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Outline

Noise simulator validation activities within CORTEX (WP2)
o Interactions between Experimentalists and Modelers
o ‘“Validation” of a code in the framework of CORTEX
o Quantities of Interest

Generation of high quality experimental data at CROCUS and AKR-2
o Overview of the facilities
o Processing the time series to produce the Qol
o Development of fiber based detectors

Modeling the beasts
o Overview of the computational models for AKR-2 and CROCUS
o A word on uncertainty quantification

A selection of results from the “validation” exercises




CORTEX in a picture

In-core and ex-core

detectors’ signals
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WP2 simple life

The data shown in the next few slides is

NOT the data produced by measurements
and models within CORTEX
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Early in the project according to the Gantt Diagram
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Gantt Diagram, one month later



1 WP2 simple life
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WP2 simple life
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What you see, one week before the workshop ...



0.9

0.8

0.7

0.6

Some response value
o o
Eay 0y

o
w

0.1

o
O
O
® Experiment
® Model
Model 2 PP
® Exp. (1964)
2 3

Some quantity of interest

What you see, one week before the workshop ...

¢ WP2 simple life

Christophe, we may have a little problem...




»  Input Data
»  Calculation (C)
»  Uncertainty o(C)

Validation of Noise

Wi Simulators
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Validation
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>  Measurements (E)

»  Uncertainty o(E)

o(C/E)=\/oz +0¢ Alexander, Antonios, should | be worried

0.5

2 3 4 5
Some quantity of interest




WPI/WP2 “virtuous” loop

| compute oranges, |
| measure apples, | call them “bananas”

call them “bananas”

Countless number of
meetings / videoconferences

John the experimentalist Jim the modeler

We both determine

“bananas”’; we can do a
meaningful comparison




Input Data
Calculation (C)
> Uncertainty o(C)

Validation of Noise

WS Simulators

<

1) Reliable Predictive Tool?

Validation

C/E+o(C/E)

2) Useful Experiment?

1)

>  Measurements (E)

»  Uncertainty o(E)

o(C/E)=\/oz +0¢

Bias Estimation

Q: How wrong can y code be for the

demonstrate the performance of my code?

Not this project

|



Absolute noise

A useful experiment? amplitude

* We want to use small research reactors to demonstrate that our codes can
determine a spatially dependent noise distribution

* Zero power reactors tend to behave like points (small deviations)
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* Looking at the relatlve noise (relative to the fundamental flux dlstrlbutlon)
allows to “filter out” the unwanted point kinetic component :




Absolute vs Relative noise pbsolure i
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amplitude

10.35 04
S0 ¢ 103 S0 ¢ 0.35
© .
1025 3 193 2
100 © 100 c
—_ 02 R . 025 .2
) o
§ c § 2
= Q = 02 5
=) @
150 015 2 150 2
wn 0.15
Q0 >
01 <C TH
0.1
200 200
0.05 0.05
250 ' ' 0 250 ' ' 0
50 100 150 200 250 50 100 150 200 250
(cm) (cm)
Absolute noise map at AKR-2 Fundamental flux map at AKR-2

> Absolute noise looks like fundamental flux distribution




Absolute vs Relative noise amplitude
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Noise analysis in the frequency domain

Detector i time series

(o7
 Time series for detector i + Fast Fourrier Transform g
(a'd
EF; (f) =J TS; (t)e 2™ dt 0
* Power spectral density (PSD) at frequency f: Time

Detector i periodogram

»
»

* Phase at frequency f:

Amplitude of F,

$1,;(f) = arg (conj(Fi()) - F;())

« Auto PSD when i=}, Cross PSD otherwise



Quantities of Interest for validation g
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Quantities of Interest for validation

* Comparing APSD or CPSD is not straight forward (FFT normalization
issues)

 Additional normalization to the PSD of a “reference” detector
o “Power Ratios P,” (amplitude) /

APSD;
JAPSDye;

o Phase ¢ = ¢yer(f) = arg (conj(Fi(f)) - Fret(f))

* Focus on the frequency of perturbation (base, fundamental, ®,, €tc...)




Generation of experimental
data at AKR-2



The education and training reactor
AKR-2

* is a thermal, homogeneous zero power reactor, moderated by polyethylene
* was completely upgraded in 2005
* is equipped with a state-of-the-art digital I&C control system Teleperm XS

* is designed for education in reactor physics, nuclear engineering and radiation
protection/dosimetry

AKR-2
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(a) Horizontal section at the core level. The horizontal
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channel 7, shown by the vertical section on the right (b).




Location of the AKR-
2 perturbation
devices

Vibrating absorber (VA)

Inserted into the central channel -2

Absorber of variable strength 7
(AVS)

Inserted into one of the tangential
channels 3-4 or 5-6

Location of AKR-2 perturbation devices



Vi b rati n g abso rbe r (current setup)

Linear table (actor)  Aluminum shaft  Absorber Core

Linear axis stator Reactor shell === Slide bearings

Schematic of the Vibrating absorber

* Realized as a a set of indium foils moving in the experimental channel |-2

* Driven by a linear motor axis with frequencies 0.0l Hz - 10 Hz




Vi b rati n g abso rbe r (current setup)
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Absorber Of Variable Strength (current setup)

Absorber

Spacer
Aluminum shaft

Ball bearings

Max Absorber = 315°

(Max Trigger = 225°) Position trigger

Schematic of absorber of variable strength
chematic of absorber of variable streng Absorber of variable strength mounted opening 3

* Realized as a cadmium sheet rotating in the experimental channel 3-4

* Driven by a stepper motor with frequencies 0.1 Hz - |15 Hz




Absorber of variable strength
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Timeline of measurements

Experiments were constantly improved and requests of modelers was
taken into account.

Overall Setup:

7/ detectors 9 detectors 7/ detectors
27 measurements 27 measurements 46 measurements

Main Goals:

Qualification of the Generation of data Uncertainty
AKR-2 DAQ close to the core estimation

06.03.-15.03. 06.07.-15.07. 22.02.-26.02. (+2 days)
2018 2019 2020 2021




@ Fission chamber
@ on chamber

Detector setup =3 councer

Hl Miniature scintillator

Detector setup of the first campaign Detector setup of the second campaign Detector setup of the third campaign




Generation of experimental
data at CROCUS



The CROCUS reactor

Reactor type

* LWR with partially submerged core

* Room T (controlled) and atmospheric P
 Forced water flow (160 l.min'")

AN

LAYy

Operation

* 100 W: zero-power reactor

* i.e.maximum 2.5x10% cm2.s"!
* Control: B,C rods and spillway

o R
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o
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e

Core

* 260 cm/100 cm, 2-zone

* Inner: 336 U0, 1.806 wt% 1.837 cm@®
e Outer: 176 U_.. 0947 wt% 2917cm@




COLIBRI fuel rods oscillator

Design for investigating power fluctuations
induced by fuel oscillations

B
=
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=
2
LS
amaiiiea

Oscillator with core structures,
and few pins inserted in the device




COLIBRI fuel rods oscillator

Design for investigating power fluctuations
induced by fuel oscillations

o Top and bottom moving plates

o Rigid transmission via an Al beam

o Up/down position for rod selection

Static rod

Oscillating rod

Moving plate
7 N\
Top end ca A AN
p p | AN
Superior grid /’\l i JM i f//\ L '
- N ; A1 NN
724 RN
Bottom end cap - \ o
Inferior grid l R B SE R \I' .
Moving plate e

Working principle of the final design




COLIBRI fuel rods oscillator

Design for investigating power fluctuations
induced by fuel oscillations

o Top and bottom moving plates

o Rigid transmission via an Al beam

o Up/down position for rod selection

o Inductive and cable captors for position

Following the qualification campaign?
Up to I8 U_ rods, 2.5 mm (i.e. 8 pcm), 2 Hz

2V, Lamirand et al., “The COLIBRI experimental program in the CROCUS reactor: characterization of the fuel rods oscillator,” EPJ Web Conf., vol.

e
. <
.-!

View of the oscillation device
for testing in the vessel

225, p. 04020, Jan. 2020.



https://www.epj-conferences.org/10.1051/epjconf/202022504020

COLIBRI fuel rods oscillator

Design for investigating power fluctuations
induced by fuel oscillations

o Top and bottom moving plates

o Rigid transmission via an Al beam

o Up/down position for rod selection

o Inductive and cable captors for position

Following the qualification campaign?
Up to 18 U rods, £2.5 mm (i.e. 8 pcm), 2 Hz

View of the oscillation device
for testing in the vessel

2V. Lamirand et al., “The COLIBRI experimental program in the CROCUS reactor: characterization of the fuel rods oscillator,” EPJ Web Conf., vol. - o et
225, p. 04020, Jan. 2020.



https://www.epj-conferences.org/10.1051/epjconf/202022504020

POLLEN vibrating absorber

Cadmium sample
vibrating absorber

Goal: improvement of space dependence
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CORE SIM+ calculation with COLIBRI and the addition of
an absorber of variable strength (courtesy DREAM)




Goal: non-point kinetics spatial dependence

=% As many distributed detectors as possible

Detection setup




Detection setup

Campaign | Campaign 2 Campaign 3
(2018) (2019) (2021)
O

O]
O
° e
@)
| | detectors |5 detectors | 8 detectors

-  Pulse mode - Miniature scintillators




Conducted experiments

Campaign 2 Campaign 3
(2018) (2019) (2021)
O
O,
@
’ e
®
@)
Uncertainty reduction Enhanced spatial dependence
- Frequency: 0.1 to 2 Hz - Repetitions of a reduced set - POLLEN vibrating absorber at
- Amplitude: £0.5 to £2.0 mm - More high efficiency detectors core center, in phase/out of

- Higher power/detection rate phase with COLIBRI
- Longer measurements




Modelling the beasts



Neutron Noise Simulators

Code

Boltz. Eq. Noise Eq. Response Det. Model

TRIPOLI-4 Monte Carlo Freq. Th. D yes
MCNP Monte Carlo Freq. Reac. Rate Yes
CORESIM+ Diffusion Freq. Th. No
Deterministic
APOLLO3 Transport  Time Dep. Reac.Rate No
PARCS Diffusion Time Dep. Th.® No
Diffusion Time Dep. Th. ¢ No
Deterministic
Transport Freq. Th. ® No

+ Uncertainty Quantification using CORESIM+




Tripoli-4: the Colibri model

Det. 3 Det. 15
N Det. 11 CIC MFC
R O . Q Continuous-energy treatment,
D,egtc';s sseee Stc';e ® ...... with JEFF3.1.1 nuclear data
©0000000000000 esesosssse:
(@ Det. 10 000033:::5/000000 ©00008: 000000 .
PC ol LTS 4 B Det. 1 Fully detailed 3D model for the
cooe sssesssssspessisss gg0e @ FC o first and second experimental
Det. 14 R e - :
FC ~“@eoessssssesss :.:::::::::::t\ . campaign
ooo ittt 000 :
Det.2 ® poee 33333sssssssssssss 0000 g - .
Fe ceoee iiiitiiiiiiecene Detectors explicitly described
R EA I
D t. 8 e & L X R B 3§ ¥
PG /.“:::3::“' PC .::EEE::::EEEE:. Noise field (real and imaginary
Det. 7 ® °°°°° parts) computed over a spatial
Det. 13 @ PG .
FC Det. 4 e mesh and in the detectors
Gic

L Noise model: frequency domain & orthodox linearization of the noise equations
L Noise source: no approximations (all harmonics included)

+»+ Statistical convergence “issues” for noise induced by mechanical vibrations




APOLLO3: the Colibri model

ee
)
)
°® o ®
ee0@0® 3° ce Det. 1
S0l i3 ® FC
eeeo088800 066
Sosiiftian Det. 10
Dt 2 o 5358 Hiiiiiiiie: VFe
FC /'@ooooo 4 e .
Det. 8 3-0-3- - > Det. 6
PC Yy ee FC
o/;: Y )

Det. 10 Det. 4 Control rod
PC CiCc operation

L Noise model: time domain, via the Improved Point-Kinetics (IPK) approach
O Transport description (2D + axial buckling)

*» Hypothesis: spatial and energy distributions follow the fundamental mode

Multi-group treatment, with
JEFF3.1.1 nuclear data

2D model for the first
experimental campaign

Detectors explicitly described
Noise field computed over a

spatial mesh and in the
detector regions




CORE SIM+ and NOISE-SN:
the Colibri model

locations of the noise sources

\

CORE SIM+

Diffusion theory N
Fine mesh

(0)
o

NOISE-SN eg

Discrete ordinates
(S16 approximation)

* Frequency-domain simulations
* 2-energy groups

* Group constants generated with Serpent
45

* Exact noise source & €/d approximation, only 15* harmonic simulation



FEMFFUSION: the Colibri
model

* Open-source time-domain finite element code
developed in Universitat Politecnica de Valencia.

o Openly available at www.femffusion.imm.upv.es .

COLIBRI__.
ing FA

* 2D grids refined near the vibrating assembly . 5.8 T R

Detector Data FEMFFUSSION

0.04 DCtC\.L I 1

e Diffusion and SP3 time-domain calculations. T B:t:itﬁ:?%\ A
e A / \

o Each experiment was simulated during 3 full R BZEZEEEW
oscillations. s
o Monochromatic results. 5 J\\ BZEZEEZ?O \ /
g 0.02 l
* As the differences between each time step are M \y/ \%//
subtle (noise), it is required: v
o High spatial resolution. T e T T

o Low numerical tolerances.



http://www.femffusion.imm.upv.es/

-Monochromatic results

X

N1
L

PARCS: the Colibri model

 Purdue Advanced Reactor Core Simulator
(PARCS).

* Time-domain 2-group diffusion code. .

W= ot D
L L L

Fast Flux Noise
w

o Due to the numerical accuracy required the central o | | | | |
. o . 0 1 2 3 4 5
finite difference module was used. Frequency ()

Detector Data PARCS

* Mechanical vibrations inserted as a custom set H———"

0.04 = Detector
——— Detector 3

of time domain X8. — oy
o A module to read these XS was developed. | ’
o The movement was considered a purely sinusoidal.

0.00 1

Detector Output

—0.02 A

* Same grids, XS and parameters as
FEMFFUSION. orf

o Similar result obtained.




CORE SIM+: the AKR-2 model

control rod channel reflector core channel channel

> X (cm)
0 50 100 150 200

.....
31t

50 rotating
Y / absorber
100
I3
L
DI d &
150 i
ADSOI DC
200
50 100 150 200
xxxxxxxxxxxx > Y (cm)
concrete air gap  paraffine channel channel
* frequency domain simulation * exact noise sources, only 1st harmonic simulation

e 2 energy groups * numerical issues, a special convergence acceleration method was developed

.4 ° 8roup constants generated with Serpent in CORE SIM+




MCNP: the AKR-2 model

* Frequency domain calculation with MCNP modified for this purpose

* Detector sizes and locations were adjusted from the actual ones in order
to detect more particles in Monte Carlo calculations.

* Continuous energy cross section with JENDL-4.0 nuclear data

* Noise source particles with complex-valued weights were emitted from the
absorber.The particles were transported in the calculation domain.

* Reaction rates of complex-valued weights with the detector materials were
calculated.




Uncertainty Quantification

N sets of input parameters N model results
UpP
-Design/operating parameters S
(only for CROCUS) CORE SIM+ simulation Neu'Fron Noise
-Nuclear data (Amplitude, Phase)
SA

-Noise source data

It campaign, AKR-2 reactor (Vibrating absorber, Exp 22) Uncertainty propagation
[t order Wilks’ formula for

1.002 0.006 . ..
i Eomin/il VaIueL_ ) . Nominal Value two-sided limits (based on 93
pper/Lower Limi ~ : .
= T Upper/Lower Limit data sets)
S 1.001 - 0.004 I
g o
> <
i 1.000 - . Eo.ooz—
a I { 0
7 ] o
% O
;g 0.999 + { ) 0.000 - . -
x x 4 E
0.998 -0.002

T T T T T T T
T T T T T T T
DET4 DETS5 DET6 DET7 DET1 DET2 DETS3 DET4 DET5 DET6 DET7 DET1 DET2 DET3
Detectors Detectors (Pair with detector #1)




Uncertainty Quantification

Simplified approach (Grouping parameters into 3 groups)

40
vgv [ ] [ ]
Ist campaign, CROCUS reactor (Exp13) g * . .
2 301 ° °
g_ °
Uncertainty comparison Sensitivity analysis < + Noise source data
g 20 e Nuclear data
< e Design/operating parameters
35 S
e Simulation (w/ statistical unc. 2
_ = + 776 parameters unc.) 7 109 e © o o o o
S 301 o Simulation (w/ statistical unc.) 2 e
B = Experiment =
w O 251 04 ° ° ° ° ° ° ° °
(] T T T T T T T T
; o ] . DET 8 DET 6 DET 7 DET 10DET 3 DET 9 DET 4 DET 5
5 2 207 " . C e SA (P Detectors SA with parameters in noise
fulrt ]
32 y roupwise SA (Pearson) " source group (Pearson)
2T [ ]oscillating amplitude
iu‘:; 51 o I Oscillating frequency
E=| . 0.8 0.8 - I Location of noise source
04 o o 8 0 0 o 0 o o) 0
T T T T T T T T E 06 . - H_l - U-238 E 06 . } } } } % }
DET 8 DET 6 DET 7 DET 10 DET 3 DET 9 DET 4 DET5 = [ 0-16 WM Noise source >
Detectors 2 [Ju-235  data 2 b
th L& . 204+ @ 0.4
4™ order Wilks’ formula for two-sided 3 | 3
limits (based on 260 data sets) 021 021
0-0_ 0-0 T 1 1 1 T T T T
DET 8 DET 6 DET 7DET 10DET 3 DET 9 DET 4 DET5 DET 8 DET 6 DET 7DET 10DET 3 DET 9 DET 4 DET5

Detectors Detectors



Validation exercises



Comparing measurements and

simulations

-125% +125%

Relative noise amplitude with

respect to reference detector
(CORESIM+)

Power Ratios
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AKR-2 benchmarks based on the
2hd campaign

* Measurements
o # | AVS - Freq.2 Hz
o #20 VA - Freq.2 Hz - Amp. 3 mm — Core center

B Accessible experimental channel

e Simulations
o Chalmers — CORE SIM+
o Kyoto University - MCNP

@ Location of perturbation
@ Rotating device

© Linear motor axis

Tall fission chamber

Small fission chamber

He-3 counter
Fibers

PE- elements

EERO66e O

Regions blocked with the mechanical parts of the
perturbation devices




Absorber of e L=
Variable strength -

© Linear motor axis

@ Tall fission chamber
E ® Small fission chamber
Spatial variation (deviation from 1) : : He-3 counter
. = Fibers
16 predicted by CORESIM+ S
. . B PE- elements
T M Regions blocked with the mechanical parts of the
147 e perturbation devices
2| T 9 {'% ‘ :
T <> e ® Dimensionox in cm N *
8 P
§ f B f _<>-‘h l Jf 10
© 08F % % 1 8
% 50 r 6
D_ 06 B é\i
O CORESIM+ S
0.4r ¢ & MCNP 100 T
O Exp.@#1) E o
P Exp.(#2) S E
0.2 F D Exp.(#3) 150 2
| | | 1 1 | | c
8 9 7 2 5 6 3 Ej
Detector ID 200 1
Distance from the noise source - . | ‘ ‘ i
50 100 150 200 250

em CORESIM+



Vibrating Absorber

Experiment 20

2 —
o) Exp.
1.8+ O CORESIM+
MCNP
16+
n 14°F
®)
© 12+ L
o &
£
g 1 1 S
O o8} E
o 3
06
04 B -100-
02+
2 8 9 7 3 5 6 1
Detector ID

Distance from the noise source

v

-100 -50 0 50 100
Dimension x in em

B Accessible experimental channel
@ Location of perturbation
@ Rotating device
€ Linear motor axis
© Tall fission chamber
® Small fission chamber
@® He-3 counter
@® Fibers
B PE- clements

M Regions blocked with the mechanical parts of the
perturbation devices




Summary of the AKR-2 validation
exercises

* Overall, codes managed to capture the noise behavior of AKR-2
o Converging Monte Carlo solution was difficult for certain noise sources
o Challenging problem for deterministic codes (channels, size of model)

* Repetition of experiments suggests the “computed” experimental
uncertainties are reliable

* Observation of spatial effects in AKR-2

o E\x erimental uncertainties are too large to resolve the spatial variations predicted in
VS case

o Some spatial effects are visible experimentally with Det #3 during campaigns 2 & 3
v not captured by CORESIM+
v partly captured by MCNP




COLIBRI benchmarks based on
the 2"d campaign

* Measurements

! Det. 3 Det. 15
o # 7.Power: | W - Amp.: £1.5 mm - Freq.: 0.1 Hz A
Det. 5 Det. 6
o # 8.Power: | W - Amp.: £1.5 mm - Freq.: | Hz i \;‘355555 g
Det. 10 Qe0es3cciitsense
o Detector #12 is the reference & / oo
De,_E'CM \‘gsz -55.: 000 .......::: -
DstéZ ./.§°'°.‘:'E§EE?E:E: ooooooo A
* Simulations e /.\ o2
o CEA —TRIPOLI-4® (w/ and w/o detector model) -

o UPV — FEMFFUSION
o Chalmers — CORE SIM+
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I Det. 3 Det. 15
N Det. 11 CIC MFC

Experiment 8:
abs(APSD(i))/abs(CPSD(i,12))

COLIBRI Campaign 2 - Experiment No. 8

35 T T T T
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Summary of the COLIBRI validation
exercises

* Overall, the codes managed to capture the noise behavior in
CROCUS, except close to the noise source.

* Statistically significant deviations from a power ratio equal to | are
observed even relatively far from the source.The magnitude of the
deviations increase with increasing frequencies.

* There is a clear phase difference for Det #14 (behind COLIBRI w.r.t
to the core).
o phase difference only capture partly by the MC solution (TRIPOLI)




Conclusions



Global Summary for WP2

* Modeling the research reactors has proven extremely difficult, both for determinist and
stochastic approaches

* Overall, noise simulators performed very well, except close to the noise source and in
certain locations

* Intense dialog between modelers and experimentalists was key to achieve those goals

* Our facilities do not allow large deviations from PKE behavior far from the source.
o There may be experimental evidence of deviations.
o Spatial effects have been observed in AKR-2




Thank you




Processing the time series



Detrending & normalization

o Subtraction and division of

data by rolling mean s
]
_ x(t) — .uroll(t) H ﬂ
xnorm(t) - .uroll(t) oe |

e Rolling mean usually
calculated as moving
average |0 base frequency Rl
periods (M samples).

0.0 1

—1.0 1

80 100

Hron(£) = conv(x(8), Box (M)




Extracting Qol from experimental data [1]

e Direct estimate from PSD
calculation (Welch method) is
not ideal:

o Requires (very) long acquisition for

I -
>
nal

Det. Reading

statistical significance R
o Forcing sensitivity to local
variations and biases (within

sections), i.e. hidden temporal
correlations -

v

s Main peak freq.: ©.977 Hz —— P_3,5

1675 o

Power/Frequency

165 4




Extracting Qol from experimental data [2]

Original data: 1742 total sections

»

18
17

* Bootstrapping with replacement:

o Signal is chopped into sections and
reordered randomly

o Sectioning based on oscillations i

o One periodogram obtained per
sample of timeseries

o Statistics on the population of
periodogram results

Det. Reading

\ 4

Repeat n times Cut and randomly reorder

Resampled data: 1742 total sections

800 1

w1{Distribution of
“1PSD amplitude at a
“lgiven freq.

0.04 1 a2

298

1065 1029 929 1117 1314
| 786

0.02 4

FFTs (n times)

&
o
[=]

=0.04 1

400 A

3004

200 1

100 1

04 ‘ . .
0.00 0.01 0.02 0.03 0.04 0.0 25 50 7.3

Determine mean and standard deviation for a PSD;;



Mean

e Use of CPSD to filter intrinsic noise

e Combination of mean and standard deviations of B B —
CPSDs to produce Power Ratio for detectoriat |
frequency f: U S
~ CPSD; ;(f) 1 CPSD; ;(f) i
Pi(f) = 2 W; CPSD, o () op,(f) = V mzj: (CPSDj,ref(f) — Pi(f))

* W, is based on :

o the standard deviation of PSD distributions
o the 90% percentile of the PSD distributions




Development of fiber-based
detectors



Optical fibers

e ~0.5 mm x 0.5 mm Lié
ZnS scintillator

. Plastic optical fiber
e Photo-multiplier

« Shaping preamp +
discriminator

o« Counter




Optical fibers

e ~Imm x Imm Lié ZnS
scintillator

« Plastic optical fiber

e Photo-multiplier

« Shaping preamp +
discriminator

« Counter




Utilization at AKR-2 second campaign

Prototype testing:

. Low dead time up to
® 15 W (CROCUS)
« Original fibers with

jacket (thicker)

. Covered with
, aluminum cap
steel vessel walls o LJS€0 With Separate
shaping amplifier +
@ 8"~ I SCA

___________

Control and safety
rods

with core

Graphite
reflector

(32 cm) Air gap (7 cm)

Rotating
absorber
©)

. Too large for core
. ) [O) .

Horizontal experimental

channels: mapplng

1-2 central channel

3-4 tangential channel

5-6 tangential channel

7 radial channel

Fiber assembly




Validation exercises



Experiment 7: angle(CPSD(i, 12))

COLIBRI Campaign 2 - Experiment No. 7
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Experiment 8: angle(CPSD(j, 12))

CF’SDi 12 Phase [rad]

COLIBRI Campaign 2 - Experiment No. 8
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