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ARTICLE INFO ABSTRACT

In this study, we present a preliminary investigation focused on determining cumulative fission yields for
short-lived fission products. Our analysis involves examining gamma spectra from the irradiated samples of
317 and *"Pu vsing the High Flux sotope Reactor. The mativation stems from the observed discrepancy in the
antineutring energy spectrum within the range of 5 to 7 MeV. While sevem| hypotheses have been proposed,
a thorough analysis of fission yields provides an additional way of gaining insight into this unexplained
phenomenon, Our study suggests that the measured gamma mys from "N “'Cs and “*Sr are consistent
with the expected values. However, "' Bb, ¥, 'Y and "* s cannot be quantified due to insufficient statistics,
interference from other gamma rays and the Compton scattering background. Additionally, the caleulated
cumulative fission vields based on the measured "Cs and " S are found to be consistent with the JEFF3.3
fizsion yield library. The present work shows that the potential of improving gamma-ray speciroscopy in the
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fission yields as a means to improve our understanding of the antineutrino spectrum.

1. Introduction

Muclear reactors are a large source of elec tron anti newtrines, making
them indispensable for investigating the properties of these particles,
Approximately 6 antineutrines are penerated from a single fission
event, and therefore, a 1 GW thermal reactor emits about P antineu-
trings per second [1,2]. In recent yvears, several reactor experiments
were carried out to Investigate various properties of the reactor an-
tineutring Qavor oscillations (Daya Bay [3], RENO [4], STEREOD [5],
PROSFECT [b], NEOS [7], JUNO [E]) [2].

Experimental observations have revealed a spectral deviation in the
5 o 7 MeV range of antineutrings when compared to the best available
madel, Currently, this spectral feature remaing unexplained [9]. While
Hayes et al. [10] have explored various potential sources contributing
to this spectral deviation, Dwyer and Langford [11] have pointed
out that several obvious systematic uncertainties such as absence of
fission yields in the short-lived lsotopes have not been considered in
the summation method. They suggest that investigating fission yields
could offer valuable insights into understanding this spectral deviation,
Sonzogni et al. [12] re-evaluated the thermal and fast Gssion yields of
50U in the ENDF/B database. Their analysis revealed that the revision
of thermal yields and decay probabilities for ™Ge led 1o abour 10%

variation in the caleulated andneutring spectrum in the 5 to 7 MeV
ENErgY range,

While measurement of fssion yields from short-lived fission prod-
ucts remains challenging [13], this study represenits a feasibility study
for measurement of cumulative fission yields from shoct-lived Fssion
products through gamma-ray measurements, In our analysis, mea-
sured cumulative fssion yield is compared with the JEFF3.3 fission
library to identify any disparitdes. The JEFF3.3 database is selected
for the comparison because it is the preferred source of yields for
antineutrine applications [9, 14]. Selection of the short-lived fission
products (Table 1) forour investigation is based on the list of significant
contributors at 5.5 MeV in the antineutrino spectrum [11,12].

Unstable nuclides directly produced in fission undergo beta decay
along the sobar chain. Although these beta decays have very short
half-lives, they eventually yield nuclides with sufficiently long half-lives
to atlow measurement of emitted gamma rays [15] The direct fission
yield of individual nuclides in the primary fission event is referred o
a5 Independent Fission Yield (IFY), while the total yield of a nuclide
including bets decay feeding is termed Comulative Fission Yield (CFY).
These yields are expressed as per Assion event [12,15].
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Table 1

Daecay data for 8 nuclides investigated in this stedy fom the ENDF/B VI decay data
sublibrary, including the decay chain gaminaray with the strongest Intensivy selecbed
for the present analysis. Uncedainty & given in the parenthesis.

B Hall life {5 Gamma enargy {keV) Intensity
TRh S.BA(Z) 432 61{3) O 14)
R 1.4{2) 335.666{14) DA46{6)
Hiey &63.7(3) B0 25{5) 0.53{3)
gy 23914} GRI.6 i s 3

] A4A9{1) E14:98{3) ui3H4)
ey S.345) 175042} QuzIS{24)
Y 31.75{3) IZRT.6{4) L181{1%)
o ) 1.68{14) 359 598{14) 23

2. Experiment

The 27U sample consists of 25272 nanograms of natural uranium
nitrate in an Inductively Coupled Plasma calibration solution. The **Pu
sample consists of 3013 nanogram of National Institute of Standards
and Technology (NIST) Certified Reference Material (CRM-137). The
samples are irradiated wsing the PT-2 pneumatic tube of the High
Flux otope Reactor (HFIR) at the Neutron Activation Analysis labora-
tory (NAA) of Oak Ridge natdonal Laboratory, The measured thermal
and epithermal neutron fuxes at the rradiation location [16] are
4.50 % 10" n/em® /s and 1.96E x 10" n/em?/ss respectively for 240,
and 4.43 % 109 n/em?/s and 3.24 x 101! nfem®ss respectively Tor
H9py, The energy ranges for epithermal neutrons are 0.1 eV Lo 10 keV
for P%u and 1 &V o 10 keV for 25U [17]. The neutron fuxes are
mensured using manganese and gold actvation Foils,

Each sample is bradiated for 30 s, and then transported to the
detector chamber using the pneumatic tube ransfer system [16] which
introduces a 205 delay prior to the gamma-ray measurement. Fig 1
shows the measured gamma-ray spectea of the ieradiated *¥U and
9 The pamma tays are measured with a 44% relative efficiency,
ORTEC p-type coaxial HPGe detector with an aluminum end cap. Each
sample is placed at 33 cm above the detector and measured for 30 s,

3. Fission vields and expected gamma rays

The expected gamma-ray yield caleulation starts by determining the
aumber of “*U and 2" Pu nuclides initially present in the sample Fom
the sample mass (m), Avogadro's number (V) and the molar weight
(M), The number of nuclides (N, ;) directly produced from fission is
glven by Eq. (1)
N,

N = I.F'I'ﬁr il o

{1)
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The equation includes the IFY of a specific nuclide, the thermal neutron
cross section () and the thermal neutron flux () [18], The IFY are
tabulated in the JEFF3.3 Lbrary, and the neultron cross section is based
on the ENDE/B-VIILO neutron cross section standard sublibrary. The
JEFF3.3 and ENDE/B-VILD fission yield libraries contain different IFY
values for certain nuclides. This is demonsteated using the "'Cs decay
chain in Table 2, In this example, JEFF3.2 does not have IFY for “95h,
so the IFY value Fom ENDE/B-WVILD is used instead in our analysis,
This suggests that &, will be different depending on the fission lbrary
used,

To determine the total number of nuclides (M) present ac the end
of irradiation, & ., a5 well as each of i1s successors in the decay chain
nead to be determined Fom its own IFY amd fdecayed, For the analysis
presented in this work, only the g-decay path for the parent—daughter
chains is used. The expected Ny is given in Eq. (21

(1—ait)

Np =Ny - 2 Decay([N 41, (2)

!
The first ternm gives the total number of a gamma-ray emitting nuclide
produced directly from IFY during the irrsdiation. The second term
deseribes the wtal number of a gamma-ray emitting nuclide resulting
from the f-decay of jth predecessor based on its own [FY,

In our study, the decay chains consist of 4 nuclides (™ Bb, “2Cs) and
6 nuclides ("'Cs, ¥ 5, P2/, "5y, "'Nb, *'Y). Each decay chain leading
from [FY o the gamma-ray emitting nuclides measured in this study is
deseribed by a set of coupled linear differential equations describing
the radicactive decays. These equations are reformulated as a set of
matrices and solved using MATLABR [19]. The solution to each decay
chain gives the number of a gamma-ray emitting nuclides produced
from IFY and the decay of i predecessors during the 30-s irradiation.
Flg, 2 summarizes the percent composition of the ¥ based on the
contribution frim [FY and its successors. In general, only the parent
or parent/grandparent of a given gamma-ray emitting nuclide remains
at the end of irradiation. The nuclides further up in the decay chain
have all decayed away due to their very short half-lives,

The uncertainty in the N is determined from the FY of a gamma-
ray emitting nuclide and its predecessors, their decay constants, and
thermal neutron cross sections as shown in Eq. (3] [20]. The IFYs make
a greater contribution to the overall uncertainty than A4 and «,. For
example, the IFYs accounts for 99% of the uncertainly in #'Cs and **5&r
for both **U and *Pu while the contributions from A and & are 1%,

=y E (2 (22) ) +(222)

Finally, the expected gamma-ray yields (&, ) during the subsequent
30-s measurement time are caleulated from the Ny, the decay constant

HIFY) img )

£y

HA)
A

(3}

L
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Table 2
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Examples from the "*'Cs decay chain, showing the differing 7Y of 20 {top) and “™Pa {bottom) from JEFFLI and ENDF/B-VIILO [Bdon vield libmdbe. Uneenainty of each 1FY

ia indicated in the parenthesis

FY 14, 141, 141 14y, 18-y
JEFF33 Na data 6. 57TE-08 {2 36E-08) JA03E-04 {1.03E-04) L. 25E-02 { 3. 10E-03) 1 84E—02 {3.85E-03)
ENDEF/B-WIILO 2BIE-{ {1.B1E-0%) S0 E—6 | 5.7BE-(G) L11E-03 {7.13E-04) 2 59E-02 {1.04E-03) LOSE-QZ {1.83E-03)
Iy 131, 181, 141 [ 181y

JEFF3.3 iy data 2 33E-07 {BO6E-08) ATTE-04 {1.63E-{:) 1. 83E-02 {4.06E-03) 21BE-02 {4.52E-03)
ENDF/B-VIIL G 361E-11 {3.59E-11) 1. 41E-06 {9.02E-07) S94E—{4 {3.BOE-{4) 1.5E-02 {4.31E-04) 22BE-02 {3.64E-03)
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Fig. 2. The plot summiarizes the percent contribution from the IFY and itd succesiont to the compogition of Ny in our study. For example in 220, a7% of Np for "0 is dus o
0FY of "'Cs, The remalning contribution comes froan "' Me (51%, parent) and ''1 (2%, grandpannt), The predecessors funher up the decay chain such as "'5h and "“'"Te have all
decayed mway, ad their contribution to '*'Cs is negligile. Nuclide hbels for =0 and “"Po are the same, and omitted in the * Po portion of the chan for clarity.

{4}, the absclute efficiency (€) of the HPGe, and the gamma emission
intensity (4, ). The caleulation includes the contributions from the pre-
decessors continuously decaying during the 205 ransportation delay.
Exceplt "5, the half-lives of the measured nuclides are much shorter
than the detector measurement time, therefore, it is necessary Lo decay-
correct the peak counts. The ANSI standard for the correction factor
is described in Bef [21]. The uncertainty in the expected gamma-ray
yield, (N ), is evaluated through a quadrature sum of uncertaintics
in Ny, ¢, and {,. The dominant contributor to (8, ) comes fFom the
S(N ), For example, 99% of the overall 5(¥ 1 in *"Cs and **5r for both
250 and Y9Pu can be attributed to S{ Ny L

4, Measured gamma rays

The energy and full width ar kall maximum (FWHM) calibrations of
the HPGe detector have been determined by analyzing known gamma-
ray peaks. The absolute efficiency of the detector is estimated using the
Geometry and Tracking (GEANT4) [22] simulation package. In the sim-
ulation, 17 gamma-ray energles are selected to cover the energy range
from 50 keV to 3.5 MeV. Each gamma-ray simulation was performed
using 1E+6 photons to determine the eficiency of the detector at each
photon energy. The detector model in GEANTS includes all the details
of detector construction, including a 0.1 cm thick aluminum windew on
the endeap of the detector and a 0,07 cm thick dead layer on the surface
of the HPGe crystal. Dimenstons of the HPGe were taken to be 6.5 cm
in the diameter and 6.45 cm in the length based on published ORTEC
documents [23]. According o the ANSI/IEEE standard 325 [24], the
relative efficiency of an HPGe is defined by Eq. (4} The absolute
efficiency of HPGe at 1.33 MeV is measured with a source o detector
distance of 25 cm. The relative efficlency is the ratio of this HPGe
absolute efficiency to the absolute efficiency of a 3-in. by 3-in. Na(T1)
scintillator at 1.33 MeV measured at 25 cm (L2E-3).

Relative ef ficiemy = —Ahmluir. sbiclcy (4)
1.2 102

L7100

|.5=<|[i|';ﬂ
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Fig. 3. GEANTA elficiency for the ORTEC Paype 44% relative elliciency HPGe detector
usid e, The elficiency is it using the pammetdc equation given in the RADWARE
PrOgTEIL

To establish a benchmark, a GEANTS simulation was performed
for a point source placed at the standard distance of 25 cm from
the detector. The absolute eficiency at 1333 ke was expected to e
5.3E—4 for a 44% reladve efficient HPGe [25], The simulated absolute
efficiency was 5. 9E-4(7.7E-5). Fig. 3 shows the simulated detector
efficiency. The efficiency is fitted using the parametric equation given
in the BADWARE software package [26]. Above 150 keV, efficiency s
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fitted with the parameters (D, E and F} in the form of:

Efficiency = ¢ DByl

(5}

where y =1{n{E /1000 and £ is a gamma-ray energy in keV.

Measured gamma-ray peaks are analyzed using two methods: non-
linear fining and a simple summation. The ANSI standard for the
summation method is given in [21,27, 28], and the detailed explana-
thon s given in [29,30]. Non-linear fit analysis 1s performed using a
GF3M program from the RADWARE package [26] and an open-source
software, GNUPLOT [21] (see Figs, 4 and 5).

The fitting algorithm offers a linear and a quadratic baseline fit.
The linear baseline fit is chosen because it produces a less fitting error
in the peak-count estimate than the quadratic it The linear baseline is
given by A + Bx where A and B are fitted parameters, and x is a channel
number. Initial estimate of A and B are given by a siraight line between
the limits of the fit. In the Gaussian profile, the fitted parameters are
the position, height of the peak and the peak width (FWHM). The initial
values for position and height are determined based on a given peal.
To sufficienty account for the linear baseline as an approximation to
the Compton continuum, 3 x FWHM from the centroid is chosen as a
fitting range for a well isclated Gaussian peal [24,32].

Tables 2 and 4 summarize the it resulis for *°U and **Pu In
general, the fitted peak energies are consistent with mbulated values for

Table 3
Besst-Fit values and liting saiitio or the fsion prodecs fom 70 are summarized.
Fitted energied are consistent with the calibmated energies But fined FWHM: show

some divergence. The [t statistics {pvalws) indicate scoeptable fits for "'3n, "*'Cs
and 8. {see Pesulis dection for deail).

G F/DOF Centroid FWHM pvalie
Calibaated  Fitted Calibrated  Fined

Dy 1683 602,33 S22 4) 193 2 B7(8) 005

bt 1] 143 GB5.57 6R3.436) 2m 2.50{11) 0.03
Imyh 126 535.61 33544 3) 187 2410 0z

" Rb 121 43267 430.38{15) 1.76 3.43) <{Li¥]
b 1] 226 Bl4.58 Bl46{5) 212 1.1{12) <.l
y 152 1750.50: 1745.4{ 3) 273 1.9{a) <]

both “U and **Pu. However, the p-values and FWHM Fits suggest that
asingle Gaussian may bea poor model for some peaks, 1kely indicating
interference from additional unidentified gamma rays. This could be
clarified with improved counting statistics. As shown in Fig. 1, 7Py
generates generally more gamma-ray activities than U, suggesting
more interference. This fact appears o be consistent with all p-values
being lower for “Pu compared 1o “¥1.
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Table 4
Bemt-fit valuss and litting statstics ke the fasion productd froan *™Po ame summatized.
Similar 1o the case of #70, lithed energies am congistent with the calibrated energies
while fitted FWHME show ssme divergence. Unlike =0, the fit stadstes {p-valivet)
indicate poor fit quality for ""Na, "'Cs and "5 due 1o ntedermos from other gamma
rays. see Resulis section for detsd] )L

Ty ¥/ DOF

Centroid

FWHM pvalue
Callbrated  Firted Callbrated  Fitted
s ' 1.9 602.33 B02.03(5) 191 2A1{11) <yl
ha T} 1.37 68557 G83.45{8) 201 ZA41{11) <0l
MgE 274 335.61 334.75{10) 187 209{23) <yl
“Rh 292 432.68 43410 L76 5{18) <0l
‘ERh 1.8% Bl4.95 Bl 212 1.910) <yl
hed 1.9 175050 1750.19{13) 273 223{33) <0l

5. Cumulative fission vields from measured gamma rays

The cumulative fission yield s caleulated by evaluating the disinte-
gration rate of nuclides relative to the total fission rate, and is given in
Eq. (6] [23]. The disintegration rate of nuclides at the end of radiation
is derived from the measured gamma-ray counts, including appropriate
adjustments for delay and count corrections. The overall fission rate is
determined by the number of U (FPu) in the sample, the thermal

fission cross-section, and the thermal neutren ux,
A N.l-'

CFY =
N g Loell = emthe)p=d4){ ] = g™t

(6}

In Eq. (6), N, is the measured gamma-ray peak count based on Ny,
1, i the irradiation time (30 s), r; is the ransport delay tdme (20 s)
and r Is the detector count time (30 s). Because the gamma-ray peak
counts for ' Bb, “Eb and *¥ are below the statistical imit of detection,
proper’, cannot be dewermined. The fission-produced "™ Nb at the end
of irradiation has almost all decayed away during the 20-5 transport
delay due to its short half Life (1.5 s), and is not detectable by the
HPGe during the meassurement time. The measured 100Nb gamma rays
are primarily due to the decay of ™2Zr (7.1 5) N, from Wiee and
*5r are appropriate to use for caleulating CFY. The uncertainty in the
caleulated CFY, S{CFY), s determined through a quadrature using v,
A, eand .

6. Results
For each gamma-ray, the statistical significance is determined using

the method of Refs. [27,29.30]. This methed involves two statistical
limits: Le and Ld. The critical limit (L) s defined as the net count of
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a gamma ray peak above which a sample net count is statisdcally sig-
nificant with the probability of false positive given by a. The detection
limit (Ld} is defined as the net count of a gamma ray peak above Lo
that has a probability of false negative given by § We adopt the usual
convention of using o = § = .05 as the desired level of statistical
significance. We note that the statistics in this method are based on
a one-sided 95% confidence level so that the 2 statistic cutoff is 1.65,
not 196, For the non-linear fitting method, Le and Ld are given by
Eqs, (7) and (8) where & = \./_Hand B = background count (no sample
is present) respectively [29].

L.=23s (7}

Ly=271+465¢ (8)

In Figs, Gand 7, the measured gamma rays for ""Nb, "'Cs and *%§r
are statistically significant, are above the minimum detection limit, and
are fully comsistent with the expected counis.

For “'Rh, “*Rhb, and *Y, the oblained net counts from fitting sie-
nificantly exceed the expected values., Using multiple Gaussian peaks
does not improve the fiting results for “*Bh and “2Rh. In the case of
"y (17504 KeV), separation of Y (1750.06 KeV) from ¥ cannot
e achieved n the current data, Therefore, we estimate the gamma tay
interference as follows,

For “Rb, 6 nuclides (A = 90, 134, 138, 143, 144, 145) produce a
similar or larger order of magnitude of gamma-ray yield (f, = total
fission yield) in the 432 ke region in our data [34,35], Based on the
estimate of the gamma rays having a measurable ¢fect, the proportion
of gamma-tay yield of “*Rb with respect to the & nuclides gives about
6% which Is consistent with the expected net count of * Rb. In addition,
gy (431.2 KeV, I, = 0.0276) s expected to produce approxdmately
the same number of gamma eay counts in our data as * Rh (432,61 KeV,
!, = 0.202), and is shown to be consistent with “Rb,

As for Rb, 13 nuclides (A = 82, 91, 92, 101, 132, 133, 132, 136,
137, 139, 140, 144, 147) produce a similar or larger order of magnitude
of gamma-ray ylelds than *Rb in the 815 keV energy reglon [34,35].
The proportion of measured peak counts from Rb with respect to the
thirteen nuclides is about 1.4% which is consistent with the expected
net count of “Bb. For 2Py, 1% of the contribution in the 815 keV
region is due to "*Rb alone,

*my has a larger gamma-ray tensity (0.88) than *¥(0.024),
and larger IFY from 2SUML011} and 29Pu(0.014) compared to *Y:
SEUC0.006) and *?Puf0.008). The fission analysis shows that 3% (1%)
of the gamma ray yield i due to ™Y alone for “¥ U Pu). When fted
net counts are adjusted appropriately to account for interference, they
are shown to be consistent with the expected net count. However, the
results are below the statistical significance and are inconelusive,

Due o their statistdeal insignificance of gamma-ray peal counis,
the computations of CEY for “'RBb, “Rb, and ®Y have been excluded.
Stmilarly, the calculadon of CFY for "Nb is excluded because it
is undetectable by the HPGe detector during the measurement. CFY
values for "'Cs and S have been caleulated and are shown in
Fig. 8 (*5U) and Fig. 9 (Y7Pu) alongside the JEFF3.3 Asslon yield
data for comparison, The primary sources of uncertainty in 5(C F¥)
come from the uncertainties associated with N, and e This indicates
that enhancing the satisdes for gamma-ray peak counts and refining
efficiency calibratdon can resull in a better estimation of CFY.

Hayes et al. [1] draw attention to the possibility of a contribution
from epithermal neutron-induced Assion. In this swdy, the highest
neutron flux is observed at 0.02 eV within the thermal neatron range.
Consequently, the recorded epithermal neutron flux accounts for just
0.4% (0.7%) of the thermal neutron Aux for *5U (29Pu). This implies
that the number of neutrons interacting with **U [**%Pu) in the thermal
region is 234(137) times greater than in the epithermal region. In
our analysis, the contribution from epithermal neutrons s deemed too
minimal w significantly impact the fission yield data,
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Fig. 6. Fitted and sxpected net counts and satistical limis and uncertainties for =510,
The yields of "Nh, "\ and " Sr are shown o be congistent with the expected values,
YRh, CRhb and Y are below the statistical limit of detection, and are excluded from
the plat for elariy.,
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Fig. 7. Fitted and expected net counts and statistical lmis and uncertainties for *™Po
The viekds of "8 and " 57 are plotted and shown o be congistent with the expected
values. The Hued "Cs & about 353% larger than the expected value, suggesting a
pssible problem with the JEFFAS fision ylald libmoy. “Rh, "“Rb and "¥ are below
the statisticeal Hmit of detection, and ane excluded fmom te plot for cladn.

7. Conclusion

Certain nuclides make substantial contributions Lo the antineutrino
spectrum in the 5 o 7 MeV range. An examination of their fission
yields provides valuable insights for comprehending the unexplained
spectral deviation in this energy range. In this study, we determine
the cumulative fission vields of specific short-lived fission products
from the {eradiated “U and **“Pu using the gamma-ray spectroscopy.
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Fig. 9. Comparison of mexmured CFY and JEFFA3 library CFY from " Po Within 1le
uncerainty, meamumd OFY are congistent with JEFF3.3 OFY exeept Y. Mesgured CFY
for ™Y is abouwt 5 betors larger than OFY from JEFF33.

The measured gamma rays for "™Nb, “'Cs and *Sr are consistent
with the expected. Statistics for the measured *Rb, “Rb and Y are
sub-optimal due to interference from other gamma rays and Compton
background. The gamma ray peaks from Y and " Cs are undetectable
due o low GBssion yield, limited detector efficiency, and environmental
background. Because of its short half-life, we are unable o caleulate the
CFY for '™Nh. The caleulated CFY for s and **Sr are in agreement
in comparison with the JEFF3.3 database,

A follow-up experiment offers the opportunity to improve vari-
ous aspects of the current preliminary swdy. The primary source of
uncertainty comes from IFY measurements, which need separate and
dedicated experiments to refine their accuracy. To prevent the loss of
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nuclides, it is essential 1o reduce the 208 transport delay. For instance,
all Assioned '™ Nb nuclides decay durlng the ransport delay due o its
short 1.5 half-life. Addressing this challenge may require a substan-
tial reconsiruction of the sample transportation apparatus, incurring
significant expenses. Additdonal improvements include the integration
of multiple HPGe detectors to enhance gamma-ray detection through
coincidence measurements, a8 well as installing better shielding to min-
imize background interference. The fission analysis could be improved
by incorporating additional decay paths, such as beta-delayed-neutron
emissions amd isomers. But this would significantly increase the com-
plexity of the analysis, necessitating the use of more advanced software
tools. Although CFY measurements show consistency, a subsequent
study can further enhance their accuracy by accounting for correction
factors such as beam fluctuations and gamma-ray attenuation,
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