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Overview of the %°Pu measurement at n_ TOF

Experimental setup
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1.1 n_TOF: neutron time-of-flight at CERN

* Experiment performed at n_TOF EAR1 (-185 m flight path) in Sep-Nov 2022.
« Around 8 times larger flight path than in previous 23°Pu measurements, which enables higher energy resolution.

n_TOF features

EAR1

« 25 years operation, with relevant ==L Horizontal flight path at 182.5 m
measurements for nuclear technology, VS -
nuclear astrophysics, medical science B S EAR2
and basic research. o _ ¥ s Vertical flight path at 18.2 m

* Neutron beam by spallation of 20 GeV .
protons into a lead target. ==

* Pulses of about 1 Hz repetition rate —
no overlapping pulses. \ ‘*

e 8-10'2 protons per pulse, 7 ns RMS,
with option for lower intensities. ——— nI

 Three experimental areas for different
purposes (EAR1, EAR2 and NEAR).

+ EAR1: moderated neutrons with a layer The NEAR Station
of borated water. at 3-4 m from the target assembly
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1.2 Detectors

. Proton Beam Monitors |
. » Wall Current Monitor (WCM).
'+ Beam Current Transformer (BCT). |

* Four silicon detectors to monitor neutron beam
intensity using 6Li(n,a)H standard reaction.

___________________________________________________________________________

Neutron Beam Monitor (SiMon) »

____________________________________________________________

Si
detector

FFD!!
Fission Fragment Detector

| Hermetic sockets (SMA) \

Output sockets
(BNC)

' Mylar (kapton) windows

[1] Perkowski et al., Nucl. Instrum. Methods Phys. Res. A 1067, 169649 (2024)

» Detection of charged particles.
» Fast pre-amplifiers.
* Filled with Ar + (10%)CF, gas.
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[2] Guerrero et al., Nucl. Instrum. Methods Phys. Res. A 608(3), 424 (2009)

To detect capture and fission y-rays.
Composed of 40 BaF, crystals operated in coincidence.

Events characterized by E.,, (total deposited energy from

contributing crystals) and m, (crystal multiplicity).




1.3 Experimental configurations and samples

« Experimental campaign divided into two different configurations:

1. FC config.
- 10 thin Pu samples (<10 mg total
mass) within fission chamber.
- Use FFD + TAC simultaneously.
- Measure fission and capture (up to
~1 keV), and the a-ratio.

2. TS config.
- 1 thick sample (100 mg).
- Use only TAC.
- Measure capture above 1 keV.
- Sample inside dummy
chamber to have similar bkgds.

Plutonium base

material

* Produced by JRC-Geel and

SCK CEN.

* Plutonium dioxide PuO.,.

« 99.9% purity of 23°Pu.
 From the same base

material, two different type of

samples were prepared.
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Both setups share similar beam line configuration:
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1.3 Experimental configurations and samples

Experimental campaign divided into two different configurations:
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1.3 Experimental configurations (mounting)

Pictures of the mounting procedure at n_ TOF EAR1 during the experimental campaign in 2022.
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Summary of the Data Analysis
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2.1 Fundamentals of the data analysis

Detection efficiency yeP (g ) = Ctot(En) — Cp(Ey) Count rate due t: background
x " P Ex (En) ¢(En)} events

* Can be determined experimentally « Measured through dedicated background
or by simulations. measurements. ..

Only required for 23°Pu(n,y). « or by simulations.

Comparison of TAC Eg,,, spectra between experimental Neutron ﬂuence

and MC simulations. crossing the sample Data reduction (thresholds)
» Depends on sample diameter. « FFD: o-FF discrimination using amplitude
o= LI BRI L B LI LRI LR i i
> 1 2: AN ] «  Common for the same setup. threshold in the FFD signals.
= T — Me,>1 . ] ” 0.20 - 0.40 eV
X - Me,>2 1 3 OO L T e
g 1|‘— - mcr>3 ﬁ. —‘ ’a‘ UL L IR IR L L DL L B L IR I g_ 10 _:::: ::; - :
- 1 c r 7 X i H
.E i 1 2 10 = —2cm (norm)) 4 ' E z 102
3 0.6h — ° B Full beam Al " S 10°
8 I 1 S i T i £ 10t
0.4 : w 10 E S
[ ] T . 107 e
0.2H . n 3 .l | 0 20 20 60 B0
iInm e - - b 1 10° 5 _§ Amplitude (arb. units)
(B_'..-';'_F__,- e U IR PP PO . f 1
123456178 P O e Y L e « TAC: energy and multiplicity thresholds to
E MeV 107 1 10 10* 10° 10* 10° 10° 10 ) : _
sum (MeV) Neutron energy (eV) improve signal-to-background ratio.
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2.1 Fundamentals of the data analysis

Detection efficiency exp _ Ctot(En) — Cp(En) Count rate due to background
Y, " (En) = St events
) _ /'[gx(En] ¢(En)}
v Gan oz Slienilies) exvRimeiiEly / «  Measured through dedicated background
or by simulatinns measurements...
«  Only requir Normalization

« or by simulations.

The fission yield was normalized to the jtron fluence

Comparison of TAC E
. recommended evaluated 23%Pu(n,f) cross

and o . ing the sample :
section integral (9-20 eV) by I. Duran et al. 9 P Data reduction (thresholds)
(https://doi.org/10.1016/1.nds.2024.01.004).  ; sample diameter. - FFD: a-FF discrimination using amplitude
% 1 2__ T . Abjoluf[e. value of ¢(E,), sample_ mass, ' the same setup. threshold in the FFD signals.
= 1.2 and efficiency not needed — significantly —
X 1ﬁ reduce uncertainties. 3
2] - . . 3 H :
£ i * Automatically determines the norma- . i x ; —Beam off s :
= 0.8H . . . norm.) ™ £ ; s :
) ! lization for the capture yield. . g R\ ]
-E - norm.) ~ E £ i - 10
g . 7 2 Full beam P PR Y
© % 10°= L - E g 10
T : o
3 | 4
1075 _E Amplitude (arb. units)
T P P e » TAC: energy and multiplicity thresholds to
Neutron energy (eV) improve signal-to-background ratio.
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https://doi.org/10.1016/j.nds.2024.01.004

2.2 Summary of backgrounds for capture

FC setup (FFD + TAC)

TS setup (TAC)

Background contributions in both setups: some components share similar
approaches but others (fission) required completely different procedures.

TAC count rates as a function of neutron energy

counts/(7x10'> p x ALnE)

_ i — Anti-coinc. —No beam
1072 =

PRI
107 ‘ . BT E
10" 1 10 107 10°

m,>2, 2.5 - 8.0 MeV

f
B

—Fiss.+PFB —Dummy

TAC count rates as a function of neutron energy
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2.2 Summary of backgrounds for capture

TS setup (TAC)

FC setup (FFD + TAC)

e ket )
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() A fus -
B %
" X
Myar (haplen) wions | Nk & >

Fission subtraction: Fission Tagging'3

AR

) s:r.g \
i

S A

H sett Fission subtraction in the TS setup
requir *© Use the results from the FC setup.

FFD+TAC event coincidences used as veto to suppress

- « FC-TS overlap region below 200 eV — fit of capture and
fission background.

coincidence window fission yields on selected resonances (resonance
.“4 parameters from SAMMY fit).
] C L L L L L B L BN DL R IR
c Vi
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2.3 Resonance parameters: SAMMY fit

To obtain a final set of resonance parameters (RPs) combining the three measured datasets:

Fission yield (FC setup).

Capture yield (FC setup).

Capture yield (TS setup).

Combine capture data from both setups:

&

FC data for E,, < 200 eV.

TS data for E,, > 200 eV and some low-
statistics resonances below 200 eV
(overlap region).

239py(n,f)
l l ’ l l . eV
- 1 1 1 1 1 1 1 1 e
0.02 10t 1 10 102 103 10% 10° 108 107
239py(n,y) FC setup )
239
(overlap region) [ Pu(n,y) TS setup ]
The resonance analysis obtained the resonance parameters for 1000 resonances up to
2.5 keV:
 Neutron energy E,, neutron width I, capture width I';, and fission width [.
x1 073
% - 1 TS cap (x0.1) B T T T T T T T T T T TS cap (x0.1)
— [ { FC cap - { FC cap
102 = FC fis 4 ﬂ FC fis
E —Fit C —Fit
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Fission results
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3.1 Fission results: uncertainties and integrals

—_ L e o 0 e s 1 1 11 e N1 s S e S R
Low-uncertainties were achieved due to the excellent properties of samples and fission & E | | ‘ ]
. . . . . >. 4.5 —systematic
chamber, which did not require additional corrections apart from neutron fluence shape. € 4, —statistical .
"..:2 3 5§ — Neutron fluence (shape) ?‘ 0
T 1.1F @ 350 Y
3 B 1.5% unc. from eval. - e 3E 7
I_I - i . > : |
Our results are compatible with the |, 1.05¢ s 2'5;_ =10°
239py(n,f) cross section reference | ] 2§ ]
(0.15-200 MeV) from the 2017 [® 1.5 —
IAEA’s Neutron Data Standards | .95 1 E
(NDS). < - - 0.5F -
2 B n_TOF sys. uncertainties _ 0:‘ i e T T T
°© 08t T 1 10" 1 10 10° 10° 10* 10° 10° 107
Neutron energy (eV) Neutron energy (eV)
(" A i 239 . ) [239Pu(n,f) spectrum-averaged cross section )
][Exciellent compatibility with well-known =**Pu(n,f) cross section integrals, from thermal to (SACS) in the 52Cf(sf) reference neutron field.
ast energy regimes. statistical systematic Total SACS uncertainties are reported.
n_TOF/I. Duran et al. 1_011(1)(29) 1.0 0_989(2)(20) 1.014(8)(46) Derived, this work 1802165 (3.6%)
n_TOF / ENDF/B-VIII.1 1_014(1)(29) 1_010(1)(20) 0_995(2)(20) 1.007(8)(46) Derived, IAEA standard 2017* 1798423 (1.3%)
n_TOF /ENDF/B-VII.O  1.013(1)(29) 1.007(1)(20)  0.994(2)(20)  1.016(8)(46) Mannhart evaluation® Ltlzes ()
_ n_TOF/JEFF-3.3 1.015(1)(29)  1.010(1)(20)  0.995(2)(20)  1.011(8)(46) \ Cpoiaiel el el () )

Excellent agreement with evaluations in the regions where the cross section is very well
known — confidence in our data to improve regions where it is not so well-known.
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ICarlson et al., Nucl. Data Sheets 148, 143-188 (2018).
2Bersillon et al., IAEA TRS 452 (2006).
3Capote et al., EPJ Web Conf. 281, 00027 (2023)
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3.2 Fission results: comparison with evaluations

239py fission dataset with the broadest neutron energy range to date,
covering almost 9 orders of magnitude, from thermal to fast region.

-—h
2
[\

Fission yield
3

—h
<
£

Great interest on n_TOF data shown
by international evaluators (INDEN,
JEFF-4.0, and IAEA’'s Neutron Data
Standards).

Ratios of our data to different 23°Pu(n,f) evaluations from major libraries.
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First 239Pu resonance at 0.3 eV, of relevance for nuclear reactor

technology.

Fission yield
S

g
10°

n_TOF about 4% above ENDF/B-
VIII1.0, and closer to ENDF/B-VIII.1

-1 n_TOF
— ENDF/B-VIILO
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to ENDF/B-VIII.O
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Neutron energy (eV)

With broader bins, differences are not larger than 3% (within
uncertainties). ENDF/B-VIII.1 evaluation taken from INDEN, with an
increase around 1 keV not compatible with n_TOF data.
x““ LRI ....
g MOApTTT e T l".'., e
> 1.03 e — 'x ' E
e 1027 [ . ) R =
2 101 ] L =
@ HE . { . iatabuiuinte et S 1=
o :'E — 1 =
0.99 —s— ENDF/B-VIIl.0—
0.981 JEFF3.3 —
0.97 -+ ENDF/B-VIIl.1—
0.961". | | = | | —— ENDF/B-VIIL.1 =
10", L 10 102 10° 10° 10° 10° 10
Neutron energy (eV)
JEFF-3.3 < JEFF-4.0 New JEFF-4.0 evaluation improves
408 the large discrepancies observed
S o3 | with JEFF-3.3 in the low energy
e 102> T E— | region according to n_TOF data.
2 1.01E | i =
0.99- —— ENDF/B-VIILO-Z
0.98/— JEFF-40 —
097 «- ENDF/B-VIlli—
0'962_ Ll o Ll \_._ENDF/BVIH\_:
107 1 10 102 10°
Neutron energy (eV)
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3.2 Fission results: comparison with evaluations

[ ] [ ] [ ]
_ 0t . Some examples of fission yield resonances S
° 8 —n_TOF = © 30 —n_TOF 3
= b — ENDF/B-VIILO 3 > — ENDF/B-VIILO -
[= = ] x10 c F ]
o 6 = JEFF-3.3 E o o _ o 2.5 JEFF-3.3 =
8 Oy - ENDF/B-VIIL1 - g 1.2 +nTOF B e L | - ENDF/B-VIIL1 -
= 5 E s 1 E o2 i E
El ] 3 g 1 s ! 3
4| E @ C 7 1.5 z ]} =
3:_!3 ' = uﬂ- 0.8 —_ . . . E i ]
& E C 7| Discrepancies in the shape | 1 i =
E ]E ] - . - .
2. i . E 0.6 || of some resonances 05l 3
12—*1 / ': = 0.4— — E .
0 et e —— - ! .
1 T L E 0.2— T T E
E St ; ol o L o _'_‘ c E T Ty =
@ o 0 @ Opfapaad R
= -5 T = s5& = R
T - gi Residuals calculated 56 58 60 62 64
Neutron energy (eV) g s relative to ENDF/B-VIIL.O Neutron energy (eV)
40
x10°°
- Neutron energy (eV) - ————
E — n_TOF ] © 0.1 [ n_TOF —ENDF/B-VIILO
> — ENDF/B-VIILO - > JEFF-3.3 --- ENDF/B-VIIL1
o JEFF-33 | 2 0.08
2 - ENDF/B-VIIL1 | @
i 1 & 0.06
B Resonances and structures are observed even at 0.04
0o relatively high neutron energies, surpassing the |
; N limit of the resolved resonance region of some 0.02
¥ libraries (up to 2.5 keV).
E o I o Too @ s g
@ Fedi v e o
2 e e T =
1800 1850 1900
Neutron energy (eVg) Neutron energy (eV)
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3.3 Fission results: comparison with experimental data

Energy resolution Weston 1992 data High energies

The longer flight path of n_TOF (185.6 m) Good compatibility with Weston 1992 data in  Our data may help extend physical fluctuations
allows obtaining a higher neutron energy intermediate energy range resonances, with in evaluations above 20 keV (limit of Weston
resolution, which is visible in the shape of similar energy resolution. 1992 data).

some resonances.

S gl N A B B N s 4 | inToF i Westonise2 |
— T = S0 I n_TOF i Weston 1992 5 3: ‘ —ENDF/B-VIILO -- ENDF/B-VIIL1 |
€ 4505 in TOF S C — ENDF/B-VIILO -- ENDF/B-VIIL.1 _ 3 - ]
E — ° r ] 2.5~ —
.§ 400 + Gwin 1971 § 40; B 2 ° ! |‘ ] ]
" - - Weston 1993 o 30— . : | i
2 300E _ENDF/B-vIILO o - . T
S 2500 201} H = I 1 H l “ |
200t i ! 7 : w ‘ a1 B i
= ik e i 1 i ! B
150 1045 : 71 S S R N R
B ‘ ' 16000 17000 18000 19000 20000 21000 22000
100 !
3 oL, e B PPN wealY W W T eutron energy (V)
505 ._ 1100 1120 1140 1160 1180 1200 o) r il T“)F‘ T
%5 56 57 58 59 60 Neutron energy (eV) S 24— D Gayther, 1975
5 F 1 K.Kari, 1978
Neutron energy (eV) 8 520 1Szabo, 1970
" 11 Szabo, 1973
g L %I Szabo, 1976 i
G 2? I F. Tovesson, 2010 ]
- —ENDF/B-VIIL.O 1
1.8~ 7
n_TOF data provides the broadest dataset in neutron energy with high resolution 16k LT ]
and contained uncertainties, providing valuable information in low, intermediate and aF | ]
high energy regions up to 10 MeV. T S BT

Neutron energy (eV)
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4.1 Capture results: uncertainties

FC setup TS setup
Important:
Dummy uncertainties are
ﬂ-o-- 9_| TTTTTT] T T T TTTIT 1 TTT T T T 711 OvereStimatedinthiSplot, ﬂ-o-- 9u| T T T TTTIT T T T TTTTT T T T TIT0 T T T TTTIT] T T T TTTI]]
& 8 - |—Sys. ---Stat. especially above 100 eV. e 8 - — Sys. ---Stat.|
o E_ Flux —e +P-U Fina_l valu_es in the cross- ™ = ---Norm.+P-U Flux _E
5 2F N.Sens. — PFB section will be_lower. 5 2 [ N.Sens. _pEB |
- - |—Dummy —¢g, = - - _ ) B ]
c 6E |_cont. _ :| = 2 65 Sample-out —Fiss.|
c - c — Cont. —URB | =
St § B — St -
aF - 4F =
: 1IN I 6 I AL - =
3t — K | et EEEEEEEEE SREEEEEED sEEEREEE bbb Selsiiiinieber
25_ — ; = 0 = Target region of
- J L - = the TS setup
1 ; Q E—Z 1= =
Valley between - . W — . = - ot - el
resonances 10 1 10 102 10° 10 1 10 10 10° 1
Neutron energy (eV) Neutron energy (eV)
5 bins per decade 5 bins per decade
Overall uncertainty between 3-4% Overall uncertainty between 4-5%
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4.2 Capture results: comparison with evaluations

Some examples of capture yield resonances (FC setup)

X1073 ><-|(r3
=t T T T ° E I L E A 3 T 7: T f ' TOIF

.1;10*2 —]—n_TOF — ENDF/B-VIII.O .q_; 8? % _I_n_TOF — ENDF/B-VIIL.O é .g 6; i E_NDF,!B_\”“ 0 ;

o JEFF-3.3 - ENDF/B-VIIL.1 o 7 ;{ JEFF-3.3 - ENDF/B-VIIL1 = 2 : JEFF-3.3 ]

£10°E 2 6= fi; i E g % - ENDF/B-VIIL1 |

o = 8 5 iy i — ] 4- =

© r SR E e il E o F ]

4 E L “i H H = C .

E i 3 i | = 3F :

- “ |/ oF i i = 2- =

10°° = Residuals and ratios calculated SR = i 5 § = E 3

E relative to ENDF/B-VIII.0 3 ;5_ £ _F k ‘ s - E L3 : : E

108 ol : ol = e — ‘ ‘m\ ‘ ‘ e NI L ST

o 12 ] Mo o ‘ 1 ] - \ \ El 5 BE— e —

g %@M 3 I I—— g S o e E

g:g;; S i o 2 | i c st Z

0 1 10 48 50 64 65 y 66 67 68

on energy (eV) Neutron energ - - - - eV)

Large discrepancies with evaluations
- ) (and among themselves) in the
Great gompatlblllty with ENDF/B-VIII.O shape of some resonances.
at the first 0.3 eV resonance. \

= 1.26 . - - ~ - 1.2c : _
2 1155 = S 1155 N
o 11— 10 bins per decade E o 14 =
= 105 4 U G B = JEFF-3.3 & JEFF-40 2 105—, _ | =
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4.2 Capture results: comparison with evaluations

TS setup data at high energies

The capture yield from the data with the larger mass
sample enables preforming SAMMY analysis up to
higher neutron energies with reasonable energy
resolution and statistics.

Ratio of integrated yield from TS data above 1 keV: n_TOF
data remains 5-10% systematically above evaluations with
best agreement to the ENDF/B-VII.1 evaluation.

U W

x102
'c 10 T L L L L | .
® C ] -+ n_TOF ] 10 bins per decade
o> 8 — ENDF/B-VIIl.0 - © 1.8 —— ENnDF/B-VILO | | —]
ST JEFF-33  ° 3 = crr =
8 - | -~ ENDF/B-VIIL1 " o 16 o3l —
§ 6 f ~ 2  °L ... ENDF/B-VIIL1 a
Al | | - -% 1.4/= —— ENDF/B-VIL1 -
L ‘ . { 4 o - RER S -
- s 1.2 : S S g
27 .". 1 L] ' - N v A EEPT St Y L. P Bms e n
L PR e B
0 4 1_ EEEEE X ! ]
- ; | — RARE 08 3 3 3 a3 ] a
z 5 D S g 10 2x10 3x10°  4x10 10
R e e Neutron energy (eV)
i _55 E
1560 1580 1600 1620 1640 1660 1680 ENDF/B-VIIL.O and VIII.1 may be influenced by Mosby 2018
Neutron energy (eV) data for this region.
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4.3 Capture results: comparison with experimental data

Scarcity of high-resolution 23°Pu(n,y) cross-section measurements. Two datasets in EXFOR (Gwin 1971, Mosby 2014/2018) mainly
used for all evaluations.

High neutron energies

At higher neutron energies, from 1 keV to 10
keV (TS setup), the n_TOF cross section
integrals generally stays slightly above Mosby

2018 data.
s T Temer
s s}+ + 4 : J. Farrell, 1970 —
§ =8 —{>— ! S.Mosby, 2018 ]
a b +:¢:+ +. E
[=] r ]
it e 44 E
- Sy ey ]
ol Binaiie 12 STRRIE SRS
N 4 ]
1 ‘ - -
2x10°  3x10° 10°
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Neutron energy (eV)

Cross Section (b)

Energy resolution

Our capture data exhibit the highest
neutron energy resolution among
the existing experimental data.

A

S S
0L ¢ n_TOF
ago_ ' S- Mosby, 2014

¢ R. Gwin, 1971

— ENDF/B-VIIL.0

300

200

100

T T R T I T R BT T .. 1 . | - ' 1
100 102 104 106 108 110
Neutron energy (eV)

First resonance @ 0.3 eV

Good compatibility within uncertainties with
Gwin 1971 dataset in the shape and size of
the first, large resonance at 0.3 eV. Both
slightly below evaluation at peak.

Cross Section (b)

2000

1500
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I Ly \ L
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! R. Gwin, 1971
— ENDF/B-VIII.0

0.6
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5. Summary and Conclusions

Successfully accomplished the 23°Pu measurement of fission and capture cross sections (and a-ratio) for the first time at n_ TOF (CERN),
through a collaboration between CIEMAT, JRC-Geel, SCK CEN and University of Lodz. The excellent properties of the facility, samples,

and the detection systems, along with the experienced acquired through previous n_TOF fission-tagging measurements, have resulted in
new high-quality experimental data for 23°Pu, providing valuable input for future evaluations.

Fission
* Broad energy coverage (20 meV to 10 MeV) and low-
uncertainties.

 Data submitted to EXFOR data bank at the end of 2025.
» Publication in Physics Letters B: 10.1016/j.physletb.2025.140070

 Good candidate to become a reference dataset for future
evaluations.
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Capture

Successful combination of thin and thick sample
measurements to cover a wider energy range from 0.1 eV to
10 keV.

High-resolution dataset to contribute to the scarcity of
measurements for evaluations.

Draft paper will be submitted this year.
All details in my PhD Thesis: 10.17181/179rm-jc146
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2.3 239Pu samples

Samples were produced in the Target Preparation laboratory at JRC-Geel in collaboration with SCK CEN institute.

Plutonium base material
* Plutonium dioxide PuO.,,.

« Purified from 241Am.
« 99.9% purity of 23°Pu.
* From the same base material, two different type of samples were prepared.

Thin samples

« 10 samples deposited by molecular plating on 10 um
thickness aluminum foils.

20 mm diameter.

« 2 MBg and 950 ug each, expect for a ~10 times thinner
sample with 0.3 MBq and 120 pug.

* Placed inside the FFD chamber, parallel and opposite-
oriented (facing up- and down-stream).

« High homogeneity.
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1 mm 0.5 mm

445

3mm

Anode (signal 2)

Anode (signal 1) —;
4.5 mm

Cathode (sample 1) =

1 mm 14.5 mm
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3.1 Neutron fluence

The Neutron fluence (shape) for the IS

known from the SiMon monitoring data and the 4 B B e B B B A e
n_TOF evaluated flux. However, corrections are § _ :
required to take into account the smaller sizes of © 105 cm (norm.)
the samples (Beam Interception Factor, BIF). 2 -~ —2cm(norm.) |
2 [_Fullbeam |
SiMon for 0.02 eV < E, < 1keV %
The transmission through different dead- £
materials (aluminum, mylar) and the LiF foil of E"
SiMon was taken into account (effect of about o

1%), using FLUKA simulations.

BIF correction from *7Au(n,y)

The correction for the sample diameters below 1
eV was performed using ancillary measurements
with gold samples of the same diameter.

97Au(n,y) cross section is smooth and well-

known in this region.
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Curves normalized at around 1 eV

EAR1 evaluated

neutron fluence
forE, > 1keV

Shape taken from the neutron
beam commissioning at EARI,
using several detectors based on
standard reactions:

« SLi(n,t)*He
« 10B(n,a)’Li
. 25Y(n,f)

\

BIF from simulations

For E,>1 eV, the BIF was de-
termined from simulations with
FLUKA.

|._|_ L L L L AL I LU L D I,
0 1.4F ! e
= —1cm(horm. I
1.3F ( ) | //‘d:
S 2 cm (norm.) I // 1
e |
= 1 3
1.1é _____ E
1|§ S
glg (Normalized) Beam Interception Factor | 3
0.8 7 3
T ™ = T MR RETT| B AR R ETT] B S SRR ET] B S SR TT] B S ST N A TT] BRI T ETT] B SR W R T M
10" 1 10 10* 10° 10* 10° 10° 10’

Neutron energy (eV)
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3.2 Extraction of fission yield

Once the energy dependence of the neutron fluence for 2 cm samples, ¢, is known, and the detectors are characterized (thresholds,

calibrations...) the extraction of the fission reaction yield Y{(En) is straightforward.

Fission Fragment count rate

Zero background
No background in the fission yield was

AN 0 observed after the a-FF separation.
Normalization constant N, Y. (Ey) = Crr(En) — %L
The fission yield was normalized to the f}"@(n) P(En) L— @2cm(En) (previous slide)
recommended evaluated 23°Pu(n,f) cross

section integral (9-20 eV) by I. Duran et al. Nf
(https://doi.org/10.1016/j.nds.2024.01.004).

Obtained yield compared with evaluation (ENDF/B-VI11.0)
FrormrrrrT T T T T T R

T
= -
0 . = 10—2 L
* & replaced by normalization factor N;. £ E
* Absolute value of ¢(E,), sample mass, g —3:
and efficiency not needed — significantly = 107 ¢
reduce uncertainties. -
- No dependence on E,,. 107
. Automatica”y determines the norma- n_TOF data below evaluations in the = _
lization for the capture yield. valleys between resonances 10° = -+n_TOF E
l - — ENDF/B-VIILO i
Indication of no residual background o N B R |
10 1 10 102
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3.

3 TAC background subtraction: fission (FC)

Fission subtraction in the FC setup

Prompt Fission
Coincidence window:

+20 ns

It covers practically the full
prompt-fission  peak  while
minimizing the probability of
tagging non-fission  events
(<<1%). Consistent with
previous fission tagging mea-
surements.
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PFB
Fission tagging Post-Fission Background
— CoincideESs between FFD and TAC Fission-related counts with
2 C T | L | T I! T :¢:Il1l T | T 1T | LI | T 1T | LI | LI |_ AT>20 nS up to 3 uS-
-g 1= : ﬂ P Mge>1 E Attributed  primarily  to
& |} —mg>2, 2.5<E__/MeV<8.0 | SO DRIl
° 107 T z/
= - J';:’"-».,H' Post-Fission |
§ 102 ; ﬂ“"‘-—.__ﬁ__ﬁ Background - m,>2,0.20 - 0.4 eV
o ; : ”“ﬁm-\\whk-""mﬂvﬁh’;: o 4 55— oty _E
© 5|  random —'i g E — Anti-coinc. -
107 = coincidences ; = |z 4 —Nobeam -
. s . 1 8 35 —Rem. fiss.
» B e T lle 3¢ —PFB =
10 | it | | | | s % 25 E
-150-100 -50 0 50 100 150 200 250 300 E 2= E
TOF,,-TOF (ns) || 5 5= E
c 1= E
g8 05 E
T 2 4 6 8 10
Esum(MeV)
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4.3 TAC background subtraction: fission (FC)

Fission subtraction in the FC setup

[ Hermetic sockets (SMA) ‘ Targets ‘

Output sockets
(BNC)

&

Fission tagging

L L B | T [TT T[T rrrrrorrrt

' LEET) mcr>1
{ §i —mg>2,25<E_ /MeV<8.0

———————————————————

A
’
-
L1 Llll

o
I*, Post-Fission
bl e Background
! . .
|
I
|
|
|
|
I

e
iy

A e P ot

S

Counts/7-10'2 protons
3
/

random
10° = coinci :
= coincidences

. e

'ea-f‘

___________________

-150-100 -50 0 50 100 150 200 250 300
TOF,-TOF_, (ns)

il
|

Fission tagging
coincidence window

+20 ns

It covers practically the full prompt-

Coincidences between FFD and TAC fission peak while minimizing the

probability of tagging non-fission ev-
ents (<<1%). Consistent with previous
fission tagging measurements.

PFB

— Post-Fission Background

Fission-related counts with AT>20 ns up
to 3 us.

Fission tagging enables the extraction of
the PFB E,,, and count rate distribution.

Attributed primarily to fission neutrons.

E.,m prompt fission spectrum under

different m, cuts
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3.3 TAC background subtraction: fission (TS)

Fission subtraction in the TS setup

General idea: to use the results of fission and capture that were accurately measured in the FC setup below 200 eV.

Followed approach:
1. Subtract all known non-fission backgrounds (excluding also PFB) and divide by the neutron fluence to obtain a quasi-yield Y*.

2. This quasi-yield can be reasonably interpreted by a linear combination of the capture and fission yields:

We know / / We want to know
Measured in the o R

.......................

Tsseup | Y (En)|= Ay,Téyy,Ts(Eni + Ap1s¥r,rs(En)

e / ....... - Extrapolate to the rest of neutron

——— _ energies using the found 1, s and
Coefficients related with capture and i (constant) values
.. . .. . F, TS '

fission detection efficiencies Ve rs(Ey) is taken from the FC setup:

» Derived from the RPs for the

Restricted below 200 eV at selected resonances resonance region.
( ( / * Directly from the measured vyield
with the FFD above 2.5 keV.

........
““““““

2

Y (En)] :'-::.:/Ty,T%{Yy,TS (E n)] +2FTS{YFTS (E nj

0
.......

Ayrs and Az s can be determined by

matching the experimental and Yields derived with SAMMY using
expected capture yields in these RPs from the FC setup
resonances.
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3.3 TAC background subtraction: fission (TS)

Results for the optimal

coefficients

Resonances
included in the fit

° T

2 0.6}

> 014"

Q _

S 0.12:—

2 0.1

S 0.08-
0.06-
0.04-
0.02-

0
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&

Fission subtraction in the TS setup

@ A = 1,038(31)

AT —1.038(31)

7

Result on the fitted yield resonances, /

N\
N
S

o 3. 0<Esum/MeV<8 0 2<n'y <5

—I— I/'I/ TOF
/FISSIOI‘I

i =L (n;y) SAMMY

iy
N
III|III|III|III|III|III|III|III|I

. . .
- | J [ = |
I I IS e I I I

70
Neutron energy (eV)

me

Excellent compatibility between TS and FC
capture yield even in resonances not used for the
optimization problem with large fission — obtained

fission bkgd. for higher energies.

Result on the fitted yield resonances

R 3 0<Esum/MeV<8 0, 2<m, <5

\ "‘_‘ —I— n TOF
N Fission
N i —(n;y) SAMMY

%

Resonances
NOT included in the fit
X K\
L) "\ B
@ O F
> 0.251
e b
= 0.2
s
o 0.15¢
0.1"
0.05"
o

76

|‘.75 1
Neutron energy (eV)

35




4.3 TAC background subtraction: fission (TS)

Fission subtraction in the TS setup

Result on the fitted yield resonances

« Obtained fitted scaling factors (change 3.0<E, m/MeV<80 2m,_ <5 Resonances Ted N G O

from the expected values for the

o) = . : T 1 1 I i . . —
efficiencies taken from simulations and 2 8':2; ;" o i-7 Incliged in'the it f?g’rtr?'“l‘fg SZZ't'Sg t?g/i':ﬂsl\'/f?fh?ﬁg
c phd -~ H: — (nyy) sammy - .
FC data): £ 012 11 - E Resonances PFB is then determined from the
1, min & 01 .1l a0 1 . : . obtained prompt-fission using the
AN 2 = 1.038(31) § o008 [y1-77 .=~ Includedinthe fit = Fc resus.
ﬁ> . 0.06~ iy | SR ; .
ep = Apép ,171?}”1 = 1.038(31) 0_04?:_.-' A [ E// _ Resultin E. ., using shapes from FC data
0.02- | 2 @ 2<mcr<5 0 20 0 40 eV
0_ et AN |“','.‘ . 5 = T =
Results for the X2 function (to be minimized) 55 60 65 70/ k= - —Total §
12 — 7 ASey, Neutron eneu{y (eV) S 1oL R
- ] o = —Fission =
151 EA 3.0<E, ,n/MeV<8.0, ;'<m <5 o - .
110 E % 0'35 S £nToF S g 1 3 —PFB E
1.05F- E > 0.25° L e AMMY ] N~ - —No beam -
E 3 = c : : ] X 10—1 - -
1= - 3 3 0'2:_ E E ]
0.95 E 25 § 0.15- 3 E 102:_ _
0.9F 3 0.1 : = = ;
- E ¢ E e 1 ) Al
0.85[ . 0.05- 7 c 10°=
C R . 3 S voof ‘ ] = —
09 095 1 105 14 115 18 0 wa TmE 78 8 0 5 10 15
Ay Neutron energy (eV) E..n(MeV)
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3.5 Pile-up correction

Observed pile-up effects that depend on the time-of-flight (neutron energy) within the same pulse, reproducible with artificial data buffers
with sample signals. Same method as in previous measurements with the TACI,

Validation with experimental data TS setup

Able to reproduce gain shifts and data losses. « Significantly larger corrections than in the FC setup,
especially for E,>2 keV (up to 15%).
* Low intensity pulses: corrections below 2.5% up to 10

Comparison of Eg,,, prompt-fission spectra between experimental
data and pile-up model at 1-3 keV.

keV.

. mcr>2 !1709"'03 .- 309"'03 ev | Efficiency curves with high and low intensity pulses.

S 0140 | ' E 3.0 < E,,,/MeV < 8.0
q’ A . - . 1. - Ly | 90:"““‘ R L DL L) DAL I
E 0-1 2 L ] o\o E .
X - +EXp. - = 80 ___ =
- = = m
s 01 —Model e e
2 0.08) E S sob S
N B ] .“— g 3
2 0.04- - 30, <
g - ] 205—m >0 -m.>1-m.>2 -m.>3
g 0.02- E O Lowint, "

0~ e - 10" 1 10 10> 10° 10*
5] 10 15 20 Neutron energy (eV)
Esum(MeV)

TS capture yield was measured using only low-intensity
pulses to minimize pile-up corrections.
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4.4 a-ratio: comparison with evaluations (and exp. data)

x10°°
-9 7507 T T T T T T T T T T T T I T ] -9 - T T I T 1
: e +n_TOF —ENDFBVILO & 121 +n_TOF —ENDF/B-VILO — : :
Better agreement with | & 700 JEFF-3.3 - ENDFBVIL1 — & 10— JEFF-3.3 - ENDFBvIL1 —| | Regions  with  large
ENDF/B-VIII.1 at 0.3 650 = 8- | errors due to counting
eV, and 3-4% below B ; N . — | statistics (valleys in
the other libraries. S00¢ E aF | fission and/or capture).
This deviation is driven | **°[fl ‘ h E 2 L | No \r/]aluable informa-
by the difference in the | soof| | e 0 tf [ Hon there.
fission cross section. o 105 “ ﬁﬁ ﬁ‘i% —— j% T2 o s ‘ =
Residuals and ratios calculated & 5 0.95151 [ 1 Jﬁ“ﬂfﬁm}? %%"’*@“**mmmw ++%+%++T¢ﬁ“fﬁ T 1L HE :ﬂ”_: _g £ B D g b =
relative to ENDF/B-VIIL.O 0.1 e o ed  0s T - [/ '
Neutron energy (eV) Neutron energy (eV)

Comparison with experimental data

Energy resolution

New dataset for a-ratio || possible, n_TOF data show
with smaller uncertainties || slightly higher energy resolution
for the 0.3 eV resonance. || than Mosby 2014 data (starting

05

2 F T ° 2  16f T
g 08 E First resonance . . g 6] oo
5 o E and discrepancies | OTOr e
o 14— @ 0.3 eV _ _ 120 —ENDF/B-VIILO
0.6 = Where the comparison is \ :
c ] 104

04

03~ ? Bollinger 1958 1 Compatible with Brooks || at 10 eV). There are regions with

0.2 ¥ Brooks 1967 . . . . .

2 — ENDF/B-VIILO : 1967 data in the tails but || agreement but also regions with

s with more precision. significant  discrepancies  be- a0 4 's0 7 85
Neutron energy (eV) tween both datasets. Neutron energy (eV)
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