for the reaction and find the energy equivalent of
AM . Use the nuclear masses for [, Al and Mg, to avoid confusion in including the correct number of electrons if

neutral atom masses are used.
EXECUTE: The nuclear mass for j; Alis M, (;; Al)=24.990429 u —13(0.000548580 u) = 24.983297 u.
The nuclear mass for ;Mg is M, (5 Mg) =24.985837 u—12(0.000548580 u) =24.979254 u.

The mass defect for the reaction is
AM =M, (EAD)-M,. (EMg)—M (°,e)=24.983297 u—24.979254 u—0.00054858 u = 0.003494 u

Q=(AM)c’ =0.003494 u(931.5 MeV/1 u) =3.255 MeV

EVALUATE: The mass decreases in the decay and energy is released. Note: ;3 Al can also decay into

Mg by the electron capture.

DAl+ e —p Mg

The 7(1) electron in the reaction is an orbital electron in the neutral 1235 Al atom. The mass defect can be calculated
using the nuclear masses:

AM =M, (5A)+M Ce)-M,, (1 Mg)=24.983287 u+0.00054858 u —24.979254 u =0.004592 u.

nuc

0=(AM)" ¢ =(0.004592 u)(931.5 MeV/1 u) =4.277 MeV

The mass decreases in the decay and energy is released.
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43.56.

43.57.

43.58.

43.59.

(a) Mgy = Mags = MMy = 5.81x107 u, or Q =5.41 MeV. The energy of the alpha particle is (206/210) times this,
or 5.30 MeV (see Example 43.5).

(b) Moo = Moy 0 =My = -5.35%x107u <0, so the decay is not possible.
(c) Mg = Moy, — M, = —8.22x107u <0, so the decay is not possible.

(@) m,

>m,

200p,
54 Po

so the decay is not possible (see Problem (43.50)).

10
55 At

(e) Moy + 2m, >m, so the decay is not possible (see Problem (43.51)).

%Po’
IDENTIFY and SET UP: The amount of kinetic energy released is the energy equivalent of the mass change in the
decay. m, =0.0005486 u and the atomic mass of "IN is 14.003074 u. The energy equivalent of 1 u is
931.5MeV. "“C has a half-life of 7,,, =5730 yr=1.81x10" s. The RBE for an electron is 1.0.

EXECUTE: (a) '{C—>e +'IN+7,

(b) The mass decrease is AM = m( 'QC) - [me + m( UN )J . Use nuclear masses, to avoid difficulty in accounting for
atomic electrons. The nuclear mass of ';C is 14.003242 u —6m, =13.999950 u .

The nuclear mass of N is 14.003074 u—7m, =13.999234 u.

AM =13.999950 u—13.999234 u—0.000549 u=1.67x10"" u . The energy equivalent of AM is 0.156 MeV.
(c¢) The mass of carbon is (0.18)(75 kg) =13.5 kg . From Example 43.9, the activity due to 1 g of carbon in a

living organism is 0.255 Bq. The number of decay/s due to 13.5 kg of carbon is (13.5x10%)(0.255 Bq/g) =

3.4x10° decays/s .

(d) Each decay releases 0.156 MeV so 3.4x10° decays/s releases 530 MeV/s=8.5x107"" I/s.

(e) The total energy absorbed in 1 yris (8.5 107" J/$)(3.156x107 s)=2.7x107 J . The absorbed dose is

2.7x107 ]
75 kg

IDENTIFY and SET UP:  m,_ =264m_=2.40x10"" kg. The total energy of the two photons equals the rest mass

=3.6x107 J/kg =36 uGy =3.6 mrad. With RBE =1.0, the equivalent dose is 36 4Sv = 3.6 mrem.

energy my ¢’ of the pion.
EXECUTE: (a) E = imc® =1(2.40x107 kg)(3.00x10° m/s)* =1.08x107"" J =67.5 MeV
h he  1.24x10° eV -
E, =1 p=te 120X10 eVom
o E, 67.5x10° eV
These are gamma ray photons, so they have RBE =1.0.
(b) Each pion delivers 2(1.08x107™" 1) =2.16x10"" 7.
The absorbed dose is 200 rad =2.00 Gy =2.00 J/kg.

The energy deposited is (25x10~° kg)(2.00 J/kg) =0.050 J.

The number of 7° mesons needed is 0'91510 ] =2.3x10’ mesons.
2.16x10"" J/meson

EVALUATE: Note that charge is conserved in the decay since the pion is neutral. If the pion is initially at rest the
photons must have equal momenta in opposite directions so the two photons have the same A and are emitted in
opposite directions. The photons also have equal energies since they have the same momentum and E = pc.

=1.84x10" m=18.4 fm

IDENTIFY and SET UP:  Find the energy equivalent of the mass decrease. Part of the released energy appears as

the emitted photon and the rest as kinetic energy of the electron.
EXECUTE: '"SAu—'s Hg+'e

The mass change is 197.968225 u—197.966752 u=1.473x10" u
(The neutral atom masses include 79 electrons before the decay and 80 electrons after the decay. This one
additional electron in the products accounts correctly for the electron emitted by the nucleus.) The total energy

released in the decay is (1.473x107° u)(931.5 MeV/u) =1.372 MeV. This energy is divided between the energy of

the emitted photon and the kinetic energy of the S particle. Thus the B~ particle has kinetic energy equal to
1.372 MeV —-0.412 MeV =0.960 MeV.
EVALUATE: The emitted electron is much lighter than the '; Hg nucleus, so the electron has almost all the final

kinetic energy. The final kinetic energy of the "*Hg nucleus is very small.
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43.60.
43.61.

43.62.

43.63.

43.64.

43.65.

43.66.

43.67.

(See Problem (43.51)) m,, e~ My, — 2m, = 1.03x107 u. Decay is energetically possible.
IDENTIFY and SET UP: The decay is energetically possible if the total mass decreases. Determine the nucleus
produced by the decay by balancing A and Z on both sides of the equation. ;N — e +';C. To avoid confusion in

including the correct number of electrons with neutral atom masses, use nuclear masses, obtained by subtracting
the mass of the atomic electrons from the neutral atom masses.

EXECUTE: The nuclear mass for ';Nis M, (';N)=13.005739 u—7(0.00054858 u)=13.001899 u.
The nuclear mass for ';Cis M, (';C) =13.003355 u—6(0.00054858 u) =13.000064 u.

The mass defect for the reaction is
AM =M, (UN)-M,, ('sC)-M(,)e). AM =13.001899 u—13.000064 u —0.00054858 u =0.001286 u.

EVALUATE: The mass decreases in the decay, so energy is released. This decay is energetically possible.

(a) A least-squares fit to log of the activity vs. time gives a slope of 4=0.5995h™", for a half-life of % =1.16 h.

(2.00x10* Bq)

- =1.20x10",
(0.5995 hr™")(1 hr/3600 s)

(b) The initial activity is N 4, and this gives N, =

(€) Ny =1.81x10"
The activity A(f) = # but @ =—AN(t) so—AN, = A4, . Taking the derivative of
t t

N()=Ne" = —dlz ®__ Noe™ =A™, or A(t) = Ae ™.
t

~(In2)(t/Ty,)

From Eq.43.17 N(t)= N, but Ne™ = N,e

(e7i72) (t1m2) 1Y t
:No[ef(lnz)] :No[eln(IIZ):| . So N([):NO(EJ where n =—.
12
(We have used that alnx =In(x), e* =(e*)", and ¢"* =x.)
IDENTIFY and SET UP:  One-half of the sample decays in a time of T7,.
10x10° yr

—— 2 =50x10*
200,000 yr

EXECUTE: (a)

(b) (%)S'OX“}A. This exponent is too large for most hand-held calculators. But (3)=10"*"

SO
4 4
(%)5.0“0 — (10—0.301)5.0><10 210—15,000

IDENTIFY and SETUP: T, = % . The mass of a single nucleus is 149m, = 2.49x10™ kg. AN/At=-AN .

12.0x107 k
Expcute: N =210 K8 _ ) 0r10™ . AN/AI=-2.65 decays/s
2.49%107 kg

ANN/N - 2;2;“122/5 =550x10s™; T;, =% =1.26x10% 5=3.99x10" yr
02X

IDENTIFY: Use Eq. (43.17) to relate the initial number of radioactive nuclei, N, to the number , N, left after time z.

A=—

SETUP: We have to be careful; after ¥ Rb has undergone radioactive decay it is no longer a rubidium atom. Let

N, be the number of ¥Rb atoms; this number doesn’t change. Let N, be the number of ¥’ Rb atoms on earth

when the solar system was formed. Let N be the present number of *’Rb atoms.
EXECUTE: The present measurements say that 0.2783= N /(N + Ng;).

(N + Ng)(0.2783)= N, so N =0.3856N,,. The percentage we are asked to calculate is N /(N, + Ng;).
N and N, are related by N = Nje ™™ so N, =" N.

Thus Mo _ Ne*  (0.3855¢")N,, _ 0.3856¢"
N,+Ny Ne'+Ng (0.3856¢")N + Ny 0.3856e™ +1°
t=4.6x10°y; A= 0693 __ 0693 _, 459510 y!

T, 475x10°y

A 1.459x107" y!)4.6x10° 0.16711
M = 10T Y A0 _ =1.0694
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N,  (0.3856)(1.0694)
N,+ N, (0.3856)(1.0694) +1
EVALUATE: The half-life for ¥ Rb is a factor of 10 larger than the age of the solar system, so only a small

Thus =29.2%.

fraction of the ¥ Rb nuclei initially present have decayed; the percentage of rubidium atoms that are radioactive is
only a bit less now than it was when the solar system was formed.

43.68. (a) (6.25x10"?)(4.77x10° MeV)(1.602x10™" J/eV)/(70.0 kg) = 0.0682 Gy = 0.682 rad
(b) (20)(6.82 rad ) = 136 rem

(© NA=—""12) 1 17:10° Bg=31.6 mCi .
m, 1y,
6.25%10" 3 C . . .
(d) m =5.34x10" s, about an hour and a half. Note that this time is so small in comparison with the
A7x q

half-life that the decrease in activity of the source may be neglected.

43.69. IDENTIFY and SET UP: Find the energy emitted and the energy absorbed each second. Convert the absorbed
energy to absorbed dose and to equivalent dose.
EXECUTE: (a) First find the number of decays each second:

3.70x10" decays/s
1Ci

The average energy per decay is 1.25 MeV, and one-half of this energy is deposited in the tumor. The energy
delivered to the tumor per second then is

1(9.6x10° decays/s)(1.25x10° eV/decay)(1.602x10™" J/eV) =9.6x107" J/s.

(b) The absorbed dose is the energy absorbed divided by the mass of the tissue:

9.6x107 I/s
0.500 kg

(c) equivalent dose (REM) = RBE x absorbed dose (rad)

In one second the equivalent dose is 0.70(1.9x107* rad) =1.3x10™* rem.

(d) (200 rem/1.3x10™* rem/s) =1/5%10° s(1 h/3600 s) =420 h =17 days.

EVALUATE: The activity of the source is small so that absorbed energy per second is small and it takes several
days for an equivalent dose of 200 rem to be absorbed by the tumor. A 200 rem dose equals 2.00 Sv and this is
large enough to damage the tissue of the tumor.

2.6x107* Ci[ j:9.6><106 decays/s

=(1.9x10™° J/kg -s)(1 rad/(0.01 J/kg)) =1.9x107* rad/s

—240/122.2 (240)[ 11

43.70. (a) After 4.0 min = 240 s, the ratio of the number of nuclei is ————=2 ‘>’ ‘22'2] =124.

2—24()/26.9
(b) After 15.0 min = 900 s, the ratio is 7.15x10’.
43.71. IDENTIFY and SET UP: The number of radioactive nuclei left after time ¢ is given by N = N,e™*. The problem
says N/N,=0.21; solve for .
EXECUTE: 0.21=¢* 50 In(0.21) = —A¢ and r =—In(0.21)/1

~In(0.21)
1.209x10™ y

EVALUATE: The half-life of “C is 5730 y, so our calculated ¢ is more than two half-lives, so the fraction

Example 43.9 gives 1=1.209x10™* y™' for “C. Thus 7= =1.3x10* y.

. . 2
remaining is less than (1) =1

43.72. IDENTIFY: The tritium (H-3) decays to He-3. The ratio of the number of He-3 atoms to H-3 atoms allows us to

calculate the time since the decay began, which is when the H-3 was formed by the nuclear explosion. The H-3
decay is exponential.

SETUP: The number of tritium (H-3) nuclei decreases exponentially as N, = N()’He'l' , with a half-life of
12.3 years. The amount of He-3 present after a time ¢ is equal to the original amount of tritium minus the number

of tritium nuclei that are still undecayed after time 7.
EXECUTE: The number of He-3 nuclei after time ¢ is

Ny =Noy =Ny =Ny _No,He_M =Noy (l_e_/u)'
Taking the ratio of the number of He-3 atoms to the number of tritium (H-3) atoms gives
Ny _Non(l=¢®) 1-e*_ ,

He _

-1
—At —At :
Ny Ny e e
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43.73.

43.74.

43.75.

In(1+ N,/ Ny,) In2

Solving for ¢ gives t = 7 . Using the given numbers and 7,,, = T we have

In(1+4.3
_In2_ 2 _os63/yand ¢ = mU*43)
1,, 123y 0.0563/y
EVALUATE: One limitation on this method would be that after many years the ratio of H to He would be too
small to measure accurately.

(a) IDENTIFY and SET UP: Use Eq.(43.1) to calculate the radius R of a ZlH nucleus. Calculate the Coulomb

=30 years.

potential energy (Eq.23.9) of the two nuclei when they just touch.
EXECUTE: The radius of ZlH is R=(1.2x10" m)(2)"® =1.51x10™" m. The barrier energy is the Coulomb

potential energy of two *H nuclei with their centers separated by twice this distance:

2 —19 2
U= e (8.988x10° N - m” /CZ>M

4re, r 2(1.51x10™° m)
(b) IDENTIFY and SET UP:  Find the energy equivalent of the mass decrease.

EXECUTE: [H+ H—}He+n

=7.64x107" J=0.48 MeV

If we use neutral atom masses there are two electrons on each side of the reaction equation, so their masses cancel.
The neutral atom masses are given in Table 43.2.

“H + 7H has mass 2(2.014102 u) = 4.028204 u
>He +{n has mass 3.016029 u +1.008665 u = 4.024694 u

The mass decrease is 4.028204 u—4.024694 u=3.510x107 u. This corresponds to a liberated energy of
(3.510x107 u)(931.5 MeV/u) =3.270 MeV, or (3.270x10° eV)(1.602x10™"° J/eV) =5.239x107" J.

(c) IDENTIFY and SET UP:  We know the energy released when two H nuclei fuse. Find the number of reactions
obtained with one mole of le

EXECUTE: Each reaction takes two le nuclei. Each mole of D, has 6.022x10% molecules, so 6.022x10% pairs
of atoms. The energy liberated when one mole of deuterium undergoes fusion is (6.022x10%)(5.239x107™" J) =

3.155x10" J/mol.
EVALUATE: The energy liberated per mole is more than a million times larger than from chemical combustion of
one mole of hydrogen gas.
In terms of the number N of cesium atoms that decay in one week and the mass
m=1.0kg, the equivalent dose is
N

35Sv= ﬁ((RBE)VEy +(RBE).E,) = E((l)(0.66 MeV) +(1.5)(0.51 MeV)) =—(2.283x107" J), so
m m m

N= M =1.535%10". The number N, of atoms present is related to

(2.283x107°J)

Nby N,=Ne". A= In2 0.693 ; =7.30x107"" sec™ .
Ty, (30.07 yr)(3.156x10" sec/yr)

Then N() — Nelr — (1 535% 1013)6(7.30><10*10 s7)(7 days) (8.64x10* s/day) =1.536 x1013'

4 M 4
@ v, =v m LV, =V=Y 2= V. vy, = o
m+M m+M \m+M m+M
, w1y n 1 mM? 1 Mm’ 1 M M 2
K'=—m/>+—MV =— m 2v2—|—— n 2v2:— (m LM v
2m+M)?  2m+M) 2(m+ M)\ m+M  m+M

K = M lmv2 =K'= M K=K
m+M\2 m+M

(b) For an endoergic reaction K, =-Q(Q <0) at threshold. Putting this into part (a) gives

—(M +m)

M
M T Ty
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M{I
M, +m

43.76. K= K_, where K _ is the energy that the o-particle would have if the nucleus were infinitely massive.

Then, M =M, ~M,~K_ =M, —M, —%(2.76 MeV/c?)=181.94821u.
43.77.  Am=M (;’U)-M (5'Xe)-M (5Sr)-m,
Am =1235.043923 u—139.921636 u—93.915360 u —1.008665 u =0.1983 u
= E=(Am)c* =(0.1983u)(931.5 MeV/u) =185 MeV.
43.78. (a) A least-squares fit of the log of the activity vs. time for the times later than 4.0 h gives a fit with correlation
—(1 -2X 10‘6) and decay constant of 0.361h™", corresponding to a half-life of 1.92 h. Extrapolating this back to time 0
gives a contribution to the rate of about 2500/s for this longer-lived species. A least-squares fit of the log of the activity
vs. time for times earlier than 2.0 h gives a fit with correlation = 0.994, indicating the presence of only two species.
(b) By trial and error, the data is fit by a decay rate modeled by R =(5000Bq)e """ + (2500 Bq)e "***""). This
would correspond to half-lives of 0.400 h and 1.92 h.
(c) In this model, there are 1.04x10” of the shorter-lived species and 2.49x10” of the longer-lived species.
(d) After 5.0 h, there would be 1.80x 10’ of the shorter-lived species and 4.10x10° of the longer-lived species.

43.79. (a) There are two processes occurring: the creation of '**I by the neutron irradiation, and the decay of the newly
dN

produced '*1. So 0 K — AN where K is the rate of production by the neutron irradiation. Then
t
J‘N dN’
0 K—AN’
Figure 43.79.

: K(l—¢™
=I0dt. [ln(K—/iN')J;V =—At. In(K-AN)=InK-Ar. N(1) :¥. The graph is given in

0.693

(b) The activity of the sample is AN (1) = K(l - e’;") = (1 5%10° decays/s) X [1 - e_[ » mi"}]. So the activity is

’

(1.5><106 decays/ s) (1 — e 00T ), with ¢ in minutes. So the activity [ ] at various times is:

—dN (t=1min) =4.1x10* Bq; —dN (t=10 min) =3.6x10° Bq;
dt dt

—dN (t =25 min) =7.5x10° Bg; —dN (t =50 min) =1.1x10° Bq;
dt dt

—dN (t =75 min) =1.3x10° Bq; —dN (t=180 min) =1.5x10° Bq;
dt dt

6

(c) N :5:W23_2x10"’ atoms.

" (0.02772)

(d) The maximum activity is at saturation, when the rate being produced equals that decaying and so it equals
1.5x10° decays/s.

Number of nuclei

3.00 X 10° o
//
/
2.00 X 10° A
y4
1.00 X 10° ,/
/
0.00 Time (minutes)
- 200 400 600 800 100 120 140 160 180 200

Figure 43.79

43.80. The activity of the original iron, after 1000 hours of operation, would be
(9.4x107° Ci) (3.7x10" Bq/Ci)2 100M/(#5&240/d 1 8306x10° Bq. The activity of the oil is 84 B, or

4.5886x10™ of the total iron activity, and this must be the fraction of the mass worn, or mass of 4.59%x107 g.

The rate at which the piston rings lost their mass is then 4.59x107° g/h.
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44.1.

44.2.

44.3.

44.4.

44.5.

(a) IDENTIFY and SET UP: Use Eq.(37.36) to calculate the kinetic energy K.
-
V1=v2/¢?
m=9.109x10"" kg, so K =1.27x107"* J

(b) IDENTIFY and SET UP: The total energy of the particles equals the sum of the energies of the two photons.
Linear momentum must also be conserved.

EXECUTE: The total energy of each electron or positron is E = K +mc* =1.1547mc* =9.46x107" J. The total
energy of the electron and positron is converted into the total energy of the two photons. The initial momentum of
the system in the lab frame is zero (since the equal-mass particles have equal speeds in opposite directions), so the
final momentum must also be zero. The photons must have equal wavelengths and must be traveling in opposite

EXECUTE: K = mcz[ - 1] =0.1547mc?

directions. Equal A means equal energy, so each photon has energy 9.46x107"* J.

(c) IDENTIFY and SET UP: Use Eq. (38.2) to relate the photon energy to the photon wavelength.

EXECUTE: E=hc/A so A=hc/E=hc/(9.46x107" J)=2.10 pm

EVALUATE: The wavelength calculated in Example 44.1 is 2.43 pm. When the particles also have kinetic energy,

the energy of each photon is greater, so its wavelength is less.
The total energy of the positron is

E=K+mc>=5.00MeV+0.511MeV =5.51 MeV.
We can calculate the speed of the positron from Eq.(37.38):

2 22 2
g=_"¢ . V_ 1—['”‘ j - 1—(M] =0.996.

v e E 5.51 MeV
2
C

IDENTIFY and SET UP: By momentum conservation the two photons must have equal and opposite momenta.
Then E = pc says the photons must have equal energies. Their total energy must equal the rest mass energy

E =mc” of the pion. Once we have found the photon energy we can use E =hf to calculate the photon frequency
and use A=c/f to calculate the wavelength.

EXECUTE: The mass of the pion is 270m,, so the rest energy of the pion is 270(0.511 MeV) =138 MeV. Each

6 V . —19
photon has half this energy, or 69 MeV. E=hf so f = E_ (69x10” eV)(1.602x107" JieV)

— =1.7x10” Hz
h 6.626X107 J -5

8
_ € _29B8XI0 mfs e 107 m =18 fm.
f  1.7x10” Hz

EVALUATE: These photons are in the gamma ray part of the electromagnetic spectrum.
(a) The energy will be the proton rest energy, 938.3 MeV, corresponding to a frequency of 2.27x10” Hz and a

wavelength of 1.32x107"° m.

(b) The energy of each photon will be 938.3 MeV +830 MeV =1768 MeV, with frequency 42.8x10% Hz and
wavelength 7.02x107'° m.

(@) Am=m,, —m,, =270m,—207 m,=63m, = E=63(0.511MeV)=32MeV.

(b) A positive muon has less mass than a positive pion, so if the decay from muon to pion was to happen, you
could always find a frame where energy was not conserved. This cannot occur.

44-1
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he  h h 626x107 J -
46, () A=—=——=—" = (0626x10 1) _y 17%10™ m=0.0117 pm
E mce me  (207)(9.11x107 kg)(3.00x10 m/s)
In this case, the muons are created at rest (no kinetic energy).
(b) Shorter wavelengths would mean higher photon energy, and the muons would be created with non-zero kinetic energy.
44.7. IDENTIFY: The energy released comes from the mass difference.
SET UP: The mass difference is the initial mass minus the final mass.
Am=m _ —-m_—m,
V% e e
EXECUTE: Using the masses from Table 44.2, we have
Am= m.—m_—m,= (105.7 MeV/c*)—(0.511 MeV/c?*) —(0.511 MeV/c?) =105 MeV/c?
Multiplying these masses by ¢” gives E = 105 MeV.
EVALUATE: This energy is observed as kinetic energy of the electron and positron.
44.8. IDENTIFY and SET UP:  Calculate the mass change in each reaction, using the atomic masses in Table 44.2. A
mass change of 1 u is equivalent to an energy of 931.5 MeV.
EXECUTE: (a) and (b) Eq.(44.1): ;‘He+ ZBe - liC + én
AM =m(*He) +m(9Be)—[m(12C)+m(ln)]
AM =4.00260 u+9.01218 u—12.00000 u —1.00866 u =0.00612 u
The mass decreases and the energy liberated is 5.70 MeV. The reaction is exoergic.
Eq.(44.2): ;n+''B—ILi+;He
AM = m(ln)+m('°B) —[m(7Li)+m(4He)J
AM =1.00866 u+10.01294 u —7.01600 u —4.00260 u = 0.00300 u
The mass decreases and the energy liberated is 2.79 MeV. The reaction is exoergic.
(c) The reactants in the reactions of Eq.(44.1) have positive nuclear charges and a threshold kinetic energy is
required for the reactants to overcome their Coulomb repulsion and get close enough for the reaction to occur. The
neutron in Eq.(44.2) is neutral so there is no Coulomb repulsion and no threshold energy for this reaction.
44.9. IDENTIFY: The antimatter annihilates with an equal amount of matter.
SETUP: The energy of the matter is E = (Am)c’.
EXECUTE: Putting in the numbers gives
E =(Am)c® = (400 kg +400 kg)(3.00x10° m/s)* =7.2x10" J.
This is about 70% of the annual energy use in the U.S.
EVALUATE: If this huge amount of energy were released suddenly, it would blow up the Enterprise! Getting
useable energy from matter-antimatter annihiliation is not so easy to do!

44.10. IDENTIFY: With a stationary target, only part of the initial kinetic energy of the moving electron is available.
Momentum conservation tells us that there must be nonzero momentum after the collision, which means that there
must also be left over kinetic energy. Therefore not all of the initial energy is available.

SET UP: The available energy is given by E. =2mc’ (Em + mcz) for two particles of equal mass when one is
initially stationary. In this case, the initial kinetic energy (20.0 GeV = 20,000 MeV) is much more than the rest
energy of the electron (0.511 MeV), so the formula for available energy reduces to E, =+/2mc’E,, .
EXECUTE: (a) Using the formula for available energy gives

E, =\2mc’E, = \/2(0.511 MeV)(20.0 GeV) =143 MeV
(b) For colliding beams of equal mass, each particle has half the available energy, so each has 71.5 MeV. The total
energy is twice this, or 143 MeV.
EVALUATE: Colliding beams provide considerably more available energy to do experiments than do beams
hitting a stationary target. With a stationary electron target in part (a), we had to give the moving electron
20,000 MeV of energy to get the same available energy that we got with only 143 MeV of energy with the
colliding beams.

44.11. (a) IDENTIFY and SET UP: Eq. (44.7) says w= |q|B/m so B= ma)/|q|. And since w=2xf, this becomes

B=2zmf /q|.

EXECUTE: A deuteron is a deuterium nucleus (ZIH) Its charge is ¢ =+e. Its mass is the mass of the neutral 1H
atom (Table 43.2) minus the mass of the one atomic electron:

m=2.014102 u —0.0005486 u = 2.013553 u(1.66054 x 107~ kg/1u)=3.344 x 107 kg

2mf  270(3.344x107 kg)(9.00x10° Hz)

B = =
|| 1.602x10™"° C

=1.18T
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44.12.

44.13.

44.14.

44.15.

44.16.

2np2p2 -19 2

(b) Eq.(44.8): K = ¢’B’R* _[(1.602x10 C)(l.li;l")(o.320 m)] .
2m 2(3.344x107 kg)

K =5.471x107" J=(5.471x107" I)(1 eV/1.602x107"° J)=3.42 MeV

—13
I(:%nﬂ;2 SOV = 2—K: w:liﬂxly m/s
' m 3.344x10™" kg

EVALUATE: v/c=0.06, soitis ok to use the nonrelativistic expression for kinetic energy.

@ 2f=2-B _397%10'/s.
T mnr

(b) wR = eBR _ 3.12x107 m/s
m
(c) For three-figure precision, the relativistic form of the kinetic energy must be used,
(y—1)mc?
e
(a) IDENTIFY and SET UP: The masses of the target and projectile particles are equal, so Eq. (44.10) can be used.

E!=2mc*(E, +mc*). E, is specified; solve for the energy E, of the beam particles.

eV =(y=1)mc’, soeV=(y=1)mc*,soV = =5.11x10° V.

E; 2
EXECUTE: E, =—>—mc
2mce

The mass for the alpha particle can be calculated by subtracting two electron masses from the 3He atomic mass:
m=m, =4.002603 u—2(0.0005486 u) =4.001506 u
Then mc” = (4.001506 u)(931.5 MeV/u) =3.727 GeV.

2 2
E =t e = 000GV 5997 Gev =30.6 GeV.
2mc 2(3.727 GeV)

(b) Each beam must have 1 E, =8.0 GeV.

EVALUATE: For a stationary target the beam energy is nearly twice the available energy. In a colliding beam
experiment all the energy is available and each beam needs to have just half the required available energy.

3
(@) y=1 Q00T MV _ s ¢ o =0.999999559c.
9383 McV

(b) Nonrelativistic: @= B _ 3.83x10" rad/s.
m

Relativistic: o= Bl 3.59x10’ rad/s.
my

(a) IDENTIFY and SET UP:  For a proton beam on a stationary proton target and since E, is much larger than the
proton rest energy we can use Eq.(44.11): E. =2mc’E,,.

E! (774 GeV)’
2mc®  2(0.938 GeV)
(b) IDENTIFY and SET UP:  For colliding beams the total momentum is zero and the available energy E, is the

EXECUTE: E, = =3200 GeV

total energy for the two colliding particles.
EXECUTE: For proton-proton collisions the colliding beams each have the same energy, so the total energy of

each beamis 1 E, =38.7 GeV.

EVALUATE: For a stationary target less than 3% of the beam energy is available for conversion into mass. The
beam energy for a colliding beam experiment is a factor of (1/83) times smaller than the required energy for a
stationary target experiment.

IDENTIFY: Only part of the initial kinetic energy of the moving electron is available. Momentum conservation
tells us that there must be nonzero momentum after the collision, which means that there must also be left over
kinetic energy.

SETUp: To create the 77°, the minimum available energy must be equal to the rest mass energy of the products,
which in this case is the 7° plus two protons. In a collider, all of the initial energy is available, so the beam energy
is the available energy.

EXECUTE: The minimum amount of available energy must be rest mass energy

E, =2m, +m, =2(938.3 MeV) + 547.3 MeV = 2420 MeV
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44.17.

44.18.

44.19.

44.20.

44.21.

44.22.

44.23.

Each incident proton has half of the rest mass energy, or 1210 MeV = 1.21 GeV.

EVALUATE: As we saw in problem 44.10, we would need much more initial energy if one of the initial protons
were stationary. The result here (1.21 GeV) is the minimum amount of energy needed; the original protons could
have more energy and still trigger this reaction.

Section 44.3 says m(Z°)=91.2 GeV/c.
E=912x10°eV =1.461x10" J; m=E/c* =1.63x107 kg; m(Z°)/m(p)=97.2
(a) We shall assume that the kinetic energy of the A’ is negligible. In that case we

can set the value of the photon’s energy equal to Q:
0=(»1193-1116) MeV =77 MeV =E|

hoton *
(b) The momentum of this photon is
b= E oon _ (77%x10° eV)(1.60x107'* J/eV)

. G.00X10° m/s) =4.1x10"" kg-m/s

To justify our original assumption, we can calculate the kinetic energy of a A’ that has this value of momentum

2 2 2
= B OTMEV) )9 Mev << 0 =77 Mev.
A 2m 2me* 2(1116 MeV)

Thus, we can ignore the momentum of the A° without introducing a large error.
IDENTIFY and SET UP: Find the energy equivalent of the mass decrease.

EXECUTE: The mass decrease is m(X") —m(p) —m(z") and the energy released is

mc* (X —mc*(p) —mc? (x°) =1189 MeV —938.3 MeV —135.0 MeV =116 MeV. (The mc” values for each

particle were taken from Table 44.3.)

EVALUATE: The mass of the decay products is less than the mass of the original particle, so the decay is
energetically allowed and energy is released.

IDENTIFY: If the initial and final rest mass energies were equal, there would be no left over energy for kinetic
energy. Therefore the kinetic energy of the products is the difference between the mass energy of the initial
particles and the final particles.

SET UpP: The difference in mass is Am=M o Mo —m .

EXECUTE: Using Table 44.3, the energy difference is
E=(Am)c* =1672 MeV —1116 MeV — 494 MeV =62 MeV

EVALUATE: There is less rest mass energy after the reaction than before because 62 MeV of the initial energy
was converted to kinetic energy of the products.
Conservation of lepton number.

@ u —e +v + Vﬂ =L, +1#-1,L:0£+1+1, 50 lepton numbers are not conserved.

(b) 77 —e +v,+v, =L, :0=+1-1; L :+1=+1, so lepton numbers are conserved.

(c) 77 —> ¢ +y. Lepton numbers are not conserved since just one lepton is produced from zero original leptons.
(d n—>p+e +y,= L :0=+1-1, so the lepton numbers are conserved.

IDENTIFY and SET UP:  p and n have baryon number +1 and p has baryon number —1. €”, e*, D, and y all
have baryon number zero. Baryon number is conserved if the total baryon number of the products equals the total
baryon number of the reactants.

EXECUTE: (a)reactants: B=1+1=2. Products: B=1+0=1. Not conserved.

(b) reactants: B=1+1=2. Products: B=0+0=0. Not conserved.

(c) reactants: B=+1. Products: B=1+0+0=+1. Conserved.

(d) reactants: B=1-1=0. Products: B=0. Conserved.

IDENTIFY and SET UpP: Compare the sum of the strangeness quantum numbers for the particles on each side of
the decay equation. The strangeness quantum numbers for each particle are given Table 44.3.

EXECUTE: ()K" — 4" +v,; S, =+1,5,, =0, s, =0

S =1 initially; S =0 for the products; S is not conserved

(b) n+K* - p+7x°; S, =0, A =+1, §,=0, S, =0

S =1 initially; S =0 for the products; S is not conserved

(© K'+K —»7°+7" S =+ S _=-1S5,=0

S =+1-1=0 initially; S =0 for the products; S is conserved
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44.24.

44.25.

44.26.

44.27.

(d p+K ->A"+7° 5,=0,5,_=-1,5,=-1,5 ,=0.
S =—1 initially; S =-1 for the products; S is conserved
EVALUATE: Strangeness is not a conserved quantity in weak interactions and strangeness non-conserving

reactions or decays can occur.
(a) Using the values of the constants from Appendix F,

2
1 .
¢ =7.29660475x10° =—— or 1/137 to three figures.
4re,hic 137.050044
62 2
(b) From Section 38.5, v, = . But notice this is just ¢, as claimed.
2¢,h 4meyhc
2 2
f— = (J—m)il =1 and thus f— is dimensionless. (Recall £ has units of energy times distance.)
hic J-s)(m-s7) hc

(a) The diagram is given in Figure 44.26. The Q" particle has Q =—1 (as its label suggests) and S =-3. Its
appears as a “hole”in an otherwise regular lattice in the S —Q plane. The mass difference between each S row is
around 145 MeV (or so). This puts the Q" mass at about the right spot. As it turns out, all the other particles on

this lattice had been discovered already and it was this “hole” and mass regularity that led to an accurate prediction
of the properties of the Q!

(b) See diagram. Use quark charges u = +§, d= ?, and s = _?1 as a guide.

—e S +e +2e

M=1232MeV[c? A §=0 ¢ + + 0
ddd udd uud uuu
M =1385MeV/[c? ' §=-1 . .
dds uds uus
M =1530MeV/c? E* §=-2 .
dss uss
M =1672MeV/c2 Q~ §=-3 o
SSS
Figure 44.26

IDENTIFY and SET UP:  Each value for the combination is the sum of the values for each quark. Use Table 44.4.
EXECUTE: (a) uds

Q=%e—%e—%e=0
B=1+1+1=1
§=0+0-1=-1
C=0+0+0=0
(b) cu

The values for u are the negative for those for u.

— 1 1 1
B=1+l4l=41

§=0+0+0=0
C=0+0+0=0
d) dc
Q=-te—2e=—¢
B=1-1=0
§=0+0=0
C=0-1=-1

EVALUATE: The charge, baryon number, strangeness and charm quantum numbers of a particle are determined
by the particle's quark composition.
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44.28. (m, - 2m1)c2 =(9460 MeV —2(1777 MeV)) =5906 MeV (see Sections 44.3 and 44.4 for masses).

44.29. (a) The antiparticle must consist of the antiquarks so 1 =udd.
(b) So n=udd is not its own antiparticle.
(¢) y=cc soy =cc=ysothe y isits own antiparticle.

44.30. (a) S =1 indicates the presence of one s antiquark and no s quark. To have baryon number O there can be only
one other quark, and to have net charge +e that quark must be a u, and the quark content is us.
(b) The particle has an s antiquark, and for a baryon number of —1 the particle must consist of three antiquarks.
For a net charge of —e, the quark content must be dds.

(c) S =-2 means that there are two s quarks, and for baryon number 1 there must be one more quark. For a charge
of 0 the third quark must be a u quark and the quark content is uss.
44.31. IDENTIFY: A proton is made up of uud quarks and a neutron consists of udd quarks.

SETUpP: If a proton decays by " decay, we have p —e* +n+v, (both charge and lepton number are
conserved).
EVALUATE: Since a proton consists of uud quarks and a neutron is udd quarks, it follows that in " decay au

quark changes to a d quark.
44.32. (a) Using the definition of z from Example 44.9 we have that

1+z:l+(ﬂ°_’15) _A
A A

I+vic [1+f
1-vic 1-8 '

(1+2)’-1 15—

Now we use Eq.(44.13) to obtain 1+z = \/c+v \/

b) Solving the above equation for f we obtain 4 = =0.3846.
®) s 1 g d (427 +1 152+1
Thus, v=0.3846 ¢ =1.15x10° m/s.
(c) We can use Eq.(44.15) to find the distance to the given galaxy,
1.15x10°
_v 54X O m/s) ) 6xi0f Mpc
H, (7.1x10* (m/s)/Mpc)

44.33. (a) IDENTIFY and SET UP: Use Eq.(44.14) to calculate v.
(A A) - 1} ~ {(658.5 nm/590 nm)’ —1
(A 1A)+1 (658.5 nm/590 nm)* +1
v =(0.1094)(2.998 x10® m/s) =3.28x10" m/s
(b) IDENTIFY and SET UP: Use Eq.(44.15) to calculate r.
EXECUTE: r=— = 3.28x10° ks =1510 Mly
H, (71 (km/s)/Mpc)(1 Mpc/3.26 Mly)
EVALUATE: The red shift A,/ A;—1 for this galaxy is 0.116. It is therefore about twice as far from earth as the
galaxy in Examples 44.9 and 44.10, that had a red shift of 0.053.
¢ _ 3.00x10° m/s
H, 20(km/s)/Mly
(b) This distance represents looking back in time so far that the light has not been able to reach us.
44.35.  (a) IDENTIFY and SET UP: Hubble's law is Eq.(44.15), with H, =71 (km/s)/(Mpc). 1 Mpc = 3.26 Mly.
EXECUTE: r=5210 Mly so v=H = ((71 km/s)/Mpc)(1 Mpc/3.26 Mly)(5210 Mly) =1.1x10° km/s
(b) IDENTIFY and SET UP: Use v from part (a) in Eq. (44.13).

EXECUTE: ﬁ:\/m:\/m

As c—v 1-v/c

8
K:M 0367 s ﬂt) _ M _
¢ 2.9980x10° m/s © a6

EVALUATE: The galaxy in Examples 44.9 and 44.10 is 710 Mly away so has a smaller recession speed and
redshift than the galaxy in this problem.

27

44.36. IDENTIFY and SETUP: m,; =1.67x107" kg . The ideal gas law says pV =nRT. Normal pressure is

EXECUTE: v= { }c =0.109%4c¢

44.34. From Eq.(44.15), r= =1.5x10* Mly.

1.013x10° Pa and normal temperature is about 27 °C=300 K . 1 mole is 6.02x10* atoms .
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44.37.

44.38.
44.39.

44.40.
44.41.

44.42.

44.43.

6.3x107 kg/m’
1.67x107" kg/atom

() V=>4 m)(7 m)3m)=84m’ and (3.8 atoms/m*)(84 m’) =320 atoms

(¢) With p= 1.013%10° Pa, V=84 m®, T =300 K the ideal gas law gives the number of moles to be

n:ﬂ: (1.013x10° Pa)(84 m*)
RT  (8.3145 J/mol - K)(300 K)

(3.4x10° moles)(6.02x10* atoms/mol) =2.0x10* atoms

EVALUATE: The average density of the universe is very small. Interstellar space contains a very small number of
atoms per cubic meter, compared to the number of atoms per cubit meter in ordinary material on the earth, such as air.
IDENTIFY and SET UP: Find the energy equivalent of the mass decrease.

EXECUTE: (a) p+ *H—> JHe orcan write as |H+ *H — JHe

If neutral atom masses are used then the masses of the two atomic electrons on each side of the reaction will
cancel.

Taking the atomic masses from Table 43.2, the mass decrease is m( :H) + m(le) - m(zHe) = 1.007825 u +

EXECUTE: (a) =3.8 atoms/m’

=3.4x10 moles

2.014102 u—3.016029 u = 0.005898 u. The energy released is the energy equivalent of this mass decrease:
(0.005898 u)(931.5 MeV/u) =5.494 MeV

(b) ;n+ He — jHe
If neutral helium masses are used then the masses of the two atomic electrons on each side of the reaction equation

will cancel. The mass decrease is m(yn)+m(;He)—m(3He)=1.008665 u+ 3.016029 u—4.002603 u =

0.022091 u. The energy released is the energy equivalent of this mass decrease:
(0.022091 u)(931.15 MeV/u) =20.58 MeV

EVALUATE: These are important nucleosynthesis reactions, discussed in Section 44.7.
3m(*He) — m(*C) =7.80x107 u, or 7.27 MeV.

Am=m,+m,—m, —m, soassuming m, =0,
Am=0.0005486 u +1.007276 u —1.008665 u =—8.40x10™* u
= E =(Am)c* =(-8.40x10™* u)(931.5 Me V/u) =-0.783 MeV and is endoergic.

m, +m, —m,. =7.69x10"u, or 7.16 MeV, an exoergic reaction.
2c 4 He 0

IDENTIFY and SET UP: The Wien displacement law (Eq.38.30) sys A4, T equals a constant. Use this to relate
A atTitod ,atT,.
EXECUTE: A4, T =4,,T,

m, 1

A = Q =1.062x10"" m(2'728 K
' “\ T 3000 K

1
EVALUATE: The peak wavelength was much less when the temperature was much higher.
(a) The dimensions of 7 are energy times time, the dimensions of G are energy times time per mass squared, and

so the dimensions of VAG/c® are

(E-T)(EL/M?) "Z_F} T _HZ L

(L/T) ML |T]|L| T

®) [h_Gjm :[(6.626><10‘34 1-5)(6.673x10"" N-m*/kg®)
3
C

27(3.00x10° m/s)’

IDENTIFY and SET UP:  For colliding beams the available energy is twice the beam energy. For a fixed-target
experiment only a portion of the beam energy is available energy (Eqs.44.9 and 44.10).
EXECUTE: (a) E, =2(7.0 TeV)=14.0 TeV

(b) Need E, =14.0 TeV =14.0x10° MeV. Since the target and projectile particles are both protons Eq. (44.10) can
be used: E’ =2mc*(E, +mc”)

E? ,  (14.0x10° MeV)?
— A —mc =

):966 nm

12
] =1.616x107 m.

a

2mc? 2(938.3 MeV)
EVALUATE: This shows the great advantage of colliding beams at relativistic energies.

—-938.3 MeV =1.0x10" MeV =1.0x10° TeV.

m
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44.44.
44.45.

44.46.

44.47.

44.48.

44.49.

K+mpc2 =%, K =%—mpc2 =652 MeV.

IDENTIFY and SET UP:  Section 44.3 says the strong interaction is 100 times as strong as the electromagnetic
interaction and that the weak interaction is 107" times as strong as the strong interaction. The Coulomb force is

F =% and the gravitational force is F, =GM
e 2 g 2

r - r

9.0x10° N-m*/C?*)(1.60x10™" C)*
EXECUTE: (a) F, =( X m 715)( > X ) =200 N
(1x107"° m)
(6.67x10™" N-m?/kg>)(1.67x107 kg)* ;
F = = =2x10"* N
(1x107" m)

(b) F,, =100F, =2x10*N. F,, =10°F, =2x10"° N
(C) F,‘slr>Fe>Fweak>Fg
(d) F, =1x10F,. F, =~100F, =~1x10*F,. F,, =~10”F, =~1x10”F,

EVALUATE: The gravity force is much weaker than any of the other three forces. Gravity is important only when
one very massive object is involved.

In Eq.(44.9), E, =(m_, + M )cz, and with M = m,,m=m_ and E = (mn, )c2 +K,

50

Ed2 —(m, - - (mpcz)2

K= el
2mpc2 (m” e
2 2 2
K= (1193 MeV +497.7 MeV)” —(139.6 MeV)™ —(938.3 MeV)" 139.6 MeV =904 MeV.
2(938.3 MeV)

IDENTIFY: With a stationary target, only part of the initial kinetic energy of the moving proton is available.
Momentum conservation tells us that there must be nonzero momentum after the collision, which means that there
must also be left over kinetic energy. Therefore not all of the initial energy is available.

SETUP: The available energy is given by E. =2mc’ (Em + mcz) for two particles of equal mass when one is

initially stationary. The minimum available energy must be equal to the rest mass energies of the products, which in

this case is two protons, a K" and a K™ . The available energy must be at least the sum of the final rest masses.
EXECUTE: The minimum amount of available energy must be
E =2m, +m. +m _=2(938.3 MeV) +493.7 MeV + 493.7 MeV = 2864 MeV = 2.864 GeV

Solving the available energy formula for E,, gives E. = 2mc” (Em + mcz) and

2 2
E, =t et = BBAMNV) o35 5 ey — 34326 Mev
2me 2(938.3 MeV)

Recalling that E,, is the total energy of the proton, including its rest mass energy (RME), we have
K =E, - RME =3432.6 MeV —938.3 MeV = 2494 MeV =2.494 GeV

Therefore the threshold kinetic energy is K = 2494 MeV = 2.494 GeV.
EVALUATE: Considerably less energy would be needed if the experiment were done using colliding beams of
protons.

0,00

(a) The decay products must be neutral, so the only possible combinations are 7°7°%° or 2’7" 7~
(b) m, — 3m”0 =142.3 MeV/ ¢*, so the kinetic energy of the 7° mesons is 142.3 MeV. For the other reaction,
K=(m, —m_,—m_, —m_)c*=133.1MeV.

IDENTIFY and SET UP:  Apply conservation of linear momentum to the collision. A photon has momentum

h
p=h/A4, in the direction it is traveling. The energy of a photon is E = pc = 76 All the mass of the electron and

positron is converted to the total energy of the two photons, according to E =mc>. The mass of an electron and of
a positron is m, =9.11x107" kg

EXECUTE: (a) In the lab frame the initial momentum of the system is zero, since the electron and positron have
equal speeds in opposite directions. According to momentum conservation, the final momentum of the system
must also be zero. A photon has momentum, so the momentum of a single photon is not zero.

(b) For the two photons to have zero total momentum they must have the same magnitude of momentum and move
in opposite directions. Since E = pc, equal p means equal E.
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(©) 2E, = 2m.” so E, = m.c*

he hc ) h 6.63x107* J-s
E,=—so —=mc and A=—= - -
A A mc  (9.11x107" kg)(3.00x10° m/s)
These are gamma ray photons.
EVALUATE: The total charge of the electron/positron system is zero and the photons have no charge, so charge is
conserved in the particle-antiparticle annihilation.

44.50. (a) Ifthe 7~ decays, it must end in an electron and neutrinos. The rest energy of 7z~ (139.6 MeV) is shared
between the electron rest energy (0.511 MeV) and kinetic energy (assuming the neutrino masses are negligible). So
the energy released is 139.6 MeV — 0.511 MeV = 139.1 MeV.

(b) Conservation of momentum leads to the neutrinos carrying away most of the energy.

44.51.  (a) The baryon number is 0, the charge is +e , the strangeness is 1, all lepton numbers are zero, and the particle is K*.

=2.43 pm

(b) The baryon number is 0, the charge is —e , the strangeness is 0, all lepton numbers are zero, and the particle is 7.
(c¢) The baryon numbers is —1, the charge is 0, the strangeness is zero, all lepton numbers are 0, and the particle is
an antineutron.

(d) The baryon number is 0, the charge is +e , the strangeness is 0, the muonic lepton number is —1, all other
lepton numbers are 0, and the particle is .
o 1.054x107 J-s

44.52. Ar=7.6x10""' s> AE=—

— = 1.39x10™ J=87keV .
At 7.6x107s

AE2 _0.087MeV _ 2 8x10°.
m,c” 3097 MeV

h (1.054x107 J -5)
AE  (4.4x10° eV)(1.6x107" J/eV)

44.54. IDENTIFY and SETUP: ¢ — K"+ K". The total energy released is the energy equivalent of the mass decrease.

44.53. =1.5x107% s.

(a) EXECUTE: The mass decrease is m(¢) —m(K")—m(K™). The energy equivalent of the mass decrease is
me? (@) —me* (K+) —mc*(K). The rest mass energy mc” for the ¢ meson is given in Problem 44.53, and the
values for K*and K™ are given in Table 44.3. The energy released then is 1019.4 MeV —2(493.7 MeV) =

32.0 MeV. The K* gets half this, 16.0 MeV.

EVALUATE: (b) Does the decay ¢ — K* + K™ +7z" occur? The energy equivalent of the K* + K™ +7° mass is

493.7 MeV +493.7 MeV + 135.0 MeV = 1122 MeV. This is greater than the energy equivalent of the ¢ mass.

The mass of the decay products would be greater than the mass of the parent particle; the decay is energetically
forbidden.

(c) Does the decay ¢ — K"+~ occur? The reaction ¢ — K*+ K" is observed. K* has strangeness +1 and K~
has strangeness —1, so the total strangeness of the decay products is zero. If strangeness must be conserved we
deduce that the ¢ particle has strangeness zero. 7~ has strangeness 0, so the product K* + 7~ has strangeness
—1. The decay ¢ — K" + 7z~ violates conservation of strangeness. Does the decay ¢ — K" + 4~ occur? 4~ has
strangeness 0, so this decay would also violate conservation of strangeness.

44.55. (a) The number of protons in a kilogram is

6.023x10* molecules/mol

18.0x107 kg/mol

(1.00 kg) [ ] 2 protons/molecule) =6.7x10%.

Note that only the protons in the hydrogen atoms are considered as possible sources of proton decay. The energy
per decay is mpc2 =938.3MeV =1.503x107"° J, and so the energy deposited in a year, per kilogram, is

In(2)
1.0x10" y
(b) For an RBE of unity, the equivalent dose is (1) (0.70 rad) = 0.70 rem.
44.56. IDENTIFY and SET Up: The total released energy is the equivalent of the mass decrease. Use conservation of

linear momentum to relate the kinetic energies of the decay particles.
EXECUTE: (a) The energy equivalent of the mass decrease is

me*(E7)—mc*(A) —mc*(x7) =1321 MeV —1116 MeV —139.6 MeV = 65 MeV

(6.7><1025)[ j(l y) (1.50x107" 1) =7.0x107° Gy =0.70 rad
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(b) The =~ is at rest means that the linear momentum is zero. Conservation of linear momentum then says that the
A’ and 7~ must have equal and opposite momenta:

MoV =NV

Also, the sum of the kinetic energies of the A’ and 7~ must equal the total kinetic energy K, =65 MeV
calculated in part (a):

K.=K.+K_

KAU
Use the momentum conservation result:

2
m,
1 A 2 _
KA0 +om [—] Vie = K.,

.4

L 2
+om v =K,

K 65 MeV

tot

M L, /m_ 1+ (1116 MeV)/(139.6 MeV)
K,+K_=K,s0 K_=K, K, ,=65MeV-72MeV=57.8 MeV
7.2 MeV

=7.2 MeV

The fraction for the A’ is ——— =11%.
65 MeV

The fraction for the 7~ is m =89%.
65 MeV

EVALUATE: The lighter particle carries off more of the kinetic energy that is released in the decay than the
heavier particle does.
. R R/dt HR .
44.57. (a) For this model, % = HR, so d Ié d = 7 = H, presumed to be the same for all points on the surface.
t

(b) For constant 6, ﬂ = d—RH = HRO =Hr.
dt dt

(c) See part (a), H, = deidt.

'R
(d) The equation % = H R is a differential equation, the solution to which, for constant H , is R(t) =
t

Re™" where R, is the value of R at t=0. This equation may be solved by separation of variables, as

dRT{dt = di In (R) = H, and integrating both sides with respect to time.
t
(e) A constant H, would mean a constant critical density, which is inconsistent with uniform expansion.
44.58. From Problem 44.57, r=RO = R = 1. So d—R = lﬂ _de_() = lﬂ since d_() =0.
0 dt 0dt 0 dt 0dt dt
1dR 1 dr ladr dr 1 dR dv d(rdR d(,dR
0 ——=——=——"=y=—-=—lr=Hyr. Now —=0=—/|—— |=—| 60—
Rdt ROdt rdt d \Rd do dO\R dt) dO\ dt
:Hd—R:K where K is a constant. :>d—R:£:>R: K tsinceﬁzo =H, :ld—R:igzl. So the
dt da 0 0 Rdt Kt0 t

.1 . .
current value of the Hubble constant is T where T is the present age of the universe.

44.59. (a) For mass m, in Eq.(37.23)u=—-v_,, v =v,, andsov, = Yo _VC7 5. For mass
- V() ch c

cm?

4
M,u=-v,,v=0,s0v,=-v,_.
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44.60.

(b) The condition for no net momentum in the center of mass frame is my, v

m- m

+My,v, =0, where
¥,, and 7,, correspond to the velocities found in part (a). The algebra reduces to S, 7, = (f, — 8)¥,7,» where

v, v, .
B, =-2, f'=—", and the condition for no net momentum becomes m(3, — 3)¥,¥,, =M 7, , or
c c

y_ B, m my,

Ve = .
e M U mem i- g m+M\J1=(v,/c)’

(c) Substitution of the above expression into the expressions for the velocities found in part (a) gives the relatively

m
v, =—V,¥,———. After some more algebra,

simple forms v, =v,y, ————,
p = YoVo m+ My, my, + M

m+My, M + my,
yrn: 2 B ’7M: 2 2
\/m +M~+2mMy, \/m +M"+2mMy,

, from which my, + My, =+/m*+M? +2mM y,. This last

expression, multiplied by c¢’, is the available energy E, in the center of mass frame, so that

El =(m’+ M +2mMy,)c* = (mc*) +(Mc*)’ + (2Mc*)my,c”) = (mc*)* + (Mc*)* +2Mc’E,, which is Eq.(44.9).
A’ —>n+7°

(@) E=(Am)c® =(m,)c’ —(m,)c*(m_,)c* =1116 MeV —939.6 MeV —135.0 MeV =41.4 MeV

(b) Using conservation of momentum and kinetic energy; we know that the momentum of the neutron and pion
must have the same magnitude, p, =p, .

K, =E —mc’>=\(mc*) +(p,c)’ —m,c’ = (mc>) +(p,c) —mc

K, = \/(mncz)z +K:+2m c’K, -mc* =K, +K, =K_+ \/(mncz)z +K2+2m c’K, —mc’ =E.
(m,c*) +K:+2m c’K, =E*+(mc*)’ + K. +2Emc* —2EK_—2m c’K . Collecting terms we find:
I(”(Zm”c2 +2E+ 2m“cz) =FE*+ 2Emnc2

(414 MeV)? +2(41.4 MeV)(939.6 MeV)
™7 2(135.0 MeV) + 2(41.4 MeV) + 2(939.6 MeV)

=35.62 MeV.

2
So the fractional energy carried by the pion is 64 =0.86, and that of the neutron is 0.14.


















