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Abstract. The energy dependence of high-yield fission products has been 

measured using quasi-monoenergetic neutron beams at energies between 5.5 

and 11.0 MeV. The absolute number of fissions during the irradiation period 

was determined via dual-fission ionization chambers, while the fission 

products were measured via direct -ray spectroscopy. This paper presents 

absolute fission product yields from neutron-induced fission of 235U, 238U, 

and 239Pu isotopes for five incident energies in the second chance fission 

region.  

1 Introduction 

The distribution of fragment masses following fission is one of the most basic quantities that 

has been observed since the discovery of fission by Hahn and Strassmann in 1938 [1,2]. The 

fission yields play an important role in many applications, such as development of advanced 

reactor and transmutation systems, estimation of decay heat and delayed neutron emission in 

nuclear reactors, studies of the reactor anti-neutrino anomaly, fission in the galactic chemical 

evolution, national security, and so on. In large part, for these reasons, the demand for high-

quality fission product yield (FPY) data in such applications is rapidly increasing. 

Unfortunately, the current evaluated FPY data files contain only three energy points: thermal, 

fast, and 14-MeV incident neutron energies.  

 Evaluations of available FPY data by Chadwick et al. [3] and Thompson et al. [4] 

presented compelling evidence for a positive energy dependence for some high-yield fission 

products from neutron-induced fission of 239Pu in the low-energy region between 0.2 and 2 

MeV incident neutron energy. However, the data producing this energy dependence were 

made on critical assemblies and fast reactors, which have rather broad energy distributions. 

The lack of completeness and systematic studies of these cumulative FPYs in a broad energy 

range was the main motivation for the LLNL-LANL-TUNL collaboration. In this paper, the 

FPYs from neutron-induced fission of 235U, 238U, and 239Pu at En = 5.5, 6.5, 7.5, 9.0, and 11.0 

MeV, covering the region of the second chance fission, will be presented.  



 

 

2 Experimental details and analysis  

These experiments have been performed at Triangle Universities Nuclear Laboratory 

(TUNL) using a 10 MV FN tandem Van de Graaff accelerator. High yields of fast quasi-

monoenergetic neutrons of 5.5, 6.5, 7.5, 9.0, and 11.0 MeV were produced via the 2H(d,n)3He 

reaction. A schematic of our experimental setup is shown in  

Fig. 1. A dual-fission chamber (DFC) was positioned in close proximity (4 cm) to the 

neutron production source. The average neutron flux at the center of the FC was measured to 

be from 6x107 to 2x108 n⋅s-1⋅cm-2 for energies from 6.5 to 11.0 MeV, respectively. Significant 

effort was spent performing different TOF and activation measurements to characterize the 

neutron beam conditions at the TUNL TOF room with respect to the produced neutron fluxes, 

their energy spreads, and the contribution of neutrons scattered from the target room walls 

[6].  

 The DFCs contain two thin (~100 μg/cm2) reference foils and a thicker (~200 mg/cm2) 

actinide activation target [5]. The activation target is contained in the center of the chamber 

while the thin reference foils are up- and down-stream from the activation target. The thick 

activation target is composed of the same actinide material as the thin reference foils in the 

adjacent chambers. The advantage of using the DFC method, compared to other methods 

such as radiochemistry, the ratio method, or mass separation, is that the total number of 

fissions in the target can be determined without having to explicitly know either the neutron-

induced fission cross section or the neutron flux, thus greatly reducing the total uncertainty 

of the measurements. Only the ratio of the masses of the thin reference foils to the thick 

activation target must be known. 

 

 
 

Fig. 1. Schematic of the FPY experimental setup at TUNL. The bottom left panel shows the measured 

TOF neutron spectra, the bottom middle panel shows the DFC pulse-height spectrum measured during 

the irradiation time, and the bottom right panel shows the time evolution of the γ-ray spectra measured 

for different time intervals after the end of irradiation. 

 

Following neutron activation, we removed the thick target from the DFC and 

continuously counted the emitted γ rays using large-volume high-purity germanium (HPGe) 

detectors. The γ-ray counting started about 20 minutes after the end of irradiation and 

continued for a period of 2-3 months. We followed the decay time of each fission product in 



 

 

order to uniquely identify the fission product and ensure the particular γ-ray line was free of 

interference. This also allowed us to optimize the counting time for each γ-ray peak based on 

half-life and the signal-to-background ratio, providing the lowest possible detection limit and 

minimizing the uncertainties in the determined FPYs.  

 The total fission rate in the thick activation target is calculated from each chamber 

according to: 

 

𝐹𝑇𝑖 =
𝑁𝑓𝑖

𝜀𝐹𝐶𝑖 𝑡𝐿𝑇

𝑚𝑡ℎ𝑖𝑐𝑘  𝑅𝑡ℎ𝑖𝑐𝑘

𝑚𝑡ℎ𝑖𝑛,𝑖𝑅𝑡ℎ𝑖𝑛,𝑖
𝐶𝐵𝑜𝑜𝑠𝑡𝐶𝐹𝑙𝑢𝑥                                                          (1) 

 

where i designates the fission chamber under consideration (DFC1 (downstream) or DFC2 

(upstream)), Nfi is the total number of fission counts in chamber i during the irradiation time, 

mthick(thin,i) is the mass of the thick (thin) foil, Rthick(thin,i) is the mass fraction of the actinide of 

interest in the thick (thin) foil, ϵFCi is the efficiency of the fission chamber, tLT is the live time 

of the data-acquisition system during irradiation time, CBoost,i is the kinematic boosting 

correction for the upstream and downstream DFCs, and CFlux,i is the correction factor to 

convert the neutron flux at the position of reference foil i to the neutron flux at the position 

of the activation foil. 

 The fission rate in the thick target is determined by taking a weighted average for FT1 

and FT2: 

 

𝐹𝑇 =
𝑤1𝐹𝑇1+𝑤2𝐹𝑇2

𝑤1+𝑤2
,         𝑤𝑖 =

1

𝜎𝑖
2,                                                                  (2) 

 

where σi is the uncertainty in the fission chamber counts including statistical uncertainty, the 

chamber efficiency, the kinematic boost correction CBoost, and the flux correction CFlux. 

 After irradiation, the induced FPY activity in the activation foil is measured by two 

designated HPGe detectors. The individual FPY is calculated by using the following 

activation equation: 

 

𝐹𝑃𝑌𝑖 =
𝜆𝑖𝑆𝑖

𝐹𝑇𝐼𝛾𝜖𝛾(𝐸𝑖)𝑓(𝑡)
𝐶𝐴𝑡𝑡𝐶𝑆𝑢𝑚𝐶𝐵𝑒𝑎𝑚𝐶𝐼𝑠𝑜𝐶𝐵𝑟𝑒𝑎𝑘                                          (3) 

 

where λi is the decay constant, Si is the number of observed γ rays in the photo-peak area, FT 

is the corrected fission rate in reference target determined from Eqs. (1) and (2), Iγ is the γ-

ray intensity (also called branching ratio), ϵγ(Ei) is the HPGe detector efficiency at the energy 

of the emitted γ ray, f(t) is the time correction factor accounting for the irradiation tirr, decay 

td, and measurement times tm and is given as: 𝑓(𝑡) =  (1 − 𝑒−𝜆𝑡𝑖𝑟𝑟)(𝑒−𝜆𝑡𝑑 )(1 − 𝑒−𝜆𝑡𝑚 ), CAtt 

is the point-to-volume source correction factor including γ-ray self-attenuation, CSum is the 

coincidence summing correction, CBeam is the beam fluctuation correction, CIso is the 

correction for isotopic impurities in the targets, and CBreak is the off-energy neutron 

correction. More detailed descriptions of these correction factors are given in the Refs. [7-9]. 

3 Results and discussion  

The experimental results from the six most relevant cumulative FPYs of 147Nd, 143Ce, 140Ba, 
99Mo, 97Zr, and 95Zr from neutron-induced fission of 239Pu, 235U, and 238U at 5.5, 6.5, 7.5, 9.0, 

and 11.0 MeV are shown in Figs. 2 and 3. The error bars represent the total uncertainties. 

Note that 95Zr, 97Zr, and 99Mo fission products are at the peak of the left mass asymmetric 

peak distribution, while 140Ba, 143Ce, and 147Nd are situated at the right mass asymmetric peak 

distribution. These are the mid-energy FPYs which fill the gap between our previously 

published data from En = 0.58, 1.37, 2.37, 3.6, 4.49, 5.5, 8.9, and 14.8 MeV [6].  Data analysis 



 

 

was significantly improved relative to previous work [6], providing a more quantitative basis 

for evaluating these cumulative FPY data for basic and applied physics. As has been 

described, many correction factors have been improved, such as FC efficiency and kinematic 

boosting, Monte-Carlo neutron source and FC chamber geometry, detector efficiency, 

cascade summing, and others – increasing the fidelity of the current measurements [7-9]. 

Additionally, the uncertainties associated with the parameters in Eqs. (1) and (3) were 

carefully quantified and updated to better reflect the precision of our measurements. The 

available literature data [10-13] of the cumulative FPYs for the three actinide targets in the 

energy region of the second chance fission are also shown in Figs. 2 and 3.  

 

 
Fig. 2. Fission product yields of 95Zr (left), 97Zr (center), and 99Mo (right) as a function of 

monoenergetic neutrons for fission of 239Pu (top row), 235U (middle row), and 238U (bottom row) in 

comparison to the available literature data and GEF and BeoH calculations [10-16]. Both present and 

literature data are presented with their total uncertainty. 

 

 
 

Fig. 3. Fission product yields of 140Ba (left), 143Ce (center), and 147Nd (right) as a function of 

monoenergetic neutrons for fission of 239Pu (top row), 235U (middle row), and 238U (bottomrow ) in 
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comparison to the available literature data and GEF and BeoH calculations [10-16]. Both present and 

literature data are presented with their total uncertainty. 

 While there is an overall agreement between the literature data and our current FPY 

results, significant improvement of the recent one makes the declining trend of these high-

yield FPYs more convincing. Furthermore, the decrease of FPYs in the second chance fission 

region is depicted by the semiempirical GEneral description of Fission observables (GEF 

2023/2.2) model [14].  

 All the GEF results have been obtained with the same default parameter set – no local 

parameter adjustment has been made. Our current results are also in very good agreement 

with the yields predicted by the BeoH multi-chance fission model as well [15]. The BeoH 

calculations are presented only for 239Pu and 235U neutron-induced fission [15,16]. Both codes 

calculate a wide range of pre- and post-neutron fission observables in neutron-induced 

fission. The multi-chance fission (fission after neutron emission) is also implemented in GEF 

and BeoH codes. The GEF calculations show a very good agreement for 147Nd cumulative 

FPY for all fissioning systems and underestimation of the 95Zr, 97Zr, and 99Mo FPYs for 
239Pu(n,f). In contrast, the BeoH model provides a very good prediction for the fission 

products that are at the peak of the left mass asymmetric peak distribution but overpredicts 

the FPYs of the right mass asymmetric peak distribution for 239Pu(n,f). The new mid-energy 

data show a steady decrease of the major FPYs as a function of neutron energy. Combined 

with our previous data [6] this trend is consistent with FPYs toward 14.8 MeV energy. The 

negative slope is due to increasing of the so-called symmetric fission mode which increases 

with increasing incident energy. There is no visible change or kink in the slope of these FPYs 

which might be affected by the opening of the third-chance fission channel around En=11.0 

MeV. 

 In Fig. 4 we compared the fission yields of the same selected products at five incident 

neutron energies as a function of 235U and 238U targets.  The data points are presented with 

their absolute uncertainty. 



 

 

Fig. 4. Cumulative FPYs of 95Zr, 97Zr, 99Mo, 140Ba, 143Ce, and 147Nd from neutron-induced fission of 
235U and 238U at six incident neutron energies. 

 As can be seen, the yields of various products exhibit different trends when the uranium 

mass number changes from A=235 to A=238. This picture is consistent for almost all incident 

neutron energies in the region between the second and third-chance fission. For example, the 

FPYs of 95Zr and 97Zr decrease with increasing the mass number of the fissile isotope, while 

the FPYs for the remaining isotopes increase with increasing of the fissile number.  

 Our selected FPYs from neutron-induced fission on 235U and 238U isotopes can be 

compared with the same fission yields from other available uranium targets, such as A=233, 

234, and 236 [17,18]. In these references, the authors debated whether particular FPYs vary 

smoothly with uranium mass number. In Fig. 5, the same six FPYs from Fig. 4 are compared 

with the literature data from the fission of 233U, 234U, 235U, 236U, and 238U, where the mass 

trend can be followed only with 14.8 MeV neutrons. Our cumulative FPY data is in a good 

agreement with the available literature data and confirms the conclusion from Ref. [18] that 

the fission yields of these high-yield products vary smoothly with uranium target mass 

number. It will be interesting to follow this dependence for neutron energies in the region of 

the second-chance fission.   

235 236 237 238
4.5

5.0

5.5

6.0

6.5
 En=5.5 MeV

 En=6.5 MeV

 En=7.5 MeV

 En=9.0 MeV

 En=11.0 MeV

95Zr

235 236 237 238

4.5

5.0

5.5

6.0
 En=6.5 MeV

 En=7.5 MeV

 En=9.0 MeV

 En=11.0 MeV

 En=14.8 MeV

140Ba

235 236 237 238
4.5

5.0

5.5

6.0

6.5

7.0

F
P

Y
 (

%
)

97Zr

235 236 237 238
3.5

4.0

4.5

5.0

5.5
143Ce

235 236 237 238
4.5

5.0

5.5

6.0

6.5

Uranium Mass Number

99Mo

235 236 237 238

1.5

2.0

2.5
147Nd



 

 

 

Fig. 5. Cumulative FPYs of 95Zr, 97Zr, 99Mo, 140Ba, 143Ce, and 147Nd at En=14.8 MeV as a function of 

uranium mass number. Current FPY data from 235,238U(n,f) is shown with upside-down triangles, 

while the literature data from Ref. [17, 18] is shown with circles.  

Summary 

The new FPY data in the mid-energy or second-chance fission region show a steady 

decrease as a function of incident neutron energy for all three actinides. This trend is 

consistent with the fission models implemented in GEF [14] and BeoH [15] codes. 

Considering FPYs near the valley of the mass distribution, described by the so-called super-

long mode, we observe a steady increase in the measured fission yield with neutron energy. 

There is no visible change in the slope of these FPYs which might be affected by third-chance 

fission opening up around 11 MeV. It should be noted that our new FPY data are largely 

consistent with the existing literature data [10-13,17,18]. The data analysis was significantly 

improved providing more substantial basis for the evaluation of these cumulative FPY data.  
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