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Probe: PHOTONS (v, X)

Active nuclear measurement: from signal to

quantification

ACTIVE NUCLEAR ASSAY

Non-Destructive Assay (NDA)

LINAC / Accelerator Generator / Isotopic Source

[

High-Energy Imaging Neutron Imaging
Radiography / Tomography Transparency to metals / H
Photofission (API) Active Coincidence Counting
Active detection (U, Pu) Fissile Quantification (Mass)

Nuclear Resonance Fluorescence (NRF)

Photon Activation Analysis (PAA)

Specific Isotopic Signature High Sensitivity (Waste)

Probe: NEUTRONS (n)

Differential Die-Away (DDA)

Activation (PGNAA / PFTNA)

Elemental Analysis Stoichiometry / Chemical Analysis

\_

Industrial applications
Nuclear waste
o Border control
characterization
—~— p—
W

Photon source Object Detector Signal Inverse model (QITET)1414%
Linac, ICS, LPA waste, U/Pu delayed neutrons time counts nuclear parameters mass, ratios, signature

Nuclear data

o4f(E), oyn(E), ai, i, covariances

[ Active interrogation needs models to transform signals into quantities. ]
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Photofission and delayed neutrons

d*— Ve L] L
o R, A Delayed neutrons as a time signature
y delayed 1
Incident photo é/Y W Photofission produces neutron-rich fission fragments.
s prompt ~y . .
A small fraction of fragments emits neutrons after 8 decay.
= prompt 7y .
ggl; b o7 @I ) Hundreds of precursors can be represented by a few effective
7 o 9 groups.
prompt n !
1. Absorption 2. Deformation 3. Scissioo 4. Relaxation ,!
Excitation via the Giant  Elongation and necking Asymmetric fission and [~ decay of the fragments
Dipole Resonance (GDR) (Nuclear fluid) prompt evaporative emissions  and delayed emissions 2250_300 6 (0] 8 8
precursors effective groups
10~20 g Saddle point 1074 g >10"%s
Time
Double humped fission- fragment mass- yleld distribution ISOtOplc & Energy Dependence
EsTegin %@?é“;%%r Variable Yields: Different actinides do not produce the same

proportions of Bn-precursors.

Energy Dependence: Incident photon energy spectrum dictates
the final precursor population.

Exploitable Signature: This dual dependence allows for the
separation of signatures between different fissile/fertile materials.
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3 V' 'Analytic schematic, not evaluated FY data
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Mass yield Y(A) (%/fission/mass unit)

e £ o6 v Delayed neutrons provide a time signature
L BT L £ TR0 linked to fission fragment populations.
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GROUP
PARAMETERS

State of the art

NORMALIZATION

Reference Extraction method Photon source Actinides Best use / limitation
Nikotin & Petrzhak Grgrqup effective Bremsstrahlung 2:2Th, 233, Hisllorical benchma(k; : Cu rre nt Li m itations:
1965/66 multi-expenential fit 15 MeV o R ) limited methodological detail . . .
» Sparse and legacy literature with highly heterogeneous
Kl 2 A Bretmsnmbing ooy o el sources and samples. _
* Low transparency in parameter extraction methods.
Doré et al. Sequential fit + - ELSA linac 23y 232Th CEA PhotoNuc reference
2006 ABLA/CINDER summation <20 MeV 4 below 20 MeV
ggrzéozgal. PhoéoNuc synthfsis a:rr:jss %S{«gli&acv "?'Lrjh, ?"';U, Best cross-actinide Mai n KnOWIedge Gaps:
i iati unti i - 238y, 237 4 i .
USSR ) ’ comparEen « Complete absence of covariance matrices (modern
g:ggary et al. ?-group ﬁ: of %SA I(;nlaﬁc eV 25y, 27Np {Con_r;p’!ements PthqzoNuc for Standard)
ime spectra an e 4 issile/minor actinides N . - . .
« Beam monitoring: No beam stability tracking for short-lived
Sari et al. 6-group fit + 8-group fit SAPHIR linac 238 / depleted U Closest dataset to 9 MeV grou pS .
2023 with fixed Spriggs half-lives 9 MeV 241 g active interrogation . . .
* Bremsstrahlung data: Available data restricted to conventional
IM;Gszcati & Goldemberg ;I/'&i);?dl delayed-neutron gzet;tersn 238, 232Th ?:{Erac;:fgtcigg;ceafstr:mce; ||naC source. . . .
» 8-group framework: single reference standard (Sari et al. in
- A o A s, e hoxaroup consanes photofission)

o Doré et al. ]
Nikotin Kull Macary et al. Sari

15 MeV 8 and 10 MeV 15-18 MeV 9 MeV
(ELSA)

232Th, 235U, 232Th, 235U,
238U, 239|:)u 235U’ 238U 238U, 237Np 238U / DU

1965/66 1970 2006-09 2023
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N\
U-238 relative yields

45 T T § T T T
I ® Kull 8/10 MeV avg. PhotoNuc 18 MeV
40+ # Nikotin 15 MeV ? ¥ sari9 Mev -
The dominant group remains Observed pattern | B Promlucishey o 3t
near T./> = 2 s, but several ai « G4 (~2 s) carries ~31-41% across %30_— "
differences exceed quoted datasets ;7’2 |
T * The shortest groups G5/G6 vary strongl :
uncertainties. 2 .:} — i
21 compatible [ 1 tension ] ® 15 *uniy, 1 - A
Q H y
Pairwise tests where both 10 * .
11>30 uncertainties exist 5'_ LA
I OIan! . . . . I
0 Gl G2 G3 G4 G5 G6
. . . . . ~55s ~20s ~5s ~2s ~0.6s ~0.2s
Actinide fingerprints at 15 MeV endpoint _ Delayed-neutron group
| T T T T T § 2I32-|—h
40+ B 235U A
i - e All actinides peak near G4 ! : 2
Same-source comparisons - Fertile 28U haz a stronger short-lived 5[ e : % I} s o]
leaner: changes mainl . ¢ g ol |
are ¢ o 9 Y G5-G6 contribution than 25U and 2"Np & 30} -
reflect actinide-dependent - Thorium differs most in the long-lived = s/ i
fission-fragment yields. and short-lived groups > 20} LI ]
> x
] A
Practical use g ¢ |
10 b
Useful for qualitative isotope fingerprints, e e % * A
but absolute quantification needs source- T = * ]
specific calibration. 01 G2 G3 G4 G5 G6
~555s ~20s ~5s ~2s ~0.6s ~0.2s

Delayed-neutron group

Data: Kull 1970 via PNNL 8/10 MeV average; Nikotin as quoted by Doré et al., ND2007”, ; Sari 2023 at 9 MeV.
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In this work, we propose...

A pilot 9 MeV 238U photofission Data Pipeline

I I I 238U pilot data
experiment with traceable Bayesian U 238Upilotdata
. . time spectra
Inversion.

. £ . . Cyclic windows

Scientific motivation t) “yeew _

multi-scale time sampling

Heterogeneous

@ literature

Published photofission yields come from different sources, Forward model

samples and extraction strategies. Full covariance is not available. Bateman kinetics + pulse-history
source normalization

Traceable Bayesian
inversion
®

Explicit forward model + joint Bayesian fit, P BayeSIan_ inversion
with assumptions and correlations carried through the analysis. HOME ST G PRIETIEE 52
Uncertainty-aware Brelimi
relimin r
e Output Q) g oy group
Preliminary group yields reported with yle. : o
. . relative ai, posterior intervals and
posterior intervals and covariance. covariance
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.
Ex p e rl m e n t a I s e t u p «  Batched disk I/O, PC/FPGA drift monitoring
» Time resolution: 10 kHz sampling (100 us bins)
grouped into 10 ms network frames.
* Discrimination (-15.7 / -8.0 mV): hardware
amplitude thresholds for pulse detection and event
& 2 counting across channels.

LINATRON M9

electron linac and

10 x *He moderated detector

4 )

h i t l . t]" i t outer C iner/filter 1s1t1
bremsstrahlung converter RELEODNEL “SAMIE BOOOILY. e g MONACO acquisition

PE n

4 input channels, CH1 used

VAREX
LINATRON

photoneutrons & fission neutrons.

. J/

) i ’ *He moderated setup
i with state-of-the-art EM
shielding.
- i . Control and acquisition PC
Tektronix AFG 3000 shot sequence control

o 4 y and event/count storage
timing master / trigger

control

<_ __________ cH1 142 cps
_ -

— MeV bremsstrahlung photon beam — detector signal
- - - trigger / control — data transfer

PCB developed to

connect multiple *He
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Irradiation plan:

Use several cyclic acquisitions to probe different delayed-neutron
time scales while preserving statistics.

Target Cycle Repeats
I Short groups 1sONat200Hz | 5sat1Hz ~50 min x500
I Medium groups 20sONat200Hz | 40sat1 Hz ~50 min x50

| | |

Long-group mode: no 1 Hz ping during counting, to keep the decay window clean.

1 Hz is out of manufacturer specs ‘ Beam-monitoring

Linac constraint: True beam-OFF (> 1 s) triggers an automatic
interlock fault, preventing standard ON/OFF gating.
1 Hz ping solution: Sustained during decay windows to keep the

Linac active.

Our electronics died
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Temporal Structure of the Detected Signal

Counting rate

LINAC pulse ~-flash 4 *He recovery time (~ 100 ps)
Fe==/0) — Signal satura}tion

1
Thermalizdtion of prompt
neutrons an photoneutrons
(Duration ~ 1 — 2 ms)

1

Photofission delayed neutrons
(Nearly constant emission at this scale)

Taux (cps)

Analysis window

At (Retained and discretized signal)
— >

+10 Poisson
Fenétre photoneutrons
Début retardés

~"
Prompt zone

Time ¢ (ms

Temps relatif au pic (ms)

« Beam normalization: Prompt signal
integral used to monitor LINAC as a
proxy for the number of induced
photofissions.
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Timing chain

@) peak detection, panel (d)

OS-jittered: 432-45 ms
40.05 ms, negligible

rare stalls >200 ms

@ command gate, panel (c)]

H§B commaprd N

(ON/OFF gate) AFG frigger pulse . deldyed neutfons counts MONACO / FPGA
PC / host ) Linatron M9 delayed-neutron acquisition
-= =P Tektronix, quartz hotofission irradiati ot et .
0OS clock 200 Hz / 1 Hz photofission irradiation etector 100 ps bins
) hardware time base

@ pulse timing, panels (a,b)
AFG quartz + metronome
coherent, £0.1 ms (1 bin)

@ FPGA-timestamped data — stored on PC
relative to PC logs: £0.1 ms
PC absolute clock only, not used for physics

Only the command path is OS-jittered. Pulse generation and counting are hardware-clocked;
physics analysis uses FPGA timestamps and the AFG timing reference.
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Timing chain: identifying the dominant latenc

source

Latency sources

* 1 Hz pulse train is stable once the gate is defined.

» Peak detection jitter is negligible compared with the
bin width.

* Dominant uncertainty: software/USB gate latency.

* Heavy-tail delays can reach the 100 ms scale.

Final campaign

Low-latency Python control:

» dedicated core, elevated priority,
no GC or blocking I/O in critical gates,
pre-allocated buffers and monotonic timestamps.

mmsm short groups (1 s ON /5 s OFF)
mmmm medium groups (20 s ON / 40 s OFF)

0“i(a) 1 Hz train phase-locked to the gate (IQR = 0.1 ms = 1 bin)

103

=
o
©

pulse position — gate, deviation (ms)

count (log)

-
o
A

10°

1 Hz pulse index k within OFF phase

(c) Only real jitter: USB-commanded gate (heavy-tailed)

survival fraction P(> x)

q == short gate (IQR 32 ms)
= medium gate (IQR 45 ms)
==+ 0S scheduling latency

tail reaches

~200 ms

200 A

150 A

count

100 A

50

|deviation from median| (ms)

102

(b) 1 Hz source is a metronome, with rare slips

p1-p99 = 999.8-1000.2 ms
(IQR = 0.1 ms)

B short (n=1790)
- medium (n=1291)

rare phase slips
(~0.1 % of pulses)

800 1000 1200 1400

1600 1800 2000

consecutive 1 Hz pulse spacing (ms)

(d) Peak detection is negligible (« 1 bin)

x% bin

=0.1 0.0

W short: std = 0.047 ms
B medium: std = 0.046 ms

01 0.2

peak centroid — argmax (ms)
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Beam Stability & Monitoring

Beam stable over 60 min - 1s ON/5 s OFF - 595 cycles Stable at 20 s / 40 s after start-up - 34 cycles
1.10 4 L -
1.05 A
1:05;
§ 1.00 % R I e e s =
E_ 0.95 LR N A . g 0.95
i + 200 Hz B 200 Hz
[=% 14% below Q 15% below
g |1Hz g 1Hz
s 0.90 s 556
-3t el L b e L Observations
0.85 : it i e = % e ™ '3 % el L s ol s i Bl o g e g 2 s e ol il s e e e il i e gy i o ]
0.85 - . agn .
5 o % » P % P 5 e . « Linac stability: Constant output during the
e en fmm e men fm beam-on phase, limited by Poisson
srzeng(monton - 2OWPOR B wenepled) statistics (negligible drift of +0.9% over 60
200 Hz prompt 14% below 1 Hz - 1 s ON/5 s OFF 200 Hz prompt 15% below 1 Hz - 20 s ON/ 40 s OFF mm)
®1 e 200 Hz ON (n = 117,211) H ' 71 w200 Hz ON (n = 139,568) : : ’
| {m-_1Hzping (n=3.137) - 1Hzping (n = 1.366) -15% | + Ping phase shift: Prompt signal is ~15%
64 . . .
i higher during the 1 Hz ping phase
°] 51 : compared to the 200 Hz irradiation (identical
251 2 behavior across all runs).
2 54
B 4 o

0.6 0.7 0.8 0.9 1.0 1.1 1.2 0.6 0.7 0.8 0.9 1.0 1.1 1.2
prompt amplitude per shot (a.u.) prompt amplitude per shot (a.u.)
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e

Forward model: full pulse history to expected cou

Full recorded pulse history — Bateman — one joint likelihood over selected bins

1. Full pulse history Full-run forward model (t, gx) —» Hm,;i —P  Hm,r

t Measured pulse times and relative source
( k, qk) weights for all pulses.

A real pulse history

[ Not an averaged cycle. ] ON: high-frequency pulses sparse PING pulses o) PING
qx
2. Bateman response
—Ai(t—ty)
Hni=|]. e Mt dt
m,1 binm Ak B Bateman response

k: te<t

=== fast groups

= ntermediate

Each bin receives contributions from all previous
pulses.

[ No reset at cycle boundaries. ]

C expected count rate
3. Expected counts
Hm,r=brlivem r+ K2 aiHm, i r

I
ym’ r~ N B (l‘lm, I 9,_’ p) xpected binned rate subtle ticks: prompt-masked live time

All selected bins x all cycles x all runs.

Bayesian inversion: MCMC samples parameter sets {ai, K:, br, 0} — posterior intervals and correlations
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Model reconstruction across time scales

A Short run: folded cycles B Medium run: representative cycle
16000 A 35000 ON & = posterior mean
O e observed
14000 - 30000 -
(] i (] PING
é 12000 ; 25000 -
T 10000 - 7
Y L 20000
o 8000 (0]
© © 15000 A
_E 6000 - E
v} o
2000 A | | | | 5000 -
0 -
T T T T T 1 0 T T T T T 1
0 1 2 3 4 5 6 0 10 20 30 40 50

phase time (s)

Short window

Medium window

time since cycle start (s)

Early decay carries fast-group information; the G5/G6 split remains
sensitive to early-time treatment.

Build-up and decay tails constrain intermediate and build-up of
slower components.

60

count rate

group rate

group rate

W

Group contributions and representative build-up / decay

>

Group contributions

= G36.2s ~——— G423s = G50.61s

= G60.23s

10000 Slow tail

5000

(s~ live)

I T T T T T

0 10 20 30 40 50

6

0

6000
4000
2000

(s71 live)

0

N
w
D
9]
o]

0 1

C Build-up / decay

30000

20000 Slogv tai

(s71 live)

10000

0+ T

T T T T T T
100 150 200 250 300 350

time over representative medium cycles (s)
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Relative yield, a; (%)

Results

2381 photofission: six-group relative yields

45 A
® Kull 8/10 MeV avg. 4 PhotoNuc 18 MeV .
M Nikotin 15 MeV V¥ Sari 9 MeV v short-lived groups:
401 A PhotoNuc 15 Mev @ This work 9 MeV large literature spread
A®
[
35 - &
O
30 A
25 A &
20 A ¢ &
A OmA
*nte i ‘v .
15 A \ 4 v
+ v
10 A (] "
4
57 +
° * . o . . .
HAOY This work: preliminary fixed-half-life NB posterior; not final evaluated data
0 T T T T T 1
Gl G2 G3 G4 G5 G6
~55s ~20s ~5s ~25s ~0.6s ~0.2s

Delayed-neutron group fixed half-life

G1+G2=15.8%
G3+G4=55.2%
G5+G6=29.0%

Observations

Slow-, intermediate-, and fast-group sums
are broadly consistent with 238U
photofission literature.

Differences are amplified when splitting
neighbouring effective groups.

Current data constrain the global delayed-
neutron time structure.

Final group-by-group decorrelation
requires additional irradiation
windows.
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Discussion: posterior correlations

and model chec

300 4+
1. Parameter identifiability
200 + corr(alphal, alpha2) = -0.984
100 13.5 :
0 -
- 13.0
g 1 g
e ke
S i °
12 i ~ 12.5
[ S B R - ©
2. Posterior predictive check
20.5 S 1 s T512-16.0%
—_ P 12.0 .
& 2001 ’ . Global checks are close to unity.
S 105 1 The early short-cycle window shows the largest
11.5 T T T T T T T T i i
' ' ' 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 dlsperSIOn
36.0 L 4 e G1 yield (%)
% 255 ] G1/G2 are strongly anti- Posterior predictive check
S ; 1.15 |
sl TR correlated.
T T T
] 1.082
24.5 4 - 1.10
o
= ko
X (]
T 24.0 g 2 1.05q 1.028
s . 1.012
P I 0.998 1.002
T T T T T T T T g 00 e — @-———----—--=—==-- ,_ __________________________________ i
(0]
: (O]
< o
—~ 4.8 1 — - e -
8 \ 0.95 -
- '
4.6 - = & L 78
T T T T T T T T T T 0.90 T T T T T
25 3.0 35 12 13 19.5 20.0 20.5 35 36 24.0 24.5 4.6 4.8 medium medium short short short
a1 (%) @ (%) as (%) a (%) as (%) as (%) ON PING ON EARLY_DECAY PING

Johann Piekar

run and phase
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| Limits
Validated pilot workflow — not yet a final evaluated nuclear-data measurement.

Inference / identifiability Experimental / physics systematics

Slow-group degeneracy Secondary fast-neutron fission

G1/G2 are strongly anti-correlated.
Current data constrain the slow component
Si12 = a; + ay, not a final G1/G2 split.

A few-percent (~3%) contribution may come from
secondary fast neutrons in the massive sample.

— long irradiation + clean beam-off decay — PHITS estimate + lower-mass references

Fast timing window Residual 23°U contribution PHITS model used to estimate the fast-neutron contribution

G5/G6 depend on the first seconds after ON.
The early post-ON phase was tested separately;
fast-group yields remain stable.

Small isotopic contribution (<1%) from residual 2%°U
content may affect the delayed-neutron mix.

— cleaner short-cycle transition — include isotopic composition in forward model
Fixed group basis Detection efficiency model

Fixed 6-group half-lives in this pilot analysis. Current analysis assumes one effective

Group yields may depend on the effective basis. delayed-neutron efficiency for all groups.

— compare 6-group vs 8-group inversions — test group-dependent spectra / detector response

@ Bayesian Inference of Delayed Neutron Multigroup Constants: Application to 9 MeV 238U Photofission - WONDER 2026
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Conclusion & Perspectives

What this pilot demonstrates Next campaign

Long irradiation + clean beam-off decay
— decorrelate G1/G2

Traceable inversion workflow
for pulsed photofission delayed-neutron data

Cleaner short-cycle timing / controlled ON—OFF transition

Full pulse-history forward model — refine G5/G6 early-time constraints

o
+ Bayesian NB inference
o Preliminary group relative yields — assess model-basis effects
with posterior intervals and correlations
Lower-mass / reference samples
Main time-scale components recovered — quantify secondary fast-neutron fission
o

neighbouring-group splits remain preliminary
Additional actinides

— isotope-dependent delayed-neutron fingerprints

‘ Fixed 8-group comparison

Bayesian Inference of Delayed Neutron Multigroup Constants: Application to 9 MeV 238U Photofission - WONDER 2026
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Reécapitulatif

Overview of 6-group delayed-neutron relative yields

40
238U | Kull et al. (1970) | 8/10 MeV avg

238U | Nikotin & Petrzhak (1965) | 15 MeV 35

Posterior group yields

238U | Doré/PhotoNuc | 15 MeV 3
30
238U | Doré/PhotoNuc | 18 MeV 30 1
2 5 25
238U | Sari et al. (2023) | 9 MeV 25 - <
©
- T 20 -
:
235U | Kull et al. (1970) | 8/10 MeV avg = S 154
20 o
g 5)
235U | Macary/PhotoNuc | 15 MeV F 181
[0
15% >
235U | Macary/PhotoNuc | 18 MeV
0 _

G156s G223s G36.2s G423s G50.61s G60.23s

232Th | Doré/PhotoNuc | 15 MeV 10 group; fixed half-life

232Th | Doré/PhotoNuc | 18 MeV

237Np | Macary/PhotoNuc | 15 MeV

Gl G2 G3 G4 G5 G6
~55s ~20s ~5s ~2s5 ~06s ~0.2s
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Raw prompt integral (counts per prompt window)

Phase ON ?

Raw prompt integral during ON: one marker is one 200 Hz pulse

1sON/5sOFF

20 s ON /40 s OFF

360 - S
340 7 e -
I} e 00 e oot 1 AN LI g S G TP
° .‘“ W'W
320 A '. ,.'/
o o
° L4 14
’ }
300 4 3
$
H
i
280 - ON start-up 4 ON start-up
reference plateau reference plateau
16-84% across cycles 16-84% across cycles
260 - * mean raw integral (597 cycles, 119400 pulses) mean raw integral (34 cycles, 136000 pulses)
---' plateau median 333 ---' plateau median 340
0.0 0.2 0.4 0.6 0.8 1.0 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

Time since ON start (s)

20.0
Time since ON start (s)
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MCMC benchmark: uncertainties and covariances

al = 0.04+3:9%

i MCMC ~1% —_—
—mB— Sequential

Lm 100 | —#— Iterative NNLS
a2 = 021338 i —§— Global NNLS /

a3 = 0.19*399

I

A

a1
o)

9, o, o, o, ©@
%, ° 2 2 ?
o v Y6 Yo

b
= g
.g
e
*
.\.
a— |

(|Relative error|) (%)
o

®

i

LHL

& = 1 r

& __4"I|J a5 = 0.139%

& ' Jﬁﬂl

& 1 @% | L 1 1 L
n & v _ . :

Ak (& J i H\ G1 G2 G3 G4 G5 G6

& = oo - 003183 Delayed neutron group (slow — fast)

s@“’ 1 1 ' .
8 a1 NGB : i ?? - J Why this matters for nuclear data

& 4 ’ s If several combinations of aj and A explain the

& data, this is not a failure of the fit: it is valuable

LTI T T FIF TS PSS LTSS information, captured by correlations and
« @ « as a6 covariance matrices.
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Why the FPGA clock matters

FPGA-anchored (this work)

= = = =
o o o o
T Y T E)

stacked rate (cps, log)

—
o
o

——- delayed-neutron decay (the signal)
—— stacked counts

=
o
™

Drifting PC clock

106

105 4

104 4

103 4

stacked rate (cps, log)

107 3 cycles accumulated: 1/200

accumulated drift: 12 ms

——- delayed-neutren decay (the signal)
—— stacked counts

10! T
0 1

T T
2 3
time since end of irradiation (s)

Drift exaggerated ~6x for visibility

1.00

0.75

0.50

- 0.25

- 0.00

- —0.25

-0.50

-0.75

-1.00

aq a> as Oy as Qg
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Forward model: from source history to expec
counts

Signal model used by the forward simulation

/,Lk; — bk; —+ Z Az / [S(t) ® G_Ait ® hth(t):| dt Sequence A
8 Aty

Data
200 —— 12D model (x1.0)

where h_th(t) is the thermalization kernel. 200

o

200 400 600 800
Sequence B

— Data

ny, ~ Poisson (’Au [€ (hen * D, aidiN;(t)) + D] (lf) - — 12D model (x1.0

20

Short cycles: 1 s ON /5 s OFF Medium cycles: 20 s ON / 40 s OFF 10

unfiltered unfiltered

—— 1 Hz prompt-masked —— 1 Hz prompt-masked
Poisson 1o
excluded early region

o

10 20 30 40 50 60

Sequence C

30
Data
—— 12D model (x2.0)

25
20

4
10 15

10

Rate per cycle (cps)
Rate per cycle (cps)

(-]
~
-
o
o
5

0 1 2 3 4 5 0 5 10 15 20 25 30 35 40
Time after effective EOI (s) Time after effective EOI (s)
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Results

Delayed-sensitive ON/OFF timeline: true cycle-to-cycle =10 envelope

= 1sON/5sOFF 20 s ON /40 s OFF
% : ON start-up ON start-up
= 50 A i excluded 0-250 ms E i excluded 0-250 ms
Q ON =10 across cycles ON 10 across cycles
g —— ON inter-pulse (3.1 ms /5 ms) | —— ON inter-pulse (3.1 ms /5 ms)
c OFF +10 across cycles (20 ms bins) i\ OFF +10 across cycles (100 ms bins)
8_ —-== OFF prompt-masked 7 ‘\\ —== OFF prompt-masked
4] S EOI 1 X | e EOI
c : : \
g { 4 N
) i N
= f h
o ‘‘‘‘‘‘‘‘‘‘ T \\‘\
3 ~~~~~ Nl \"\.\v
5 - T
= H -\
g 2 i i «\AJ\I\,\’“"“
0 { o,
| H Newtoa, |
© i
g i
& 1 1
q) I. T T | 1 T I T T T 1
a -1 0 1 2 3 4 5 =20 -10 0 10 20 30 40
Time relative to effective end of irradiation (s) Time relative to effective end of irradiation (s)

Fit / Inference:

+ ON — OFF transition confirms a viable delayed signal.

* Short cycles primarily constrain the fast components.

* Long irradiation is required to resolve slow groups and
obtain interpretable MCMC covariances.

* Ping contribution subtracted via interpolation
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Suggested 15-minute storyline

A possible structure that keeps the audience in the funnel from application to method to experiment.

0-2 min
Context
active interrogation — photonuclear data
requires a model are heterogeneous

Opening sentence

“Moving from a detected signal to a quantitative
estimate requires an inverse model and reliable

nuclear data.”

5-7 min 7-10 min
Inverse .
bl Experiment
' probiem —_— 9 MeV 23U
fit delayed-neutron photofission setup

group constants

Do not present it as bibliography.
Present it as the reason why a transparent fit is
needed.

10-13 min 13-15 min
Results Limits
. p osterlgrs, . biases, calibration,
correlations,
next steps

literature comparison

Final loop
Return to active interrogation.

Better data and models make novel sources
quantitatively useful.
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Cyclic summation

Prompt Pulse
(Neutron source)

Delayed Neutron
Counting Window

i Time
Detection bin

i

| | I

| | I

| | I

I I I

| | I

1 1 1

Pulse n Pulse n + 1 Pulse n + 2 Time

T : :
Interrogation Period T’ ' y

| |
| |
| |
| |
| |
L L

Resulting Decay Histogram e p

Counts il o
- __----"" Cyeclic Summation:
- Events from all pulses are
aggregated into a single
decay curve.
Ntota.l(t) — 221:0 Npulse lc(t)
Time after pulse

I
t =10 t= T\\'indow
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Decay constants vary less than yields

TAKEAWAY T T T I I I
. ® Kull 8/10 MeV . PhotoNuc 18 MeV
Ai values are more compatible than a;, ¥ NliJkotin 15 ;e\fvg % Sa(:i g IVLIJ:V © ilff
but not perfectly invariant because ®
. . A PhotoNuc 15 MeV
the groups are effective aggregates. —~
lg 100 . | I{! .
Compatibility result =
c ona®,
. : ©
23 compatible [ 4 tensions ] it
C
4>3c S . o I‘;
> 107°F E
- -
* Fitted A and a are correlated in six-group 5
models ] ®maio¥
* The 8-group model fixes A to the
Spriggs/JEFF-type basis
omio”Y
1072k | | ! | ! l -
Gl G2 G3 G4 G5 G6
~55s ~20s ~5s ~25 ~0.6 s ~0.2s

Delayed-neutron group
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Forward model: full pulse history to expected cou

Real pulse history — Bateman response — joint binned likelihood

1. Full experimental pulse history

Real pulse history: (tx, k)
for all pulses

qr

I l R

time

ty tz tk
cycle 1 cycle 2 cycle 3 cycle 4

[ measured ] [ relative pulse ]
timestamps weights

Use the complete recorded sequence of
pulses, not idealized 200 Hz / 1 Hz cycles.

Timing irregularities and source fluctuations are kept
through (i, gx).

Forward model
ON PING

111 o O O

=
o

weight
o
o

source

= o
o o

relative
response
o
«

: Hilt) —— Slow tail —— Fast groups

¥ o
°

expected
rate
o -
w =
%
3

time (s)

2. Bateman response matrix
= /b inmS,~(t)a,’t
Si)= X qee”HtW

k:t <t

groups i

Hm,i

=
=

bins m

Z=
,f/&?

® & ® @adh binreceives all previous pulses

Fixed half-lives — group response Hm,i.

Cycle-to-cycle build-up is naturally included because
the populations are propagated over the full run.

[ no reset at cycle boundaries ]

Hm,i=/bin mk<t} qke—Ai(t—tk)dt

Bayesian inversion: MCMC samples {ai, K:, br, 8} — posterior intervals and correlations

/|

3. Expected counts & likelihood

Km,r= br livem, rt Krzai Hm, ir
i

binned expected counts p

prompt-masked live time

Ym,r ™~ NBOflm, rs er)

ai: group relative yields  K:: run normalization
br: run background livem,r: live time
Hm,i,r: response from real pulse history

or 6r,phase

One joint likelihood over the full binned
dataset.
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Merci pour votre attention!



