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Unclassified Detonator Face w/, “Streak Image” from
AI203 Coating Streak Image stitched highspeed
video

Q-6 Measurement Objective:
Detonator Breakout Time

» Often, detonator component testing
requires only function time
measurements

Selected 1D region, 4

for measurement

« Streak camera is golden goose
— Difficult to maintain/procure
— Symmetry information often ignored

“Mousetrap” PDV fixture

« PDV as replacement
— No spatial resolution
— (Potentially) Increased time resolution

— Quick test build/turnaround
— Cannot fully replace streak until we can

quarantee quality/integrity of data e e oo
= Uncertainty is still a big question MMM/ ff -‘I%Dﬂ
‘5 NLﬂga A!gmgﬁ | X= Lecrlcglgfwgnd;\)'l‘elers !
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PDV Uncertainty: Taken Too Far

« PDV velocity extraction is a multi-stage process

« Can it go wrong?
— Yes! But not easily
- How wrong? It depends...

Digitizer Spectrogram
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It Depends... Isn’t Good Enough

As a national laboratory,
we overcomplicate things

Q-6 is particularly subject
to these protocols

— Highly structured quality
assurance standards

— Measurement equipment
should follow GUM
methodology for
uncertainty reporting
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NNSA Policy
NAP 401.1A

Certified/calibrated equipment
for reportable data

Y
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LANL Memo
ADW-Q-0001
LANL compliance pathway

[@

LANL Document
P330-2

Calibration & measurement assurance

Y
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[mplementatlon

SD 452.3-1A @ R028
NNSAm trolo gy NNSA Metrolngy
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ISO/IEC
17025

laboratories

I

NIST GUM / Technical Note 1297

Uncertainty calculation & reporting guidance
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PDV Uncertainty Quantification

Calculated us

ing GUM-recoi

mmended methodology
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What is GUM-recommended Methodology?

MEASUREMENT MODEL

Define the measurand as a function of inputs
Y= f(Xl, Xz, ey Xn)
PDV: v=Af,/2

TYPE A TYPE B

from repeated observations from calibration, specs, prior knowleclge
u(xi) = s(x) = s(xi) / Vn =alv3

statistics of the data example: +a rectangular bounds

CONVERT TO STANDARD INPUTS
same currency: input estimate + standard uncertainty
ci=af | dxi and ui(y) = cj u(xi)

]

PROPAGATE THROUGH THE MODEL

weight each input by sensitivity; add covariance if correlated

P — . X . < .

u(y) = Z cfu®(xi) + 2 cicj u(xiu(x;) ri
GUM law of

f propagation of uncertainty

5 EXPAND & REPORT
| U=k ugly) Y=ysu

Unclassified

PDV inputs
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PDV Uncertainty: What’s So Difficult?

« Many independent and dependent sources of error
» Analysis uncertainty is particularly difficult to GUM

®
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PDV Uncertainty

Hardware Uncertainty

Analysis Uncertainty

Systematic Errors

Random Errors Systematic Errors

Random Errors

Bias

Sensitivity

Linearity

Hysterisis

Signal to Noise

Method

Quantization

Algorithm

Time Variance

User Input

Unclassified

—  Floating Point

— Interpretation

— User Input
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Uncertainty Calculation: Two-Pronged Approach

Characteristic Uncertainty

» Procedure to qualify precision » Uncertainty generated from
and accuracy of a PDV system random variance of the test itself
* Minimum resolvable velocity * Uncertainty added via analysis
possible by hardware via NIST routine

PDV Uncertainty ‘

Hardware Uncertainty Analysis Uncertainty
1 1
| 1 [ |
Systematic Errors Random Errors Systematic Errors Random Errors
@ Los Alamos
“ NATIONAL LABORATORY
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Characteristic Uncertainty
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Characteristic Uncertainty: The Procedure

« Basic ldea: Create a known beat frequency, measure it, report deviations

— Create know beat by measuring the reference and sample PDV lasers with a
calibrated wavemeter

» High accuracy wavemeter is necessary. Thorlabs wavemeter has +0.45 pm = +87 %

- Sweep through multiple beat frequencies by changing reference laser offset
= Build statistics and ensure no bias exists

Loop all reference offset frequencies Aaﬁ

Calibrated Wavemeter:

Change A,s¢ A4 & 1, Measurement

Startup &
Stabilization

Capture ]
Data Analysis

Aorr = | A — = 108
o1t ( ! foda + Co)

f» = Odd integer from —11 < f;, < 11 GHz

1@ Los Alamos v e
= Unclassified



Unclassified

Characteristic Uncertainty: Analysis Routine

« Many algorithms G (¢, V) exist for extracting the measured beat frequency
— Two are examined in this work: Zero crossing and FFT

Inputs

o Wavelength
Uy, Upx,

o timebase
uy: jitter + drift

o Voltage
uy: noise + scale

.?IiAgnment
r, s

%@ Los Alamos
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Referenfe I:1>eat Measured beat
fb,/\=C0<A—1—/\—2> fb,meas =G(t, V)

CALIBRATED WAVEMETER FRINGE COUNT OR FFT/STFT

Combine

Afb = fb, meas fb,}\

Velocity basis
Av, ==t Af,

*
IAVp | + Unv = Viol
EXPANDED: U = ku

— 2 2
Unf, = V Uf meas + Uf x
GUM PROPAGATION

Unclassified
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Zero Crossing vs. FFT Algorithm

®

Zero Crossing
Simple fringe counting method

number of oscillations Nosc

fb,meas -

u _ 2 (afb,meas)z uz —
fbmeas At yse Atosc

Simple uncertainty propagation

2
Atosc

Very difficult to create robust
algorithm

time span of oscillations - Atpsc

__ Npscuat

- Noisy data, differing beat frequencies,

etc. cause lots of problems

Los Alamos

NATIONAL LABORATORY

Covariance
Matrix

Creation

2
uz,
Vin = 8

2
Wiy
eUser Defined

2
Uty 2

|

2
Uk,

FFT

High resilience
Difficult uncertainty propagation

Matlab extension handles uncertainty
- METAS Unclib

- Maintained by Federal Institute for Metrology in
Switzerland

- GUM Compliant

IETET
Matrix
Solution

Elementary
Function

Decomposition

a
3 O )

sCompiler-level
*Chain Rule Preparation

Output
Correlation

Matrix

Vour = JVinJ'

sVariance u?,_and

correlation coefficients are
extracted

Unclassified
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Characteristic Uncertainty At Q-6

+ Parameters
=  Modular TS&l PDV cards
=  O/E detectors Miteq SCMR-100K20G-30-15-10
=  Tektronix oscilloscopes DPO72304SX
= Bristol 228A calibrated wavemeter
= NKT Basik Laser Cards

=  {—11:2:4+11} GHz frequency sweep 2 Digitizer
* Results :
m 4 Modular
- Uy, =13.6- for k = 2 coverage factor : = PDV System

- Wavemeter uncertainty dominant
= FFT uncertainty ~ kHz
= Wavemeter uncertainty ~ MHz

- New wavemeter being procured

Digitizer

Wavemeter

1— Sample —Jl — Sample _l

)-—'G A Reference i
Module Module

@ Los Alamos Scope 1 U Scope 2
nc AT ITT T J
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How Sensitive To Changes In Hardware?

®

Purposefully vary parameters
- New scopes, laser cards, bit

depth, etc

Parametric sweep conducted

via one-factor-at-a-time
approach
- 475 waveforms captured

Los Alamos

NATIONAL LABORATORY

Parameter Baseline Value
Beat Frequency Configuration Set 1
Power on O/E -5 dBm
O/E Detector Miteq + Thorlabs
Detector Gain 50%
Digital Filter None
Scopes Configuration Set 1
Bit Depth 90%

Factor Configuration Set 1 Configuration Set 2
Beat Frequency (GHz) -11,-5,-1,1,5, 11 -11 to 11 at fine resolution
Scopes DPO72304SX, DPO72304SX | DPO714AX, DPO72304SX
Scope Sample Rate (GS/s) 50 GS/s, 50 GS/s 125 GS/s, 50 GS/s

Run Parameter Varied Value Tested Other Conditions

1 Time After Startup PDV Laser Wavelengths N/A

2 Beat Frequency Configuration Set 2 Baseline

3 Power on O/E (dBm) 10 Baseline

4 Power on O/E (dBm) -5 Baseline

5 Power on O/E (dBm) -15 Baseline

6 Power on O/E (dBm) -25 Baseline

7 Bit Depth (%) 10 Baseline

8 Bit Depth (%) 50 Baseline

9 Digital Filter VHF-3100+ Baseline
10 O/E Gain (%) 100 Baseline
11 O/E Gain (%) 75 Baseline
12 | O/E Detector Repeatability Miteq Only Baseline
13 | O/E Detector Repeatability Thorlabs Only Baseline

14 Beat Frequency Configuration Set 2 Scope Configuration Set 2
15 SPC Calibration Post-SPC Scope Configuration Set 2
16 | Scope Sample Rate (GS/s) 62.5,25 Scope Configuration Set 2
17 | Scope Sample Rate (GS/s) 12500, 2500 Scope Configuration Set 2

Unclassified
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Only A Few Variables Are Significant

- Statistically significant variables: Velocity Uncertainty Regression Model
VeIOCity Uncertainty Source Logworth PValue
. . FFTWindowSize 231.923 0.00000
- STFT W|nd0W S|Ze Beat Frequency 120.197 : 0.00000
—_ Beat Frequency ScopeSampleRate 8.978 _ 0.00000
PowerOnReceiver_dbm 0.250 | 0.56272
- Scope Sample Rate Hardware Filter 0.027 0.93969
Scope 0.005 0.98832
Noise 0.002 0.99436
ThorlabsDetectorGain_percent 0.001 0.99837
ScopeBitDepth_percent 0.000 0.99997
OE Receiver 0.000 1.00000
AperatureUncertainty
LaserCard

1@ Los Alamos v e
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How Significant? Not At All

Velocity Uncertainty vs. STFT Window | Velocity Uncertainty vs. Beat Frequency
\"-’@
u -1 . .
o m Negligible frequency
g 0.1 " Worst-case Increase 3 ~ dependence & hysteresis
z = )
5 g
> - L
h = Q x
3 o - Dl;l__ o ___olHHT
E T > -
éb — —
N>’ = == == == o
128 256 512 1024 2048 4096 \,56\ NEEEE IR NN IO IS IR A 9N
STFT Window Size e

Beat Frequency (GHz)
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How About Velocity Error?

9

Statistically significant variables:
Velocity Difference

— Beat Frequency

— Detector Gain

— Power on Detector
— Hardware Filter

— Bit Depth

Los Alamos

NATIONAL LABORATORY

Velocity Difference Regression Model

Source Logworth
Beat Frequency 81.602
ThorlabsDetectorGain_percent 16.641 |
PowerOnReceiver_dbm 14.738
Hardware Filter 4473 jjl
ScopeBitDepth_percent 3.807 -
ScopeSampleRate 1.973 |
Scope 0.746 |
Noise 0.019

OE Receiver 0.000
FFTWindowSize 0.000
AperatureUncertainty

LaserCard

Unclassified

PValue
0.00000
0.00000
0.00000
0.00003
0.00016
0.01065
0.17952
0.95766
0.99997
1.00000
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Velocity Difference Hardware Independent Within ~ + 5?

Velocity Difference vs. Beat Frequency
5

+ All differences within accuracy of
the wavemeter g 4
« For now, no reportable correlations g 1.
S 3
- Same for all other variables g
£
ERht! 7
* Not true for EVERY PDV system, s ﬂ I D D I
only the ones tested "L H H |
o -

ANOA DD AN L OND N PLO N D 9A 9N

Beat Frequency (GHz)
1% Los Alamos
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Shot Uncertainty
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Shot Uncertainty Preliminary Study

« Scoping scale of the issue
» Useful estimates by Dolan, Ambrose, Strand, etc.

« Basic Goal: Understand max possible velocity deviations based on user input

- Ran “Monte-Carlo” over a select range of spectrogram analysis parameters
= STFT window size, Overlap Fraction, Windowing Function, Zero Padding, Velocity Extraction Method

-115

-120

velocity (m/s)

-125

-130

-135
-140
-145

1% Los Alamo

AAAAAAAAAAAAAAAAA 3500 4000 4500 5000 5500 6000

1000 1500 2000 2500 )

time (ns) ifieu time (ns)
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Monte Carlo Across STFT Analysis Parameters

Good Data Okay Data
Worst case: +12= Worst case: iSO% Worst case: iSOO%

Typical: +4 2 Typical: ilo? Typical: iSO%

S
No correlations Extraction method biased User interpretation biased

Unclassified



Unclassified

Shot Uncertainty: Can It GUM?

« Given the data variability and necessity for human input, its not easy

» Must rely on statistical methods
— Under development
— Basic structure similar to characteristic uncertainty procedure

Synthetic ensemble Parameter selection Fixed method Independent validation

v UN\N
Xr(t) = S(Vr(t), nr) p* = al’g min J(p) A(X, p rozen E = Y - Ytrue

known truth retained robust low-error basin same rule on real data uA from validation residuals

selection set chooses the method; validation set assigns the uncertainty

%@ Los Alamos
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Synthetic PDV Data Creation (SPICE) Matlab GUI

» Goal: Generation of realistic synthetic PDV data

» Recent upgrades adding complex gaussian speckle w/ phase unwrapping
- Properly implements physics of “multi-reflector” surface variations

Fixed Reflector - Real Fixed Reflector - Synthetic %1010 Detonator Test- Real Detonator Test- Synthetic

| || ‘ AL “‘ |
I T [ \ Dlgltlzer Synthetlt‘: ‘ ‘ H\“
]| | | | \‘\‘

‘‘‘‘‘

x(t) = 9%{/1 S (t)e‘¢PDV(t)}
%) Los Alamos S(t)~y/1 — die' +./d; ukét) - =

Unclassifie
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Choose Analysis Method Set Based On Monte Carlo

« Create a synthetic dataset w/ expected shot variations
* Run Monte-Carlo of STFT parameter set across all traces

Selection set Parameter grid Known-truth scoring

Dsel eq(p) = Yri(p) - Yitrue

synthetic traces score RMSE, bias,
with known truth failures, sensitivity

J(p) combines residual error, bias, failure rate, and local sensitivity
choose a broad low-error basin, not a single lucky pixel

%@ Los Alamos
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Selected method

p* = robust minimum
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Generate Residuals From Selected Method

 Either statistically or parameter-wise generate residuals
 Still assuming synthetic data is accurate representation of real data

Validation set Frozen analysis Residual distribution Uncertainty output

b = mean(e)

Dval Yii = Axr; p*)

s =sd(e
same window, filters, (e)

and event rule erj = Yyj - Yijtrue UA = s or V(s2 + b?)

final analysis uncertainty is estimated from independent known-truth residuals

Unclassified

not used to choose p*

%@ Los Alamos
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Apply Analysis & Corrections o

* Once set, program will capture data and
apply residual estimates after analysis

» Bias corrections (rolling off sharp
edges, etc) possible

Selected p*

window, overlap, filters,
ridge and event rules

fixed before evaluation

—
1 Los Alamos

Unclassified

20 m/s Error

15ns —
Peak Timing Error |

Freeze the SOP Real shot data

B AN

no retuning on the shot xreal(t)

Yreported = Yreal - b only if the synthetic bias correction is justified

Unclassified

History, Raw

History, Smoothed

—-—-— Systematic Uncertainty (95%)
***** Systematic Uncertainty (95%)

Synthetic

Reported estimate

Yreal = A(xreal; p*)

bias correction optional



Looking Forward: PDV At Q-6

Still finalizing PDV shot uncertainty routine
— Hope to finish within FY26 (so realistically by FY28...)

Small test series of simultaneous streak + PDV
— Prove timing congruency

Triature PDV Setup (i.e. Dolan)
— Hardware procured, finding time to run comparison

Dual-Core probe testing
— lIsolate launch and return fibers, hopefully removing more baseline noise
— Parts in procurement

‘@ Los Alamos 5/11/2026 26
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Reference Beat Uncertainty, f ;

REFERENCE BEAT

calibrated wavelengths define the expected beat frequency

Interference signal

wavemeter measurements ) reference-sample ter(m
R

A1 x Uy, Ay xup, I(t) = > ArAncos ®,(t)

n=1

Type B propagation

known frequency target ) wavelength uncertainty to beat uncertainty

2 _ (% 2 G
Ut = (im)” + (2

%@ Los Alamos

NATIONAL LABORATORY
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Sample Beat Uncertainty, f}, ,,.cqas

* Digitizer time uncertainty is primary culprit
— Random noise and clock drift

MEASURED BEAT - -
the waveform estimator is treated as the measurement function

Digitizer inputs Estimator
tim i G
e + voltage samples algorithm selected by analyst Type A/B

Ltl-'.t', y\'/ fo, meas = G(t, V)

General uncertainty propagation

independent time and voltage variables

u%}:(_

1@ Los Alamos v e
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Analysis Function Uncertainty

ZERO-CROSSING METHOD

fringe-counting reduces the problem to a time-interval uncertainty

Estimator uncertainty

. fringe countin
count oscillations ) count exact; interval uncertain 9 9

NOSC

fb, meas = Atosc Ufb, meas

Noise term

- X slew-rate noise + jitter + clock drift
datasheet + acquisition settings

— 2 Nrms Nrms
Nrms = Utang (

24 DNFVS)? (37 ) + (5 )+ Udana + (P57)

%@ Los Alamos

NATIONAL LABORATORY
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Analysis Function Uncertainty

FFT / STFT METHOD e —
windowed Fourier analysis can be propagated through covariance

Windowed frame

local analysis buffer

x%(n) =x(n+ mR)w(n)

Frequency grid

bin locations

— 2nk
Wk =wr

%@ Los Alamos

NATIONAL LABORATORY

STFT bin

zero-padded windowed frame e
[ FFT/STFT |

Nz/2 -1

Xm(we) = 2 XpE(n)e T
n=—N,/2

Covariance propagation Estimator output

GUM / METAS style selected peak

Vout = JvinJT

Xm— fb, Us,

Unclassified
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Comparison Uncertainty

COMPARISON BASIS —_—
hardware characterization compares measured and reference beat frequency

Difference Combined standard uncertainty

beat-frequency basis

measured minus reference independent contributions

Afp = fb, meas — fb,}\ Uaf, =1/ U,gb ne + U%M

Expanded uncertainty Agreement check

coverage factor frequency-domain pass criterion

Uaf, = K Uar, |Afp| = Uy,

%@ Los Alamos

NATIONAL LABORATORY
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Velocity Uncertainty

Unclassified

VELOCITY BASIS —_—
frequency error is converted to the acceptance metric

PDV velocity relation

AV;) = %Afb

reported bound

UAVL = kUAv;'7

%@ Los Alamos

NATIONAL LABORATORY

frequency + wavelength terms
)

Velocity uncertainty

k = 2 typical

ua, =V Buar)? + (Bupy, )2

Acceptance criterion

velocity-domain qualification
]

|AV;I.)| + UAv,i3 = Vtol

Unclassified



	Slide 1: PDV Uncertainty Propagation
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8: Characteristic Uncertainty 
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18: Shot Uncertainty
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33

