
Correlations between fission fragment yields and the prompt fission γ-ray
spectrum

P. Jaffke1, P. Talou1, T. Kawano1, I. Stetcu1, M. Devlin2, N. Fotiades2, C.-Y. Wu3, and A. Chyzh3
1 Theoretical Division, Los Alamos National Lab, Los Alamos, NM 87545, USA
2 Physics Division, Los Alamos National Lab, Los Alamos, NM 87545, USA
3 Lawrence Livermore National Lab, Livermore, CA 94550, USA

Abstract
We illustrate correlations between the prompt fission γ-ray spectrum (PFGS)
and the input fission fragment yields Y (A) with a Monte Carlo implementa-
tion of the statistical Hauser-Feshbach decay theory, the CGMF code. We find
that the slope of the PFGS at high γ-ray energies is correlated to the yields
near the closed-shell 132Sn nucleus. Low-energy PFGS peaks from discrete
transitions of particular post-neutron fission products result from a complex
interplay between the yields, the nuclear level structure, and the spin of nearby
nuclei. We demonstrate this complexity with 128Sn and derive level correction
factors, which can be used to relate fission product yields to discrete transition
intensities, for several even-even nuclei.

1 Introduction
The prompt γ-ray emission following nuclear fission is a resurging area of interest in the nuclear commu-
nity for both experiment [1–3] and theory [4–6], due to its importance across a variety of applications.
The prompt γ-ray contribution to the reactor heating [7] has been identified as a high-priority subject
by the Nuclear Energy Agency [8]. In addition, the production of γ rays from isomers can provide an
indirect probe of the spin of fission fragments [9]. Finally, γ-ray spectroscopy has been used to connect
the fission product yields to the intensities of discrete γ-ray transitions [10, 11].

We utilize the CGMF code [4], a Monte Carlo implementation of the statistical Hauser-Feshbach
theory [12], to model the prompt γ-ray and neutron emissions after fission. The code is described in full
elsewhere [13], so we merely summarize the method here. Calculations begin by determining the initial
distribution of fragments in mass A, charge Z, spin and parity Jπ, and - indirectly - the excitation energy
U . From this distribution, a pair of fragments, along with their Jπ and U , are sampled. Each fragment
is then sequentially decayed by the following process. Transition probabilities for neutron and γ-ray
emissions are calculated using the global optical potential [14], strength-function formalism [15] with
parameters from the RIPL-3 [16] database, and level densities from the Gilbert-Cameron formalism [17]
supplemented with discrete levels from RIPL-3 [16]. Transition probabilities are then used to sample
a neutron or γ-ray emission with a given energy. The process repeats with the residual nucleus until it
decays to a stable or long-lived state, resulting in a list of all prompt neutrons and γ rays emitted for each
fission event.

From the above method, one can see that the prompt fission γ-ray spectrum (PFGS) is a compli-
cated calculation. To simplify this picture, we attempt to find correlations between PFGS properties and
the input mass yields Y (A). In particular, we correlate the slope of the PFGS at high γ-ray energies with
the yields near the closed-shell 132Sn nucleus. In addition, we discuss the complexities of discrete γ-ray
transitions and calculate level corrections to relate the transition intensity to fission product yields.

2 PFGS high-energy slope
First, we test the impact of simple changes in the Y (A) distribution on the PFGS using 239Pu(nth, f) as
a case study. The pre-neutron mass distribution Y (A) is often parameterized with 5 Gaussians, three of
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which are unique, as in Ref. [13]. On the left in Fig. 1, we display our fit to the experimental data [18–20]
in red (solid), along with five other artificially shifted Y (A). The fit captures the experimental trend
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Fig. 1: Left: fitted pre-neutron mass yields Y (A) from 239Pu(nth, f) to experimental data [18–20]. Exact fit is
in solid red, with the other colors demonstrating an increasingly symmetric Y (A). Right: resulting PFGS for the
six input Y (A) in 200 keV bins, alongside experimental data [1, 2, 21]. Insert shows the contribution from fission
products with 125 ≤ A ≤ 135, which drive the high-energy slope.

adequately and the shifts are determined by moving the Gaussian means towards symmetry. Thus, the
red (solid) curve indicates the experimental result and the black (long dashed) is a fully symmetric yield,
with the others in between.

Using the six different input Y (A) shown on the left in Fig. 1, we perform six CGMF calculations,
each with 500000 fission events. The resulting PFGS is plotted on the right in Fig. 1. We see that the slope
of the PFGS is steeper for the red (solid), blue (medium dashed), and black (long dashed) calculations.
This is because these Y (A) had lower yields in the 125 ≤ A ≤ 135 mass region, near doubly-magic
132Sn. The level spacing of these products are known to be large [16], leading to higher energy γ-ray
transitions. Thus, when a Y (A) features these fragments more prominently, say in the yellow (dotted),
green (dot-dashsed), and cyan (short dashed) cases, more high-energy γ rays are produced leading to a
harder spectrum. The partial PFGS from the 125 ≤ A ≤ 135 mass region is shown in the insert. The
fitted slopes to the total PFGS are given in Tab. 1, where the slope changes by 9% between the Y (A)
following experimental 239Pu(nth, f) data to a fully symmetric Y (A).

Y0(A) Y1(A) Y2(A) Y3(A) Y4(A) Y5(A)

Slope (1/MeV) -0.243 -0.228 -0.222 -0.226 -0.236 -0.241

125 ≤ A ≤ 135 Contr. 18.7% 29.2% 33.8% 29.6% 21.0% 16.6%

Table 1: Fitted slopes to the 2−6 MeV range of the PFGS for six input Y (A) ranging from least to most symmetric
(see text) and the PFGS contribution in this energy range from fission products with mass 125 ≤ A ≤ 135.

3 Discrete transitions
Discrete transitions from fission products can manifest as low-energy peaks in the PFGS [2, 21]. The
peak intensity depends on the direct production of the fission product, but also on the probability that
a given γ ray is emitted. This probability is a complex interplay between the initial spin distribution of
the product and the level structure. To analyze this, three spin cases were calculated (each with 500000
events) for 238U(n = 1.75 MeV, f) using CGMF. The spin cases had an average spin over all fragments of
〈J〉 = 8.22, 9.94, 11.8 ~, which were chosen to span a reasonable range of prompt γ-ray multiplicities:
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Fig. 2: Example emission scheme for 128Sn produced in 238U(n = 1.75 MeV, f) fission. The arrows indicate
transitions, where the colors (dashing) indicate which of two spin cases, 〈J〉 = 8.22 ~ (red solid) or 〈J〉 = 9.94 ~
(green dashed), had a larger transition probability. The thickness of the arrow indicates the magnitude of this
probability difference. We note that 128Sn has a 2.091 MeV isomer with a halflife of 6.5 s.

ν̄γ = 7.4, 8.4, 9.5 γ/fission. Larger 〈J〉 leads to higher γ-ray multiplicities as the nuclei emit more γ rays
(typically E1 transitions in the continuum) to remove the excess spin, as shown in Ref. [22].

For each spin case, the transition scheme of specific fission products was analyzed. In Fig. 2, we
plot the comparison of the 128Sn emission scheme for 〈J〉 = 8.22 ~ (red, solid) and 〈J〉 = 9.94 ~ (green,
dashed). Normalizing by the number of events producing 128Sn, we compared the probability to emit
18 discrete transitions in each spin case. Transitions are colored according to which spin case showed a
higher probability for a given transition. The arrow size corresponds to the magnitude of the probability
difference between the two spin cases. For example, the 10+ → 8+ and 7− → 7− transitions are more
probable in the high-spin case, hence they are colored green in Fig. 2. However, the ground-state band
2+ → 0+ transition is red and large, suggesting it heavily favors low-spin cases. This is caused by the
6.5 s isomer at U = 2.091 MeV, which acts as a roadblock for subsequent transitions.

From the above discussion, it is clear that corrections, which can be estimated [23], must be
used to relate the fission product yields to the intensity of γ-ray transitions. However, these corrections
will depend on the spin distribution of the product and the timing window as well. We determine the
corrections associated with the nuclear level structure using CGMF via

η(Ap, Zp, εγ) =
Y (εγ ;Ap, Zp)

Y (Ap, Zp)
, (1)

where the probability to generate the product with massAp and charge Zp after prompt neutron emission
is Y (Ap, Zp). The probability to emit a γ ray of energy εγ and the product (Ap,Zp) is Y (εγ ;Ap, Zp).

Figure 3 shows level correction factors for the ground-state band 2+ → 0+ transition of 19 even-
even fission products using Eq. 1 and CGMF. The different curves correspond to the different spin cases.
We note that the assumption that the ground-state band 2+ → 0+ transition is emitted every time the
specified product is generated in fission would correspond to unity. These level corrections, as well as
corrections for the use of a multiplicity cut, energy resolution, and timing window, are critical factors in
γ-ray spectroscopy.

Overall, we find that the majority of studied 2+ → 0+ transitions would require corrections on
the order of 10 − 20% when correlating the fission product yields to the intensity of discrete γ-ray
lines. Some nuclei, 128,132Sn and 150Ce, had much more severe corrections, primarily due to long-lived
isomers and sparse level spacings. The derived correction factors depend on the discrete level data [16],
as CGMF cannot predict level information. Thus, the calculation is only as reliable as the input data.
We note that each fission reaction is unique, so the level corrections presented here are only applicable
to 238U(n = 1.75 MeV, f). However, this process demonstrates that CGMF could determine similar
level corrections for other fission reactions, allowing for more accurate results from γ-ray spectroscopic
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Fig. 3: Level correction factors (see text), which represent the percent of fission events producing the specified
product and the ground-state band 2+ → 0+ transition, for 19 even-even fission products. Calculation for three
spin cases of 238U(n = 1.75 MeV, f) are shown.

studies. In particular, we intend to demonstrate how these corrections and data from γ-ray detector
arrays [24–26] could help infer fission product yields in a future work. This process has already been
applied in Ref. [11] to provide a possible cause for some of the discrepancies observed in 238U(n, f)
yields [10].

4 Summary
We have used a Monte Carlo Hauser-Feshbach model, CGMF, to simulate fission events and draw con-
nections between the fission yields and the prompt fission γ-ray spectrum (PFGS). Focusing on the
high-energy part of the PFGS, we found that the slope between 2 − 6 MeV is correlated with the pro-
duction of fission products near doubly-magic 132Sn, where the level spacing and, hence, average γ-ray
energies are larger. After analyzing the low-energy discrete peaks in the PFGS, we found that the peak
intensities are a complex interplay between the fission yields, the nuclear level structure, and the spin
distribution. This was illustrated in the specific case of 238U(En = 1.75 MeV, f) and we proceeded to
determine the level corrections for a variety of even-even fission products, over a range of spin cases.
These corrections show that particular fission products are susceptible to large errors if their nuclear level
structures are not accounted for properly. Therefore, it may be necessary to incorporate spin-dependent
calculations of the level corrections into γ-ray spectroscopy studies of fission product yields.
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