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Nuclear Energy Level Diagrams and Gamma Decay
1. Introduction.  When a nucleus undergoes radioactive transformation, such as alpha or beta decay, the product nucleus is often left in an excited state.  This product nucleus may deexcite by emitting electromagnetic radiation or by transferring its excitation energy to an inner shell atomic electron.  In either process the product nucleus makes a transition from a higher energy state to a lower energy state without changing its identity.  Deexcitation with emission of a photon is called gamma decay and the photon emitted is called a gamma ray.  Deexcitation by transfer of excitation energy to an inner shell atomic electron is called internal conversion.  In many nuclides these two processes compete and both may occur.  For the product nucleus, the net result of either deexcitation process is exactly the same:  the excited nucleus releases an amount of energy equal to the difference in energy between the excited state and the lower energy state.

Ereleased = E = Ei - Ef

where

Ei is the initial excited state and

Ef is the final lower energy state.

In most cases the excited nucleus gives up its excitation energy very quickly.  So quickly in fact that it appears almost simultaneously with the alpha or beta decay that created the excited state in the product.  As a result, nuclear data tables most often list gamma rays emitted in the decay process with the data for the parent nuclide even though the gamma ray is a result of the deexcitation of the product nuclide.  Some product nuclei, called isomers, remain in their excited states for relatively long times.  The reason for these long-lived excited states is forbidden nuclear transitions (recall the atomic analog to this phenomenon, the metastable state).

2.
Gamma decay.  Gamma decay is characterized by the emission of a photon with an energy given by

E = hf = E = Ei - Ef

Because of the high binding energy of nucleons in a nucleus, the spacing between nuclear energy levels is large compared to those between atomic electron energy levels and the energies of the gamma rays emitted are also high, ranging from about 0.0100 MeV to several MeV.  The energy spectra of gamma rays emitted by excited nuclei are discrete indicating that the nucleus has discrete energy levels.  The study of gamma-ray spectra provides considerable information about the structure of nuclear energy levels.

3.
Internal conversion.  Internal conversion is an alternative nuclear deexcitation method.  The excited nucleus transfers its excitation energy to an inner shell atomic electron (the inner shell electrons are located nearest to the nucleus and are, therefore, more likely to be available for the transfer).  The inner shell electron is ionized from the atom with kinetic energy given by

KEe = E - EB

where
EB is the atomic binding energy of the inner shell electron.  Internal conversion becomes more probable in large nuclei where the strong Coulombic force of the many protons results in electron orbitals located close to the nucleus.  Internal conversion electrons (also called conversion electrons) of a particular shell are monoenergetic and can be seen in many beta spectra superimposed on the continuous spectrum of beta decay.  Characteristic x rays are also produced when the hole left when the inner shell atomic electron is ionized is filled.  The x rays emitted are characteristic of the atomic energy level structure of the product.  The most probable characteristic x ray to be produced after internal conversion decay is the K.

4.
Nuclear decay energy level diagrams.  It is often convenient to graphically display radioactive decay processes with nuclear decay energy level diagrams.  These diagrams represent the decay from the ground state of the parent nucleus to the ground state of the product nucleus.  Each of the decay modes for the parent is represented on the diagram. The energy difference between the two ground states is the Q-value for the decay. Specific examples are shown in the diagrams below.

a.
Beta minus decay.  In beta minus decay the energy difference between the ground states of the parent and product nuclei is shared by the product nucleus, the beta minus, the antineutrino and any gamma rays that may be emitted.  

(1)
β- to the ground state.  Figure 1 shows a beta minus decay to the ground state of the product nucleus.  In this example, the product nucleus is not left in an excited state and no gamma ray is emitted.  Note that the energy difference between the two ground states is the Q-value for  β- decay.  In β- decay to the ground state of the product nucleus, the maximum kinetic energy of the β- is also equal to Qβ- (neglecting the very small recoil energy of the product nucleus).  In the example, 6He decays to the ground state of 6Li by beta minus decay.   The half-life for the decay is 806.7 ms and  the Q-value for this decay is 3506.7 keV.  This energy is shared between the beta minus, antineutrino and 6Li product.  The branching ratio of 1.0 indicates that the decay to the ground state of 6Li occurs in every decay (100.00% of all decays).



6He - Decay

	Parent state: G.S.

Half life: 806.7 MS(15)

Q(gs): 3506.7(7) keV

Branch ratio:        1.0    
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Beta ray:



Max.E(keV)
Avg.E(keV)
Intensity(rel)



3506.7( -)

1567.1( 4)       
100

F. AJZENBERG-SELOVE, Nuclear Physics A490,1 (1988)

Figure 1.



(2) Single β- to an excited state.  In the example shown in Figure 2, note that the maximum kinetic energy of the β- is less than the Q-value for  β- decay because a gamma ray carries away part of the energy released in the decay.  In this example for 28Al, the Q-value for beta decay is 4641.8 keV, while the maximum kinetic energy of the beta minus is 2862.9 keV with a gamma ray emitted having an energy of 1778.85 keV.   Notice that the sum of the maximum kinetic energy of the beta minus and the energy of the gamma ray equals the Q-value.

Q= KE,max + E

The nuclear energy level diagram of Figure 2 also indicates a branching ratio of 1.0 indicating that the decay follows this beta/gamma path in every decay.  Note, however, that the diagram and beta ray data show that the beta occurs 99.99% of the time.  Thus, there may be another path to the ground state that is very rarely taken (perhaps directly to the ground 



28Al - Decay

	Parent state: G.S.

Half life: 2.2414 M(1)

Q(gs): 4641.8(3) keV

Branch ratio:        1.0    
	[image: image2.png]41-28

3+ 224141

9995 7 17783
00000

8i-28








Beta ray: 

    

Max.E(keV)
Avg.E(keV)
Intensity(rel)

    

2862.9( -)

1247.2( 3)

99.99( 1)



Gamma ray: 

  

Energy(keV)    
Intensity(rel)

   

1778.85( 3)       
100    

P. M. ENDT, Nuclear Physics A521,1 (1990)

Figure 2.



state).  The 100% relative intensity for the gamma ray transition indicates that there is no other deexcitation method observed if the nucleus finds itself in the excited state shown on the nuclear energy level diagram.

b.  Electron capture.  In electron capture the energy released by the decay is shared between the product nucleus, the neutrino and any gamma rays emitted.  Recall that after electron capture decay, the hole left in an inner atomic electron energy level will be filled followed by the emission of a characteristic x ray.  This x-ray is characteristic of the atomic energy level structure of the product nucleus.  The most probable characteristic x ray produced is the K.  Figure 3 provides an example diagram for electron capture decay in which the product nucleus is left in an excited state.  In this example, the Q-value for electron capture decay is 1377.1 keV.   A neutrino is emitted followed by a 834.848 keV gamma ray.  Since electron capture produces only two products (neutrino and product nucleus) and since the mass of the neutrino is very small, the neutrino receives essentially all of the energy available to the products.  In this example the energy of the monoenergetic neutrino would be 542.252 keV, since in this example

Q = EE


54Mn Electron Capture Decay

	Parent state: G.S.

Half life: 312.12 D(10)

Q(gs): 1377.1(10) keV

Branch ratio:        1.0    
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EC: total intensity = 100.0



Gamma ray: 

  

Energy(keV)
Intensity(rel)

   

834.848( 3)
99.976( 1)

Huo Junde, Nuclear Data Sheet 68,887 (1993)
Figure 3.




c.  Beta plus decay to the ground state.  In beta plus decay the energy is shared between the product nucleus, the beta plus and any gamma rays.   Figure 4 provides an example diagram for beta plus decay in which the parent nucleus decays to the ground state of the product nucleus.  Note that for beta plus decay, the Q value given in the table is actually Qε regardless of whether the decay is by electron capture or beta plus emission. The relationship between Qand Q is given by

Q= Q - 2mec2 = Q - 1022 keV

In the example in Figure 4, notice that the sum of 2mec2 (1022 keV) and KE,max (1732 keV) is equal to the Q value (2754.0 keV) given in the figure for this decay.  Notice that 15O decays by beta plus 99.90% of the time and by electron capture the remaining 0.10% of the time.  Both types of decay are to the ground state in this example.


d.  Beta plus decay to an excited state.  Figure 5 provides an example diagram for beta plus decay in which the parent nucleus decays to the ground state of the product nucleus.  Again note that for beta plus decay, the Q value given in the table is actually Qε regardless of whether the decay is by electron capture or beta plus emission.  In the example in Figure 5, notice that three modes of decay of the parent are possible:  beta plus or electron capture to an excited state of the product or beta plus to the ground state of the product.   The two decay modes to the excited state both result in the emission of a gamma ray of the same energy.  Concentrating our attention 



15O + Decay

	Parent state: G.S.

Half life: 122.24 S(16)

Q(gs): 2754.0(5) keV

Branch ratio:          1    
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Beta+ ray: total intensity =99.9

   

 Max.E(keV)
Avg.E(keV)
Intensity(rel)

   

 1732.0( -)
735.28(23)
99.9003(10)



EC: total intensity = 1.0e-01



F. AJZENBERG-SELOVE, Nuclear Physics A523,1 (1991)

Figure 4.


on the beta plus decay to the ground state, we see that the maximum kinetic energy of the beta plus in this decay (545.4 keV) is equal to the Q value for electron capture decay( 2842 keV) minus two times the rest mass energy of an electron (1022 keV) – the energy of the gamma ray emitted (1274.53 keV) from the excited state:

Q= Q - 2mec2 – E
e. Alpha decay.  Figure 6 provides an example of alpha decay to the ground state and to excited states of the product.  Notice that the kinetic energy of the alpha in the decay to the ground state is not equal to Qα (here Qα equals to 4274 keV.  Nor is the sum of the kinetic energy of the alpha released in the decay to the first excited state and the energy of the gamma ray emitted from the first excited state equal to Qα.  This is a result of the fact that in alpha decay, the kinetic energy of the product nucleus is not negligible as is 



22Na + Decay

	Parent state: G.S.

Half life: 2.6088 Y(14)

Q(gs): 2842.0(5) keV

Branch ratio:        1.0
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Beta+ ray: total intensity =89.9

    

Max.E(keV)
Avg.E(keV)
Intensity(rel)

    

1820.0( -)

835.00(23)
0.056(14)

     

545.4( -)    
215.54(21)     
89.84(10)



EC: total intensity = 10.1



Gamma ray: 

   

Energy(keV)
Intensity(rel)

   

1274.53( 2)
99.944(14)

P. M. ENDT, Nuclear Physics A521,1 (1990)
Figure 5.


the case in beta decay.  As a result the energy released in decay is shared between the alpha particle and the product nucleus.  For a decay to the ground state,

Q= KE + KEp
where the kinetic energy of this alpha particle is given by

KE = (A – 4)Q/A

For the first excited state, the recoil kinetic energy of the product must again be account for so that the kinetic energy of the alpha particle is given by

KE = (A – 4) (Q- E) /A



238U  Decay

	Parent state: G.S.

Half life: 4.468E+9 Y(3)

Q(gs): 4274(5) keV

Branch ratio:        1.0
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Alpha ray: 

   

Energy(keV)
Intensity(rel)

      

4198( 3)     
 79.0(27) 

      

4151( 5)      
20.9(27)

      

4038( 5)     
0.078(12)    



Gamma ray: 

   

Energy(keV)
Intensity(rel)

     

49.55( 6)

0.064( 8)

     

113.5( 1)

0.0102(15)

Y. A. AKOVALI, Nuclear Data Sheet 71,181 (1994)

Figure 6.





















