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Decay scheme of Gadolinium-157 after neutron capture

The decay scheme of 158Gd after the capture of a neutron on 157Gd was to be found. From the levels given in [1], [2] and [3] the decay scheme was not complete. In [2] only 18.4% of the primary gammas from the decay were observed and in [1] 20.3% of the primary gammas were accounted for. Reference [3] found that in the measured spectrum of 2 gamma coincidences which decayed to the lowest 3 states of 158Gd there was a continuous part of the spectrum which accounted for 30 – 40% of the total spectrum area. They also found some cascades with low energy transitions which couldn’t be placed in the decay scheme unless the lower energy gamma was considered to be first in the sequence. Therefore it was assumed that the missing contribution to the primary gammas was made up of very many low intensity transitions which were evenly spread over the energy range and so were not resolved by [2] or [3].

In the neutron capture by nuclides of similar mass to 157Gd it was also found that there was missing intensity of primary gammas. Reference [4] measured gamma decays after neutron capture by 155Gd, only 20.34% of the primary gammas were observed after the capture of a thermal neutron.
The decay scheme for levels below around 2 MeV was given in both [1] and [2], and secondary cascades could be worked out using these schemes. The two most intense primary lines could also be fitted into this scheme so the decays and branching ratios of those cascades that began with the two most intense primary lines could be calculated. The 2 most intense primary lines and their decay schemes were:
Table 1: Branching ratio and energies of the gammas from the two most intense primary lines.
	Branching Ratio
	Primary E(keV)
	E2 (keV)
	E3 (keV)
	E4 (keV)
	E5 (keV)

	0.0151
	6.7500
	1.1076
	0.0795
	
	

	0.0126
	6.7500
	1.1871
	
	
	

	0.0047
	5.9033
	1.0102
	0.9442
	0.0795
	

	0.0035
	5.9033
	0.8749
	0.8975
	0.1819
	0.0795

	0.0027
	5.9033
	0.7683
	1.0041
	0.1819
	0.0795

	0.0007
	5.9033
	0.7683
	0.6888
	0.0795
	


For the secondary cascades, the decays which populated the upper levels were not known. It was therefore decided to assume that they were populated by many gamma cascades onto the upper level each with a small branching ratio, so that the total equalled the total branching ratio of the secondary cascade. Some of the secondary cascades had some of their intensity accounted for from the known primary transitions; also some of the secondary cascades with several gammas included other secondary cascades which had fewer gammas. So in calculating the branching ratio of these secondary cascades contributions from the other known decays were subtracted from the branching ratio. The remaining branching ratio then came from unknown transitions populating the upper levels. Twelve main secondary cascades were used since these were the transitions with branching ratios greater than 0.002. These cascades are given in table 2, and the decay scheme of the most prominent lower transitions is given in figure 1.
Since the cascades populating the upper levels of these transitions were unknown and it was believed that there were many low energy, low intensity primary transitions, it was decided to approximate the decay scheme by generating many low intensity lines which decayed by 2 gamma emissions to the upper level of each of these secondary lines. Two gammas were used since from the known decay scheme there appeared to be an average of four gammas in each transition, and most of the secondary cascades already included 2 gammas. Using evenly spaced lines of low intensity 0.5MeV apart led to significant lines appearing each 0.5 MeV. Instead a random number program was used to assign several two gamma cascades to each of the secondary cascades, so that both gammas had energies summing to the missing energy of the cascade and the branching ratio of each of the cascades was around 0.003. So each cascade had between 8 and 29 branches assigned to it. Decay 1 had a larger branching ratio so was assigned 60 branches to keep the branching ratio of each at around 0.003. The number of branches assigned to each is given in table 2.

Table 2: Branching Ratio and energy of the gammas in the secondary cascades. The number of the gamma is the place it comes in the scheme when 2 gammas are added to the start of transitions 1 to 11, and 3 gammas are added before transition 12.
	Branching Ratio
	E3 (keV)
	E4 (keV)
	E5 (keV)
	Number of branches

	0.182
	0.1819
	0.0795
	
	60

	0.086
	0.9442
	0.0795
	
	29

	0.055
	0.9621
	0.0795
	
	18

	0.045
	1.1076
	0.0795
	
	14

	0.043
	1.1860
	0.0795
	
	14

	0.039
	0.9771
	
	
	10

	0.038
	1.1871
	
	
	10

	0.033
	0.8975
	0.1819
	0.0795
	10

	0.029
	0.8976
	0.0795
	
	9

	0.025
	0.7802
	0.1819
	0.0795
	8

	0.025
	1.1840
	0.0795
	
	8

	0.157
	
	0.0795
	
	50
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Figure 1: Main low energy decays of 158Gd with the gamma energy and the intensity per 100 neutrons captured.
The program chose a random number between 0.0 MeV and the energy difference between the neutron resonance state and the upper level of the secondary cascade. The second gamma was then this energy difference less the energy of the first gamma. All of the secondary cascades had primaries assigned to them in this way except for the 79.5keV to ground state transition. This had a larger branching ratio even after the contributions from other secondary cascades which decayed to it was taken into account. Therefore 50 branches leading to this decay were used in order to keep the fraction for each of the branches low. Three gammas were assigned for each branch, since only one gamma was already known. The random number program was modified so that in would generate three gamma cascades. This was done by letting it first randomly choose a gamma across the entire range, then the program randomly chose a gamma across the remaining range of energies. The third gamma made up what was left over. So the 12 main secondary cascades were assigned with primary transitions.
The gammas from the random number program had equal probabilities of occurring in each energy interval. This seemed to be reasonable since the background of low intensity lines was not well defined and therefore there was no particular reason to assume that it should be concentrated in any particular area.
Table 3: Branching ratio, energy and number of branches of the main primary gammas.

	Branching ratio
	E
	Number of Branches

	0.0089
	3.7712
	9

	0.0122
	4.0476
	12

	0.0086
	4.3042
	8

	0.0088
	4.5322
	9

	0.0091
	4.7371
	9

	0.0056
	4.8827 
	5

	0.0072
	4.9252*
	7

	0.0067
	4.9810
	6

	0.0030
	5.0582*
	3

	0.0049
	5.1275
	4

	0.0034
	5.1787*
	3

	0.0114
	5.2729
	11

	0.0038
	5.4032*
	3

	0.0065
	5.5028
	6

	0.0047
	5.5821*
	4

	0.0064
	5.6120
	6

	0.0035
	5.6611*
	3

	0.0001
	5.6687*
	1

	0.0037
	5.6767*
	3

	0.0071
	5.7855
	7

	0.0066
	6.0433
	6

	0.0036
	6.4201*
	3

	0.0022
	6.6716*
	2

	0.0019
	7.0015
	1


* Indicates that it is an actual line and not averaged
The most intense secondary cascades as well as the known primary cascades accounted for 80% of the primary gammas. The remaining 20% was accounted for by using the less intense primary decays that had so far not been included. Primary decays with a branching ratio above 0.003 were taken as individual lines. Those primary gammas with a branching ratio lower than this were grouped together, and the average of the group, weighted by the branching ratio, was used as a line. Groups were taken from low intensity primary decays which were adjacent in the energy table in [1] and the group was made up of energies which differ only by around 100 keV and have branching ratios summing to not much more than 0.01. The averaged line would take the total branching ratio of the group. These primary decays were then used as a starting point, and sets of 3 randomly generated secondary gammas were assigned to each to take the energy down to the ground state. Sets of gammas were assigned so that the branching ratio of any individual cascade was approximately 0.001. This meant assigning between 3 and 10 cascades to each of the primary lines, depending on the branching ratio of the primary decay. The primary decays used, along with the intensity and the number of branches assigned to each is given in table 3. The 2 main primary transitions for which the decay scheme was known have already been given in table 1.

In this way a total of 94.01% of the primary gammas were accounted for. The remaining 6% was added by modifying the random number program to make cascades of four gammas which made up the entire resonance energy. The remaining 6% was then composed of 6 completely random decay cascades, each with a branching ratio of 0.01. A summary of the ways in which the primary gammas were accounted for is given in table 4.
Table 4: Methods by which the primary gammas in the gadolinium decays were accounted for.
	Percentage of primary gammas.
	

	3.93
	Known cascades.

	76.07
	Known secondary cascades to which primary gammas were added randomly.

	14.01
	Less intense and averaged primary transitions to which secondary gammas were added randomly.

	6.00
	Unknown random cascades.


The number of random gammas assigned to each partial branch was chosen to make the average number of gammas in the cascade equal to 4. This was based on the average number of gammas in the known cascades. However in order to include the possibility that the average number of gammas might be different a modified version of the decay scheme was created in which the average number of gammas in each cascade was 6. This was done by adding 4 random gammas to the beginning of each secondary cascade; and 5 random gammas after each of the known primary decays and also before the last secondary decay of 0.0795 MeV. The known primary decays above an energy of 6.4201 MeV were only assigned cascades of 4 gammas after them since the energy left was so small.
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