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1. Introduction
» Motivation
» Benford’s Law Definition and Application
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Motivation and Objective

« Explore Applications of Benford’s Law to predict jitter and
noise in the beam distribution

« Apply Benford’s Law on beam measurement data of PIP2IT
beamline.
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Benford’s Law

Origin - Simon Newcomb and worn logarithmic tables —» P,, = log;, (1 +§

Frank Benford rediscovers in 1938 and extends itto - P; = log, (1 +§

Benford's Law for Leading Digits

30.1%

Benford tests it himself I l l l l 'K

First Digit Distributions Expressed as Percentages for Various Physical Data Sets” Digit

First Digit Frequencies Dynamic Range
Number of Values of the Data
1 2 3 4 5 6 7 8 9 in Each Data Set (max/min)

Pp 301 17.6 1249 9.69 792 6.69 580 512 458

Geomagnetic Field 289 177 133 94 81 69 61 51 45 36512 10"
Geomagnetic reversals 323 194 139 118 53 43 32 54 43 93 10°
Seismic wavespeeds below SW-Pacific 300 176 133 98 79 64 56 489 447 423776 10°
Earth’s gravity 330 166 112 85 75 67 594 557 503 25917 10°
Exoplanet mass 339 154 107 92 623 947 598 448 448 401 10°
Pulsars rotation freq 339 207 127 7.6 53 50 494 467 488 1861 10*
Fermi space telescope ~-ray source fluxes 303 179 130 99 76 696 523 523 272 1451 10°
Earthquake depths 316 169 140 869 698 742 527 458 436 248915 10%
S-A seismogram 284 157 125 9.6 897 737 652 6.04 493 24000 10°
Green house gas emissions by country 299 179 114 76 92 815 597 489 489 184 10*
Global Temp anomalies in period 1880-2008 27.7 194 127 121 89 54 661 432 281 1527 10
Fund. Phys. constants 340 184 92 828 858 736 337 521 552 326 10*
Global Infectious disease cases 337 167 132 107 73 54 456 507 334 987 10°
Geometric series 208 174 130 100 7.8 66 58 50 46 1000 10*!
Fibbonacci sequence 300 17.7 125 96 80 67 57 53 45 1000 10"
Combined 309 174 132 90 76 64 57 48 50 10000 10*
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Benford Applications

« Minimal interest except for Knuth in 1968 programming.
« More recent, prominent applications include validity testing:

0.31772278 0.14892908 0.11707912 0.10165353 0.08256575 0.07468649 0.06436577 0.05115969 0.04183775
— C OV I D d ata 0.30102999 0.17609125 0.12493873 0.09691001 0.07918124 0.06694678 0.05799194 0.05115252 0.04575749
. .. B Confirmed Cases [l Benford's Law
— Fraud Detection & Auditing
— Election Data

— Statistical Physics?

03

0.2

0.1

* Non-Examples:
— Height
— 1Q scores b
— Car prices
— Phone Numbers

Distribution of First Significant Digit

40 60 80 100 120 140
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Benford Criteria

Something conforms to Benford’s Law If:
— P, = logqg (1 + %)
— Orders of magnitude
— Scale invariance
— Data describes the same object
— No artificial max/min imposed on data
— Number cannot be assigned (e.g. phone numbers)
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2. Methodology
» Python Programming

» Validation of Benford’s law on synthetic
distribution
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Python

from matplotlib import pyplot as plt fFirst Digit Counts X

import numpy a5 np digit counts X = [0]*9

with open ("ALLEPMX 13T DIGIT.txt","r") as file:
lines=file.read() .splitlines ()
for line in lines:

def benford(d): if line.isdigit() and int(line) in range (1,10):
return np.loglO(l+1/d) digit_counts X[int (lins)-1]+=1
d valuss=np.linspace(.1l, 10, 100) print(digit_counts_ X)

benford prob=hbenford{d_wvalues)
$First Digit Counts ¥

numbers = [float(n) for n in rangs(l, 10)] digit_counts_¥ = [0]*9
benford = [math.logl0(l + 1 / d) for d in numbers] with open ("ALLBPMY 1ST DIGIT.txt"™,"r") as file:

lines=file.read().splitlines=s ()
digits = list(rangs(l,10)) for line in lines:

1f line.isdigit() and int(line) in ranges (1,10):
fBeam Position Data X digit counts Y[int (line)-1]+=1
beam data X = np.loadtxt ("ALLEEMX.txt', unpack = False) print(digit counts ) -
plt.style.use("kbmh") - B
plt.hist (beam data X, bins = 200,color = 'teal',hatch = "') $Digit Proportions X
plt.xlabel ('Horizontal Beam Centroid (\u03BCm) ') total count = sum{digit_counts_X)
plt.ylabel('Pulse Counts') digit proportions X = [count/total count for count in digit counts X]
plt.title('211 BEMs')
plt.show() #Digit Proportions ¥
digit proportions_¥Y=[count/total count for count in digit_counts_¥]

$Beam Position Data Y
beam data Y = np.loadtxt ("ALLEFMY.txt', unpack = False)
plt.style.uses ("bmh')

plt.hist (beam data ¥, bins = 200,color = 'salmon',hatch = '")
plt.xlabel({'Vertical Beam Centroid (\ul3BCm) ") tBenford Devia:ianl
plt.ylabel ('Pulss Counts') actual X = (digit proportions X)
plt.title('ALL EBPMs") predicted = (benford)
plt.show()
arrayl = np.array(actual X)
array2 = np.array(predicted)
fMean Absolute Deviation | residuals_x = np.subtract (arrayl,array2)
MaD X = {1/9) *sum (abs {1'85idual5_x} ) summand X = (residuals_ X/predicted)**2
MAD ¥ = (1/9)*=zum(aks({residuals Y)) summation X = sum(summand X)
pri;t( "MAD ¥ = ' + str(MAD X)) - Benford Deviation X = np.sgrt (summation X)
print[ "WMAD Y = ' + =tr {MED_Y}] print ("Benford Deviation ‘\u(3B4= " + str(Benford Deviation X))
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Calculating Benford Deviation: Methods

Benford Deviation

9 2
B F(d) — P(d)
0= ;[ P(d)

— P(d) = ideal proportion
— F(d) = observed proportion

*Chi-Square

n
Z_Z(On_ n)z
X = E
1 n

— 0,, = observed frequency
— E,, = expected frequency

Mean Absolute Deviation

— p; = observed proportions
— b; = expected proportions

6 = 0 —0.03 considered “good”

6 = 0.6 — 0.7 shows “preference to
small digits”

**Not best metric for Benford’s Law
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MAD Conformity
0 — 0.006 Close

0.006 — 0.012 Acceptable
0.012 — 0.015 Marginal

> 0.015 Non-conformity
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Popular Number Sets Raw Data

11
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Popular Number Sets Against Benford
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Popular Number Sets Against Benford (again)
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1. Introduction
» Motivation
» Benford’'s Law Definition and Application

2. Methodology

3. Results
> Beam Measurement Data for PIP2IT beamline

4. Conclusion
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PIP2-IT

15

PIP2-1T Goals — address risks for PIP-II linac, test front-end of PIP-II
Facility was completed & successfully commissioned in 2021

HEBT

Starts with ion source, turns Hydrogen gas — beam of H™ ions
RFQ accelerates beam to MEBT where beam is manipulated.
Two super conducting cryomodules accelerate beam up to 25 MeV.
Remaining are beam measurement, diagnostics, and dump station
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PIP2-IT Medium Energy Beam Transport (MEBT)

Laser 200-Ohm Fast Acting
50-Ohm wire kicker ~ Absorber valve
MO0 M11 kicker enclosure prototype M61 M71 FFC
scrapers scrapers scrapers scrapers Emittance Beam

Scanner dump
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« Beam Horizontal and Vertical positions are measured
using Beam Position Monitor (BPMs)

 BPMs are located at center of each Quadrupole Doublet and
triplet.

« BPM data were used to quantify eam position jitters.
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Jitter and Noise

17

The variation in timing or arrival of particles or beams at specific
points within the accelerator system. Arises from accelerator
defects, external disturbances, fluctuations in the power supply.

Affect efficiency of accelerator performance, thus affecting
measurement accuracy and experimental outcomes.

If we want to take more data, it has to be accurate!
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Beam Position Data

- Beam Position measured almost

12,000 times in all nine BPMs. T | ]
600 -
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Testing Benford on Normal Distributions
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PIP2-IT BPM Data: First two BPMs
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PIP2-IT BPM Data: All BPMs

All BPMs
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Findings/Results

Using MAD, for all nine BPMs, 0/18 distributions exhibited even
marginal Benford conformity.

Using &, about 4/18 showed “preference to leading digits™ but no
conformity.

Poor conformity — why?
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Conclusions

Noise - Randomness — Benford Deviation
Experimental noise is persistent, even at low temps
Ambiguity in metrics

Benford’s law is somewhat trivial and postdictive, not predictive
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Where to go from here?

Other test methods
— Kolmogorov-Smirnov Test yielded similar results for

Examine other detalls:
— Qutliers
— Skewness
— Orders of magnitude

Analyze additional beam data
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Take Home

Immersed in the Fermilab culture
— Mentored by and interact with top scientists

Cross-disciplinary

Math, Stats, Python, Particle Accelerators, & Beam Dynamics

Every teacher’s favorite question
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PIP2-IT SRF Phase

HWR CM & SSR1 CM are first two in PIP-II
Niobium insulated cavities, cooled to 2° K
RF doubles from HWR to SSR1
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More Pictures

Top Right — PIP2IT Facility
Top Left — RFQ at PIP2IT
Bottom Left — PIP2IT Chopper
Bottom Right — SSR1 at PIP2IT
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