
Physics 107 Problem 11.1 O. A. Pringle

State the number of neutrons and protons in each of the following: 3Li 6, 10Ne22, 40Zr94, 72Hf180. Note that I haven't 
figured out how to makeMathCAD write both a superscript and a subscript immediately in front of a symbol, so I will 
use the old fashioned notation and write the atomic number (the subscript) first, the element abbreviation second, and 
the atomic mass (the superscript) last. The modern convention is to write both the subscript and superscript 
immediately in front of the symbol.

3
Li 6 has Z=3, A=6, and N=A-Z=3.  Therefore 

3
Li 6 has 3 protons and 3 electrons, plus 3 neutrons.

10
Ne22 has Z=10, A=22, and N=A-Z=12.  Therefore it has 10 protons and 10 electrons, plus 12 neutrons.

40
Zr94 has Z=40, A=94, and N=A-Z=54.  Therefore it has 40 protons and 40 electrons, plus 54 neutrons.

72Hf180 has Z=72, A=180, and N=A-Z=108.  Therefore it has 72 protons and 72 electrons, plus 108 
neutrons.

Physics 107 Problem 11.2 O. A. Pringle

Ordinary boron is a mixture of the 5B10 and 5B11 isotopes and has a composite atomic mass of 10.82 u.  What 
percentage of each isotope is present in ordinary boron?

Let α be the fraction of ordinary boron which is 5B10.  Then 1-α is the fraction of ordinary boron which 

is 
5
B11.  Ordinary boron is composed of α parts 

5
B10 and 1-α parts of 

5
B11.  Therefore

α 10. 1 α( ) 11. 10.82

α 10 11( ). 11 10.82

α
10.82 11

10 11

α 0.18= 5
B10 makes up 18% of boron

1 α 0.82= 5
B11 makes up 82% of boron

There are two ways to double-check the answer:

α 1 α( ) 1= total boron had better be 100%

α 10( ). 1 α( ) 11. 10.82= the composite mass had better be 10.82

You could get more accurate, and put in more decimal places for the masses of boron-10 and boron-11.  
The answer would change by 1 percent at most.  It doesn't make sense to go to more than the .01 place 
on masses anyway, because 10.82 is only given to the .01 place.

Physics 107 Problem 11.3 O. A. Pringle

Electrons of what energy have wavelengths comparable with the radius of a 79Au197 nucleus?  Use a relativistic 
calculation.

This problem has two steps.  Step 1 is to calculate the radius of the 79Au197 nucleus.  Step 2 is to calculate the 
energy of an electron having this wavelength.

Gold has A=197.  The radius of gold, in meters, is given by equation 11.1. 

A 197
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R 1.2 A

1
3. 10 15.

R 6.982 1015.= meters

Step 2 is to use this electron wavelength to calculate the electron momentum, use the momentum to calculate the 
total energy, and use relativity to calculate the kinetic energy.

h 6.63 1034. λ R c 3 108. m e 9.11 1031.

p
h

λ
p 9.495 1020.= Electron momentum.

The electron energy is given by

Remember, we use the non-relativistic mass here.
E me

2 c4. p2 c2.

The kinetic energy is then

K E m e c2.

K 2.84 1011.= Joules

Or, in eV, K eV
K

1.602 1019.

K eV 1.773 108.= or K=177 MeV

That's a lot of energy, but it represents a lower bound on the energy you would need to probe a gold nucleus with an 
electron.

Just for kicks, let's calculate the electron velocity.

E m c2. E
m e c2.

1
v2

c2

1
v2

c2

m e c2.

E

v2

c2
1

m e c2.

E

2

v c 1
m e c2.

E
. v 2.991 108.=

v

c
0.997= a very fast electron

Physics 107 Problem 11.4 O. A. Pringle

The greater the atomic number of an atom, the larger its nucleus and the closer its inner electrons are to the nucleus.  

Compare the radius of the
 92

U238 nucleus with the radius of its innermost Bohr orbit.

The equation for orbital radii are given by equation 4.13

This is valid for hydrogen, Z=1.  To modify it for uranium, we realize that the 
nuclear charge is +Z instead of +1, so that one of the e's in the denominator is 
replaced by Ze.

r n

n2 h2. ε 0
.

π m e
. e2.

ε 0 8.854 1012. h 6.63 1034. m e 9.11 1031. e 1.6 1019.
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Z 92

r 1

12 h2. ε 0
.

π m e
. Z. e2.

r 1 5.774 1013.= meters

The radius of the uranium nucleus is given by equation 11.1

A 238

R 1.2 1015. A

1

3.

R 7.437 1015.= meters

Let's compare the two radii:

r 1

R
77.642= The Bohr radius is about 77 times the nuclear radius.

If you load HYDROGEN.MCD and calculate the probability of finding a hydrogen 1s electron at a distance less than 
a.0/77 of the nucleus, you get a probability of about 0.000286%.  That's not big, but it is finite, and suggests the 
uranium 1s electron might close enough to the nucleus to get captured.

Physics 107 Problem 11.5 O. A. Pringle

It is believed on the basis of the shell model that the nuclide of Z=110 and A=294 may be exceptionally long-lived.  
Estimate its nuclear radius.

A 294

R 0 1.2 10 15.

R R 0 A

1

3.

R 7.979 1015.= meters orR 7.979fm

Physics 107 Problem 11.6 O. A. Pringle

Show that the nuclear density of 1H1 is over 1014 times greater than its atomic density.  (Assume the atom to have the 
radius of the first Bohr orbit).

The mass of 
1
H1 is m H 1.6736 1027. kg

The hydrogen atom radius is R 5.292 1011. m Note the error on the inside front cover of 
Beiser; he gives the wrong radius.
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The atomic density of hydrogen is

ρ H
m H

4

3
π. R3.

ρ H 2.696 103.= kg/m3

It sounds like a lot, but we don't normally find these atoms packed very close together.

The nuclear mass of 
1
H1 is m nucleus m H 9.11 1031.

The nuclear radius is R nuc 1.2 10 15. 1

1

3.

The nuclear density of hydrogen is

ρ nuc
m nucleus

4

3
π. R nuc

3.
ρ nuc 2.311 1017.=

The ratio of densities is
ρ nuc

ρ H
8.572 1013.=

A simpler solution is to realize the masses are approximately the same, so the ratio of the 
densities is approximately that of the cube of the ratio of the radii

ratio
R

R nuc

3

ratio 8.577 1013.=

Physics 107 Problem 11.12 O. A. Pringle

What happens to the atomic number and mass number of a nucleus when it:
         a) emits an alpha particle?

An alpha particle has Z=2 and A=4.  When a nucleus emits an alpha particle, the atomic 
number Z decreases by two and the mass number A decreases by 4.

b) emits an electron?
For a nucleus to emit an electron, a neutron must change into a proton and an electron.  
Therefore, the nucleus has gained +1 in Z but has not gained in mass number.  Therefore the 
atomic number Z increases by 1 and the mass number A is unchanged.

c) emits a positron?
A positron is a positive electron.  A proton must have decayed into a neutron and the 
electron.  Therefore, the nucleus has lost 1 in Z and has not changed in mass number.  
Therefore, the atomic number Z decreases by 1 and the mass number A is unchanged.

d) captures an electron?
For a neutron to capture an electron, a proton and an electron must combine to form a 
neutron.  The effect is the loss of a proton and the gain of a neutron.  Therefore, as in c), the 
atomic number Z decreases by 1 and the mass number A is unchanged.
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Physics 107 Problem 11.13 O. A. Pringle

Which nucleus would you expect to be more stable, 
3
Li 7 or 

3
Li 8; 

6
C13 or 

6
C15?

Even-even nuclei are most stable, odd-odd are least, and mixed are in between.  3Li 8 has Z=3 N=5 and 

3Li7 has Z=3 N=4, so 
3
Li 7 ought to be more stable.  The appendix on page 507 confirms this 

prediction.

6C13 has Z=6 N=7 and 6C15 has Z=6 N=9. Based on this argument, we can't tell which would be more 
stable.  However, 6C15 has two more neutrons in high energy levels than does 6C13, so we would expect 

6
C15 to be less stable.  Once again, the appendix on page 507 confirms our prediction.

Nuclides with few nucleons (neutrons plus protons) tend to be most stable when they have about the 
same number of neutrons as protons.  The neutrons are important because they provide binding energy 
to hold the nucleus together.  On the other hand, every time you add two neutrons (two, because of the 
neutron spin) you have to populate a higher nuclear energy level.  Thus, there is a tradeoff between more 
binding energy (reduced total energy) due to more neutrons, and less binding energy (increased total 
energy) due to putting neutrons in higher energy levels.

If you look at Appendix V, you find that the most stable or the most abundant nuclides of the low-Z 
elements are 1H1, 2He4, 3Li 7, 4Be9, 5B11, 6C12, 7N14, 8O16, 9F19, 10Ne20, 11Na23, 12Mg24, 13Al 27, 14Si28, 15P30, 16S32, 

17Cl35, 18Ar40, 19K39, 20Ca40, 21Sc45, 23V51, 24Cr52, etc.  Notice the trends.  1H1 is an exception; it needs no 
neutrons because it has only one proton.  Elements with even Z up to Argon have the same number of 
neutrons and protons (He, C, O, Ne, Mg, Si, S) with the exception of beryllium.  Elements with odd Z up 
to potassium (Li, B, N, F, Na, Al, P, Cl, K) have one more neutron than protons, or else the same number 
of neutrons as protons.  Thus, given a multiple choice problem, the BEST answer would be to look for 
either N=Z or N=Z+1.

Physics 107 Problem 11.14 O. A. Pringle

Both 
8
O14 and 

8
O19 undergo beta decay.  Which would you expect to emit a positron and which an electron?  Why?

8O14 has 8 protons and 6 neutrons.  It has an excess of protons compared to neutrons.  We should 
expect it to undergo positron emission, where a proton changes into a neutron and an electron.

8O19 has 8 protons and 11 neutrons.  It has an excess of neutrons compared to protons.  We should 
expect it to undergo beta decay, where a neutron changes into a proton and an electron.

Physics 107 Problem 11.15 O. A. Pringle

Find the binding energy per nucleon in 
10

Ne20 and 
26

Fe56.

Binding energy per nucleon problems are solved by finding the mass of Z hydrogen atoms plus A-Z 
neutrons and subtracting the atomic mass of the nuclide in question. This mass difference is converted 
to energy and is said to the the total binding energy of the nuclide.  This energy is then divided by A, 
the number of nucleons to find the binding energy per nucleon.

Atomic mass of neutron: m n 1.008665u

Atomic mass of hydrogen: m h 1.007825u
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Binding energy of nuclide of mass M, atomic mass A, and atomic number Z:

E b M A, Z,( ) M Z m h
. A Z( ) m n

. 931.5. The 931.5 converts amu to MeV.

Binding energy per nucleon:

E per_n M A, Z,( )
E b M A, Z,( )

A

Binding energy per nucleon for 
20

Ne10, of mass 19.992439 u

E per_n 78.918336 79, 35,( ) 8.688=

Binding energy per nucleon for 
26

Fe56, of mass 55.934939 u

E per_n 55.934939 56, 26,( ) 8.79=

The numbers above show the reduction in energy upon creation of the nucleus.  Don't forget that the 
binding energy is expressed as a positive energy, so that the binding energies per nucleon are 8.03 MeV 
for Ne and 8.79 MeV for iron.

Physics 107 Problem 11.16 O. A. Pringle

Find the binding energy per nucleon in 
35

Br79 and 
79

Au197.

Binding energy per nucleon problems are solved by finding the mass of Z hydrogen atoms plus A-Z 
neutrons and subtracting the atomic mass of the nuclide in question. This mass difference is converted to 
energy and is said to the the total binding energy of the nuclide.  This energy is then divided by A, the 
number of nucleons to find the binding energy per nucleon.

Atomic mass of neutron: m n 1.008665
u

Atomic mass of hydrogen: m h 1.007825u

Binding energy of nuclide of mass M, atomic mass A, and atomic number Z:

E b M A, Z,( ) M Z m h
. A Z( ) m n

. 931.5.

Binding energy per nucleon:

E per_n M A, Z,( )
E b M A, Z,( )

A

Binding energy per nucleon for 
35

Br79, of mass 78.918336 u

E per_n 78.918336 79, 35,( ) 8.688=

Binding energy per nucleon for 
79

Au197, of mass 196.966560 u

E per_n 196.966560 197, 79,( ) 7.916=

The numbers above show the reduction in energy upon creation of the nucleus.  Don't forget that the 
binding energy is expressed as a positive energy, so that the binding energies per nucleon are 8.69 MeV 
for Br and 7.92 MeV for gold.
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Physics 107 Problem 11.17 O. A. Pringle

Find the energies needed to remove a neutron from 2He4, then to remove a proton, and finally to separate the remaining 
neutron and proton.  Compare the total with the binding energy of 

2
He4.

Atomic mass of neutron: m n 1.008665 u

Atomic mass of hydrogen: m h 1.007825 u

Atomic mass of 
2
He4: m 2He4 4.002603

Atomic mass of 
2
He3: m 2He3 3.016029

Atomic mass of 
1
H2: m 1H2 2.014102

The energy needed to remove a 
neutron from 

2
He4 is:

E 1 m 2He3 m n m 2He4 931.5.

E 1 20.578=

The energy needed to remove a 
proton from 

2
He3 is:

E 2 m 1H2 m h m 2He3 931.5.

E 2 5.494=

The energy needed to separate 
the remaining neutron and proton 
is:

E 3 m n m h m 1H2 931.5.

E 3 2.224=

The total energy is: E t E 1 E 2 E 3 E t 28.296=

The binding energy of 
2
He4 is : E b M A, Z,( ) Z m h

. A Z( ) m n
. M 931.5.

E b 4.002603 4, 2,( ) 28.296=

This formula gives the positive number which is the BE/nucleon.

Physics 107 Problem 11.18 O. A. Pringle

The binding energy of 
12

Mg24 is 198.25 MeV.  Find its atomic mass.

This is just a binding energy per nucleon (except we are given the total binding energy) but in reverse.

BE 198.25

I'm going to do this step-by-step.  First step:  calculate from the binding energy how much mass is 
missing from the nucleus (how much mass was converted to binding energy).

mass_difference
198.25

931.5

mass_difference 0.213= mass units, u
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Second step:  if I take this mass difference and subtract it from the mass of 12 hydrogens plus 12 
neutrons (which we have in 

12
Mg24), I'll get the actual mass of 

12
Mg24

m H 1.007825 u

m n 1.008665 u

M 12Mg24 12 mH
. 12 mn

. mass_difference

M 12Mg24 23.985=

This is the mass given on page 508, to 3 decimal places.  I can't give more decimal places because 
Beiser only gave the binding energy to 3 digits.
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