Nuclear Reactor Antineutrinos,
Hard to Detect,
but with a Traceable Lineage
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 About the National Nuclear Data Center.
e Summation method.

 Relation to Decay Heat

* Fission yields effect

e Acloser look into the Conversion method
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About the NNDC

1952: Data activities started, Neutron Cross
Section Compilation Group.

1961:. Sigma center
1967: National Neutron Cross Section Center
1977: National Nuclear Data Center

Located in Building 817 — part of NE department

www.nndc.bnl.gov J

Brookhaven Science Associates A.A. Sonzogni — Physics Seminar - April/14/2016

BROOKHRVEN
NATIONAL LABORATORY


http://www.nndc.bnl.gov/
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Data Libraries Managed by the NNDC

G\ISDF, www.nndc.bnl.gov/ensdf
Contains nuclear structure and decay data.

ENDF/B, www.nndc.bnl.gov/endf
American. Main effort is for neutron-induced cross sections
and spectra. It also contains fission and decay data in a

wmerical format. /

JEFF, www.oecd-nea.org/dbdata/jeff/
European. Similar to ENDF/B.

JENDL, wwwndc.jaea.go.jp/jendl/jendl.html
Japanese. Similar to ENDF/B.

Additionally the NNDC is responsible for the decay data in
ENDF/B that is needed for the calculations.

BROOKHRVEN
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How to calculate antineutrino spectra

(1) Conversion Method: Use the precisely measured electron
spectra following the thermal neutron fission of 2352381
and 239,241|:)u_

Fit the electron spectrum with a set of hypothetical decay
branches.

Uses nuclear data to obtain effective Z as function of end
point energy.

P. Huber, Phys. Rev. C 84, 024617 (2011).

(2) Summation Method: Combine fission yields with decay
data.
P. Vogel et al. Phys. Rev. C 24, 1543 (1981).
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Summation Method
The antineutrino spectrum for an equilibrated system is calculated as:
S(E.) =) CFY;S,(E.)

where CFY;is the cumulative fission yield defined recursively as:
CFY, = IFY, + >_b,CFY,

with b,; the decay probability from level k to level i. In matrix notation:
CFY = AxIFY

where IFY are the independent fission yields, and the matrix A has the decay
probability data.

S(E:) is the spectrum generated by the decay of a single level:
Si (E;) — Z IIBIkiSIki (QIB. - Elki’ X, E;)

S1i QB — Eyi» X, E;) is the antineutrino spectrum generated in the decay to

the level E;, with intensity 145, in the daughter, normalized to 1.
BROOKHRUEN
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Summation Method

Some issues in this method:

 Cumulative Fission Yields have embedded decay probabilities, which
should be compatible with the decay probabilities used in the spectra
calculation.

 Decay data is only complete and of high quality for nuclides close to the
valley of stability.

Weak gammas

: . - difficult to place

values, decay schemes | 1\
obtained using Germanium | \
detectors lead to large beta / W\
Intensities for low-lying ' ‘*\:—
levels. One should use il \ ]
data from Total Absorption 1l ||

Gamma Spectroscopy Ze1A ZH1A
(TAGS) experiments. Antineutrino spectrum will be overestimated
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Summation Method

Update ENDF/B
decay data with I3
from TAGS and
Rudstam data.

Surprisingly, fewer

contributors at high

energy.

Calculations using
JEFF yields
(compatibility).

It includes
calculated spectra
for very neutron
rich nuclides
(Moller-Kawano)
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Systematics of all fissioning systems
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Link to delayed neutron yield commonly parameterized by

3Z-A
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Systematics of Delayed nu-bars
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Systematics of integrated IBD weighted
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Relation to Decay Heat

Full line: latest TAGS
Dashed: no TAGS
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Relation to decay heat

——ELFP
ELP LFF
——ELP HFF

235U Thermal

——ELF

—ELFPEE
ELF EO
ELF OO

—ELP QE

8.76E-1
7.89E-1
& T.O1E1
[+
=3
w 61351
€
I
2 5.26E-14
o
QD
O 43861
o
|
i
w  3.50E-1
L H
E
= 2.63E-14
1.75E-1
8.76E-24
0.0
S TO1ET
oL
£
= 6.13E-14
o0
I
2 SIBE
[+]
L
0O 4aseq]
o
.|
11}
w  380E-1
L]
£
= 2B3E-1
1.75E-1 4
8.76E-24
00
Brookhaven Science Associates A./ E+0 E+1

E+2
Time (s)




Time x ELP Decay Heat (MeV)

235U Thermal

20 most important nuclides at T=10 seconds

92Rb’ 100Nb’ 96Y’
101Nb,102Nb
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_P_E total V

—(#1 37-92-08.2 %
—#2 41-100-0 7.6 %
— #3 39-96-0 7.5 %
—#4 41-101-0 5.0 %
5 41-102-0 3.5 %

—fE 37-93-0 34 %
—#7 36-91-0 3.3 %
—#8 40-100-0 3.2 %
—#952-135-028 %
—#10 33-95-0 2.6 %
—#1156-143-024 %
—#12 41-93-02.2 %
#1323 41-99-021 %
—#14 40-99-0 2.0 %
—#1555-141-018 %
— #1606 57-146-01.8 %
=17 39-97-01.7 %
—#1853-137-01.7 %
— #1956-144-016 %
—#2054-138-016 %
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Fission Yield Effects s(E.)=>.CFYs(E,)

ENDF/B fission yields were released in 1992. We studied the
effect of corrections due to a) better decay data, b) improved
Isomeric ratios, ¢) anomalous yields.

%Y, example of compatibility issues with current decay data

ENDF/B-VII.1 ENSDF
Fission Yields (Current)

3 B- 100%
l IT 180% / o
B- 10% / 96
96Y

A.A. Sonzogni, E.A. McCutchan, T.D. Johnson, P. Dimitriou, PRL 116, 132502 (2016).
BROOKHEVEN
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86,87.88Ge yields in the historical releases of
ENDF/B yields
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We concluded that the 86.87.88Ge yields should be
corrected, did so using a weighted Gaussian fit.

0.1+

0.01 -

Independent Fission Yield
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Ge independent yields after the corrections

E-2

E-3 4

Independent Fission Yield

E-4 1

E-5

E-6

E-7

E-8

235U thermal Z=32

B ENDFIE-VILI
B JEFF-3.1 5 5 5 5 ?
EMDF/E-VI1 G GF | ﬁ S I -

o¥2 73 74 5 OTE OYY Y8 T4 80 &1 82 83 84 85 86 BY 8% 89 40 M
A

Brookhaven Science Associates A.A. Sonzogni — Physics Seminar - April/14/2016

92

BROOKHRVEN

NATIONAL LABORATORY



Effects on the antineutrino spectrum when all

corrections are applied, as well when only
one nucleus Is corrected.

Brookhaven Science A
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Thermal 23°U spectrum
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Latest TAGS data

ENDF/B-VIII.O will be released next year. We have included

more TAGS data and compare results without TAGS

All
calculations
with JEFF
yields
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96Y — one nuclide with a large effect
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95.5 % of the decay is ground
state to ground state
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96Y — one nuclide with a large effect
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9%Y — Two Different Isomers
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The ground state produces
about 7 times more
antineutrinos above the
threshold than the iIsomer

Both spectra are
normalized to 1
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%Y — |someric Ratio Effect

%Y |someric Ratio:

IFY (*°"Y)

1.05

“*U(thermal n,Fission)

1.00

TOIRY (Y ) + IFY (Y )

At about 5.2 MeV,
changing IR from O to
100% changes the

calculated to experimental

ratio by 7%.

CFY ~0.05

There is no journal
publication of IR.
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Estimates of IR vary from 18% to 70%

A.A. Sonzogni — Physics Seminar - April/14/2016

NATIONAL LABORATORY




Beta spectra shapes

Recent article by X. Mougeot
PRC 91, 055504 (2015)

* Behrens-Buhring Fermi function BJ).
 Radiative, Screening, no Weak Magnetism
o Survey of all precisely measured beta transitions

TABLE 1. Experimental shape factors of allowed transitions.

Parent Mode E, Experimental shape factor

Himag g~ 5299 1 —0.01W

Sed g 584.5 | — 0.0007TW

Sed g 620.1 | — 0.0009W

" g~ 1988.6 | —0.0015W

0 g~ 1005 1 + 0.04W

130 B~ 587 I + 0.04W

i B~ 6063 I + 0.02W

Moy g 415.64 1

HCs g 65839 1 BROOKHRVEN
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Parent  Mode Ey Experimental shape factor

First forbidden nonunique

%4Rb gt 783 1—0.073W

“Rb B~ 6992 1 —0.64W — 0.46/ W + 0.14W?2
My B~ 3395 1

Mo B~ 848.1 1+ 0.049W — 0.0047/W + 0.034W?
Mo B~ 12145 1 —0.01W

MAg g~ 694.7 1 —0.01W

MAg g~ 10368 1—0.016W

lBmed g 339.1 1+0.011W

lBmed g~ 16297 1 —0.78W —17.2/W

'28h B 14196 1 —0.012W + 0.003W?
1245h B~ 2301.6 G+ rapt+173

124 Bt 15349 1 —0.046W

'¥Ba g~ 2151 1 —0.219W +0.147/W + 0.02W?2
“ra g~ 21657 G*+rpt+23

14lCe B~ 435 1 —0.28W

4lce B 580.4 1 —0.28W

144 Ce B 318.6 1 —0.342W

142p¢ B~ 586.6 1

143py B~ 0341 1 —0.018W

B B~ 20074 1+0.0376W —0.118/ W — 0.0077W?
“INd B~ 3647 1—02W

“INd B~ 8046 1 —0.17TW

“pm B~ 795 1 —0.394W — 0.275/ W + 0.044W?

BrookHaven Science Associates

A.AL OUINIZUYLTT — IF1IYDILS oceltinial -

Mostly low Q
Most need an
experimental
shape factor

First forbidden
non-unique
dominate the
high energy
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Conclusions

Summation method

Updated the ENDF/B decay data to incorporate new TAGS and other decay
data that are relevant to antineutrinos or decay heat. File is available to
anyone (with caveats).

Decomposed total spectrum into individual contributions, derived
systematics of the energy integrated cross section weighted antineutrino
spectrum.

Studied the effect of correcting thermal 23°U ENDF/B fission yields.
Without these corrections results will not be reliable, leading to a fast
spectrum softer than the thermal. Correction leads to better agreement
with JEFF. File is available to anyone (with caveats).

Identified pieces of data, such as the %Y Isomeric Ratio, that have big
Impact and could merit a precise measurement. A proposal to ILL was

submitted.
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Conclusions Il

Conversion method

We wonder if a validation work was performed for high Q-values (3 MeV
and higher) for nuclides with Z=30-60.

A closer look into this method is needed.
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Supplemental Material
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TAGS (Total Absorption Gamma Spectroscopy) experiments

Nal crystals

Radioactive source

Plastic detector for beta-
gamma coincidences

TAGS measure the gamma spectrum after beta decay with
low resolution but high efficiency. . A
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Decay Heat:
The gamma decay heat is defined as:

DHy ()=% A, <Ey> N,
DHp (t)=2 A <EP> Ny

Where <Ey>, and <Ep>, are the mean gamma and
beta energy released in the decay of the k-material

The N, follow the following set of linearly coupled egs:
de/dt — _7\vk Nk + 2 bik 7\vi Ni

Which are solved numerically with the boundary
condition: N, (0) = IFY,

_ . . _ BROOKHEVEN
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Ge cumulative yields after the corrections

235U thermal Z=32
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Yttrium original / corrected cumulative yields, reflecting
changes in the isomeric ratio and the decay data

235U thermal Z=39
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Spectrum for fast neutrons
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Spectrum for fast neutrons

» For fast neutrons, the increase in excitation energy makes the fission
yield distribution broader.

» The delayed nu-bar per 100 fissions increases from 1.585 to 1.67.

1.3 ' T ; T ' T ’ T

235
U

= When using corrected fission
yields, the antineutrino
spectrum for fast neutrons is
harder than the spectrum for
thermal neutrons.

1.2 -
— Corrected ENDF/B yields

1 |—— JEFF yields
— — = Original ENDF/B yields

1.1

* In agreement with JEFF
yields and as expected.

1.0 5

0.9 4

Antineutrino Spectra Fast/Thermal
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Antineutrino Energy (MeV)
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We used isomeric ratios measured by Ball
et al for 2°Pu PRC 84, 034605 (2011)

TABLE V. Sum of the ground-state and the first isomeric-state yields (§ = ¥ + ¥™) and ratio between the isomeric vield and the sum
[R = Y™ /(¥ 4+ ¥™))]. Results obtained in this work (Loh.) are compared with those from JEFF-3.1.1 [5].

Mass Nuclide Sion, (%) Sierra (%) Rion, (%) Rygrra1. (%)
08 Y 2.433 +0.280 2,310+ 0512 19.6£3.3 80.8+25.3
99 41 Nb 0.710+£0.108 (.850 £ 0.280 20,042 18.8 8.7
133 s2Te 4779 £ 0.468 4.646 £0.534 6.6 8.4 T0.7T£11.5
134 sal 2612+0614 2248+ 0.545 42.7+11.3 424+ 14.6
136 53l 3200+ 0375 3.358 £0.591 55117 70.1+174
138 55Cs 1.420 +(.383 1.033 +0.348 603 17.7 58.7T+28.0
146 stLa 1.035 £ 0.101 1.258 £0.213 71.7+£99 6434+ 154
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We used isomeric ratios measured by Ball
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133 s2Te 4779 £ 0.468 4.646 £0.534 6.6 8.4 T0.7T£11.5
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Systematics of Delayed nu-bars

232Th 2:;,8u 235U 238Np 241Pu
\
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