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Talk overview

1. Booster Modeling & Benchmarking
Build the SciBmad Booster model and benchmark lattice, optics, orbit, tune, scalability, and

operational access.

2. 2025 Tune Measurement
Analyze the 2025 Booster turn-by-turn data with FFT and damped-oscillation fits, and compare with

SciBmad Twiss results.

3. Tune Measurement Simulation
Reproduce the tune-measurement procedure with SciBmad tracking using single particles and bunches.

4. 2026 Tune Measurement
Compare kicker-OFF/ON data and use Gaussian band-pass filtering and decoherence fitting for the

noisier 2026 data.

5. Multi-BPM Analysis
Develop a multi-BPM tune and phase-advance analysis for future measurements and benchmark it

against SciBmad Twiss.
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Booster lattice converted from MAD-X to SciBmad

Booster lattice — SciBmad model
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s[m]
== Dipole (SBend) ~WmW Quadrupole @ Sextupole —— H/V corrector

» Reconstructed the Booster lattice in SciBmad from the MAD-X model.
» Model includes dipoles, quadrupoles, sextupoles, and horizontal/vertical correctors.

1. Booster Modeling & Benchmarking
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Twiss benchmark: horizontal beta function

Booster: MAD-X vs SciBmad By

—— MAD-XB, —~— SgiBmad By
| i
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Booster lattice — SciBmad model
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i3 100 135 150 175 20
siml
= Dipole (SBend) mm Quadrupole @ Sextupole — HNV corrector

MAD-X vs. SciBmad

» 5x(s) overlaps across
the full Booster lattice.

» Point-by-point residuals
are at the 107%m scale
in this comparison.

Booster: 8, = fusovmss = oo

\

by
A/M/\/ \ V/\J

ABx = Bx,SciBmad — Bx,MAD—X
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Orbit benchmark: response to one horizontal kicker

Booster: horizontal orbit with one H kicker on

—— MAD-Xx =~ SciBmad x

-3
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Booster lattice — SciBmad model
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siml
= Dipole (SBend) W Quadrupole @ Sextupole  — HIV corrector
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One H kicker on

» Compare the resulting
horizontal closed orbit
x(s).

» MAD-X and SciBmad
reproduce the same
mme-scale orbit response.

» Residuals are at the
10~% mm scale in this
comparison.

[ —

AX = XsciBmad — XMAD—X
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Scalability test: tracking time

Fit 1: N~0.87
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10° 104 10°
Number of runs

10°

Tracking performance

» Tested from 10? to
109 particles.

» Full-range fit:
T o NO-87,

» For 103-10°:
T o NO-9%8,

» Large-bunch
tracking is therefore
approximately linear
in particle count.
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SciBmad model as an HTTP server
http://localhost:8081/booster?IC7=254ID1=0&ID4=0&ID7=0&IE1=0
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» Expose the SciBmad Booster model through a local HTTP server and pass machine settings
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Tune calculation: accumulated tune

IQHC = -656.98864746 A, IQVC = 248.90072632 A
—— Qx = 4.34337482 » Calculate the accumulated

—— Qy = 4.57055469 . .
Y horizontal and vertical tune
along the Booster lattice.

» Extract the final values as
the one-turn tunes Qx and Q,.

Accumulated tune

0 25 50 75 100 125 150 175 200
s (m)
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Tune matching: Jacobian-based magnet adjustment

IQHC = -656.98864746 A, IQVC = 248.90072632 A Target: Qx = 4.45, Qy
IQHC = -502. 06739734 A, IQVC = 445 7565279¢ A

—— Qx=4.34337482

—— Qy = 4.57055469 —— Qx =4.45000000

—— Qy = 4.45000000

w

Accumulated tune
Accumulated tune

o 25 50 75 100 125 150 175 200 o 25 50 75 100 125 150 175 200
s (m) s (m)
Initial tunes Matched to target Qx = Q, = 4.45

» Use the Jacobian of (Qy, Qy) with respect to (lgrc, lovc) to calculate magnet-current corrections.

» lterate until the final tunes reach the specified target.
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Booster tune control during the 2000 ms ramp

Figure 1 (on acnlinka.pbn.bnl.gov) - > DeSired horizontal and
vertical tune setpoints are
A€ Q=W .

defined through the 2000 ms
Booster ramp; quadrupole

ooy currents vary through the same

a0 cycle.

————————————————————— » OpticsControl converts

4.55 .
between tune setpoints and

450 quadrupole currents using

- matrix/inverse-matrix
S 4451 calculations with hardcoded

coefficients.

4.40
» SciBmad calculates the

g optics using the Twiss/tracking

““““““““ —e— H OpticsControl d |
4.30 4 === H SciBmad moael.
—e— V OpticsControl
S A » On the CAD server,
d255 s w w SciBmad can read live Booster
0 250 500 750 1000 1250 1500 1750 2000 . . .
time (ms) settings, run the simulation,

and post results.
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Tune matching: SciBmad vs. OpticsControl

A€E>PQE=E DB

Figure 1 (on acnlinka.pbn.bnl.gov)
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time (ms)

time (ms)

» Use the same tune
setpoints as targets
throughout the ramp.

» In SciBmad, adjust

quadrupole currents so the

calculated tunes match
the target setpoints.

» The required SciBmad
quadrupole currents are
slightly different from
those calculated by
OpticsControl.
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Experimental tune measurement in the Booster

Measurement procedure

» Apply a single-turn H or V kick to excite
coherent betatron motion.

» Record the beam position turn-by-turn after
the kick.

» Extract the fractional tune from the
oscillation frequency.

2. 2025 Tune Measurement

2025 measurement data

The data presented here were taken from a
Booster tune measurement performed by Lucy in
2025.

The horizontal data are noisier and do not show

a clear damped-cosine pattern.

Both horizontal and vertical data are presented:
» Horizontal: FFT analysis only.

» Vertical: FFT plus
damped-cosine/decoherence fitting.
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Horizontal tune measurement: 10-minute turn-by-turn data

Turn-by-Turn Horizontal Beam Position

201

151

10 A

Horizontal position

3 4 5 6 7
Turn 1e6

o
4
N

10-minute turn-by-turn horizontal measurement
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Horizontal tune measurement: selecting the analysis window

Turn-by-Tur Horizontal Beam Position

Worzontal posiion

VA

0 lbw b0 w0 00 S0 60 7000 soo0o
m

Selected measurement interval

Turn-byTum Horizontal Beam Position

Woraanta posien

3 s 1000 1500 2000 2500 E
i

Horizontal oscillation region

2. 2025 Tune Measurement

Horizontal position

Turn-by-Turn Horizontal Beam Position

o 250 500 750 1000 1250 1500 1750 2000
Tum

2000-turn analysis window
» H and V kicks were applied simultaneously, so the
two TBT signals share the same timing.
» Because the H signal is noisier, the successive
zooms and analysis window are selected from the
cleaner V data.
» The same 2000-turn window is then applied to H
and used for the FFT tune analysis.
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Horizontal tune extraction from the FFT spectrum

Horizontal Tune Spectrum

FFT amplitude

0.10

0.05
0.00 A A,

-- Qx=02135

0.0 0.1 0.2 0.3
Fractional tune

2. 2025 Tune Measurement

0.4

0.5

FFT tune analysis

» Remove the DC
component from the
selected 2000-turn
horizontal waveform.

» Calculate the FFT and
search 0 < Qx < 0.5.

» The dominant spectral
peak gives

Q< =0.2135

» With 2000 turns,

AQrrT = 1/2000 = 0.0005.
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Vertical tune measurement: 10-minute turn-by-turn data

Turn-by-Turn Vertical Beam Position

40 1
201
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e
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_40
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Turn 1e6

10-minute turn-by-turn vertical measurement
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Vertical tune measurement: selecting the analysis window

Tum by Tum Vertical Beam Positon Turn-by-Turn Vertical Beam Position

Vertical position

I3 000 2080 000 o0 om0 60000 70000 000
T

Selected measurement interval o

Turm-by-Turm Vertical Beam Position

o 250 500 750 1000 1250 1500 1750 2000
Tum

2000-turn analysis window

» Successive zooms isolate a single kick re-
sponse from the long measurement record.

Vertical position

» The selected 2000-turn waveform shows the
; Py = = , coherent vertical betatron oscillation and its de-
cay.

» This 2000-turn window is used for the sub-
sequent FFT and time-domain tune fits.

Single excited vertical oscillation
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Vertical tune extraction from the FFT spectrum

Vertical Tune Spectrum

FFT amplitude

L

--- Q,=0.1845

UW

0.0

2. 2025 Tune Measurement

0.1

0.2 0.3 0.4 0.5
Fractional tune

FFT tune analysis

» Remove the DC
component from the selected

2000-turn vertical waveform.

» Calculate the FFT and
search 0 < Q, < 0.5.

» The dominant spectral
peak gives

Q, = 0.1845

» With 2000 turns,
AQrrt = 1/2000 = 0.0005.
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Vertical tune extraction: exponential damped-cosine fit

Exponential Damped Cosine Fit to Vertical Beam Motion

201

104

—~104

Vertical position

—204

—~304

—40

—— Measured data
== Exponential damped cosine fit

y(n) =Ae"*"cos(2nQ,n + ¢) +C

A=23.629+0.234
a=(1.170e - 03 +1.777e - 05)
Q,=0.18458186 + 0.00000283

¢=-2.9622 +0.0099
C=0.0048 +0.0520

2. 2025 Tune Measurement

500

750

1000
Turn

1250

1500 1750 2000

Time-domain fit

>

Fit the measured
2000-turn waveform
directly with a damped
cosine:

y(n) = Ae™ “" cos(2m Q, n+¢)+C

The fitted tune is

@, = 0.18458186 + 0.00000283

FFT gives

Q, = 0.1845.
The difference is

|AQy| =8.19 x 107°,
which is smaller than the
FFT-bin spacing:

AQpgT = 1/2000 = 0.0005.
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Vertical tune extraction: Gaussian decoherence fit

Gaussian Decoherence Fit to Vertical Beam Motion
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Vertical position

-30

—— Measured data
== Gaussian decoherence fit
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y(n) =Ae~"cos(2rQ,n + §) + C

A=20.133+0239

a=(1.407€ - 06 + 4.737e - 08)
Qy =0.18459069  0.00000637
$=-2.9826+0.0159
C=-0.9583+0.0949

1ol =027

2. 2025 Tune Measurement

200 400 600 800 1000

Gaussian decoherence fit

» Model the envelope as

y(n) = Ae—cn” cos(2mQ,n+¢)+C.

» For RMS energy spread o5,

Ja

Q= .
I ‘Vl \/571'05
» Assume o5 = 1073,

» Fit the first 1000 turns for
a good match to the
measured envelope.

» The fit gives
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SciBmad twiss calculation at measurement settings

Accumulated tune

SciBmad reads the historical Booster settings from the tune measurement and runs the model.

2. 2025 Tune Measurement

IQHC = 296.79867231 A, IQVC = -339.83754095 A

—— Qx=4.79734146, Q'x = —7.280984
— Q,=4.83768066, Q', = —2.983361

0 25 50 75 100 125 150 175 200
s (m)
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Energy

Gaussian Decoherence Fit to Vertical Beam Motion

spread required to match SciBmad chromaticity
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—— Measured data

~ = Gaussian decoherence fit

y(n) = Ae="""cos(2nQ,n +¢) + C

A=20.133£0.239

a=(1.407e - 06 +4.737e - 08)
Qy =0.18459069 + 0.00000637

¢=-2.9826 £0.0159

2. 2025 Tune Measurement

Turn

Match to the Twiss
chromaticity

» The SciBmad Twiss

calculation gives
|Q;| = 2.98.

For the Gaussian
decoherence model,

h_ Vo
IQyI—\/EM&-

To reproduce the Twiss
value with the fitted
decoherence rate, the
required RMS relative
energy spread is

os ~89x10 " |
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Tune measurement: experiment VS SciBmad twiss calculation
» Experimental FFT:

Q« = 0.2135, Q, = 0.1845.
» A search over 0-0.5 cannot distinguish Q from 1 — Q:
@« = 0.2135 or 0.7865, Q, = 0.1845 or 0.8155.
» SciBmad Twiss calculation:
Q« = 4.797341, Q, = 4.837681,
corresponding to fractional tunes
. = 0.797341, , = 0.837681.

» Comparison:
Qx,exp =0.7865 vs. QX,SciBmad = 079734—17
Qy,exp = 0.8155 vs. Qy,SCiBmad —0.837681.

Questions for the tracking study:
» Can SciBmad reproduce the experimental tune signal?

» Can the kicker/BPM optics explain the weak horizontal response?
» Can tracking reproduce decoherence and chromaticity?
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Talk overview

1. Booster Modeling & Benchmarking
Build the SciBmad Booster model and benchmark lattice, optics, orbit, tune, scalability, and

operational access.
2. 2025 Tune Measurement
Analyze the 2025 Booster turn-by-turn data with FFT and damped-oscillation fits, and compare with
SciBmad Twiss results.

3. Tune Measurement Simulation
Reproduce the tune-measurement procedure with SciBmad tracking using single particles and bunches.

4. 2026 Tune Measurement
Compare kicker-OFF/ON data and use Gaussian band-pass filtering and decoherence fitting for the

noisier 2026 data.

5. Multi-BPM Analysis
Develop a multi-BPM tune and phase-advance analysis for future measurements and benchmark it

against SciBmad Twiss.
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Simulate the tune measurement with SciBmad tracking

Reproduce the experimental procedure in simulation

>

Add H/V kickers and H/V turn-by-turn BPMs to the SciBmad Booster lattice, and estimate
the H/V optical response using the kicker-to-BPM phase advance and the beta functions at the
kicker and BPM.

Place these elements at locations corresponding to the actual Booster tune kickers and TBT
BPMs.

Track either a single particle or a particle bunch through the Booster.

Apply simultaneous single-turn H/V kicks, following the experimental tune-measurement
procedure.

Record the horizontal and vertical beam positions turn-by-turn at the corresponding BPMs.

Analyze the simulated TBT signals using the same methods as the experimental data: FFT for
tune extraction and, for bunch tracking, decoherence fitting for chromaticity.

SciBmad lattice — single-turn H/V kick — TBT BPM data — FFT / fitting

— tune & chromaticity
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Tune-measurement optics: kicker-to-BPM phase advance

IQHC = 296.79867231 A, IQVC = -339.83754095 A » Evaluated the

Hx(s) (Qx=4.79734146) .
—— myls) (Qy=4.83768066) accumulated horlzontal
and vertical phase at the
a actual H/V kicker and
TBT BPM locations.
EN » H kicker — H BPM:
WPy PuEte2) ST Apx = 2.2686
§ 2 Jix = 3.341409 turns 35:4,';3;2;322
< Kicker » BPM phase advance A,Uax mod 1 = 0.2686
Ay, =2.268618 turns
M PUEVDT) Dy, = 3.818773 turns. . .
1 e r— Ay = 14254147 rad » V kicker - V BPM:
- ¢, =23.994056 rad
Fractonal phase advance: Auy = 3.8188
0
Apy mod 1 =0.8188
0 25 50 75 100 125 150 175 200
s (m)
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at kicker and BPM

» Beta functions at the
tune-measurement elements:

Tune-measurement optics: beta functions

Booster Beta Functions
— B
— B9
g
- vomeuevon)| | || By (H kicker) = 4.152 m,
B, =12725m
B (H BPM) = 12.356 m,
- H BPM (PUEHB2] 1
¥ Boen{TUNE T oa0s By(V kicker) = 12.010 m,
10 B, =12.010m Bc=12356m
B,(V BPM) = 12.725 m.
E
= -
8 » For an angular kick,
H Eiker YuRERK) R < \/BkBepM sin(2rAp).
© Bo=4152m [Tune messurement locations
BulH kicker) = 4.152 m . .
B.(H BPM) = 12356 m The optics give |R,| ~ 7.11
BV Kicker) = 12.010 m m and |R,| ~ 11.23 m:
¢ i By(VBPM) = 12.725 m
25 50 75 100 125 150 175 200
s(m) [Rx/Ry| ~ 0.63.
» Thus the H optical response
is about 63% of V for equal

angular kicks.
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Single-particle tracking: horizontal tune

Singiepartce Tune Spectrum

Moszantst poskion e

[r———

Turn-by-turn horizontal position : o - v - :
FFT tune spectrum Cosine fit
» Track a single particle with simultaneous single-turn H/V kicks and record turn-by-turn BPM
positions.

» No damping term is needed for the single-particle signal; a regular cosine describes the oscillation.

» FFT gives Qx = 0.2025; the cosine fit gives Qx = 0.20265612 + 0.00000001. The difference is
1.56 x 10~* < AQppT = 0.0005.

3. Tune Measurement Simulation
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Single-particle tracking: vertical tune

Single artice Tum-by T Singl-Partce yPlane Tune Spectrum

- o-aieasm

[resp——

ampi
[re——

O S A

Turn-by-turn vertical position o

FFT tune spectrum Cosine fit
» The same simultaneous single-turn H/V-kick procedure is used for the vertical plane.

» A regular cosine fit is sufficient for the single-particle vertical signal.

» FFT gives Q, = 0.1625; the cosine fit gives Q, = 0.16232226 £ 0.00000000. The difference is
1.78 x 10~* < AQppr = 0.0005.

3. Tune Measurement Simulation 31/47



Bunch tracking: horizontal tune and chromaticity

Bunch Tum-by Tum Horizonta Beam Poston Bunch x.Plane Tune Spectrum

.
3 ‘mv 3

o rY 5o o oo Y

Turn-by-turn horizontal centroid * " 7 cortone - - - )
FFT tune spectrum Gaussian decoherence fit

» Track a 10,000-particle bunch with RMS relative energy spread o5 = 103 and simultaneous
single-turn H/V kicks.

» Record the horizontal bunch centroid turn-by-turn; the FFT gives Qx = 0.2050.
» Gaussian decoherence fit gives Qx = 0.20275284 + 0.00003525 and, using o5 = 1073, |Q)| = 4.35.
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Bunch tracking: vertical tune and chromaticity

HH o I 1 1
HH‘ ™y
I |
I
‘ HH \ J ,
Mm 1
\ ™

Turn-by-turn vertical centroid
FFT tune spectrum Gaussian decoherence fit
» The same 10,000-particle bunch and o5 = 10~3 are used for the vertical-plane analysis.
» Record the vertical bunch centroid turn-by-turn; the FFT gives Q, = 0.1620.
» Gaussian decoherence fit gives Q, = 0.16239523 + 0.00000138 and, using o5 = 1073, |Qy| = 2.05.
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Chromaticity:

Twiss calculation vs. bunch decoherence fit

i ?
Twiss  Gaussian fit Why are the fitted values smaller?

Q. -7.281 |Q.|=435 » Twiss Q' is the lattice chromaticity, i.e.
the local derivative dQ/dé.
Q)’, —2.983 |Q)’,| =2.05
» The bunch fit infers |Q’| indirectly from
The fit assumes the centroid decoherence and assumes
5 2 o 2 an ideal Gaussian tune-spread model.
os =107, a=271(Q ) 0;.

» The inferred value depends on the
actual bunch o5 and on the chosen fit
interval; the decoherence envelope also
contains effects beyond the simple
linear model.

The decoherence fit is a model-dependent chromaticity estimate, not a direct replacement for

3. Tune Measurement Simulation

the Twiss derivative.
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Talk overview

1. Booster Modeling & Benchmarking
Build the SciBmad Booster model and benchmark lattice, optics, orbit, tune, scalability, and

operational access.

2. 2025 Tune Measurement
Analyze the 2025 Booster turn-by-turn data with FFT and damped-oscillation fits, and compare with

SciBmad Twiss results.

3. Tune Measurement Simulation
Reproduce the tune-measurement procedure with SciBmad tracking using single particles and bunches.

4. 2026 Tune Measurement
Compare kicker-OFF/ON data and use Gaussian band-pass filtering and decoherence fitting for the

noisier 2026 data.

5. Multi-BPM Analysis
Develop a multi-BPM tune and phase-advance analysis for future measurements and benchmark it

against SciBmad Twiss.
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2026 Booster tune measurement

Measurement campaign

» Tune measurement performed in 2026 by
Kiel, Lucy, Eiad, and Jun.

» The measurement was carried out near the
end of the run, with limited machine time
available.

» Due to the limited time and problems with
the horizontal kicker, only the vertical
tune measurement was completed.

Turn-by-turn data

» Apply the vertical single-turn kick and
record the vertical beam position
turn-by-turn.

» The 2026 vertical TBT signal is noisier
than the 2025 horizontal data.

» The larger noise level is attributed to the
lower beam intensity during this
measurement.

2026 measurement: vertical plane only, with lower-intensity and noisier TBT data.

4. 2026 Tune Measurement
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2026 measurement: kicker OFF vs ON in time domain

Cycle 1 Time-Domain Comparison (first 100000 turns)

30

25

20

Position

10

—— Kicker OFF
—— Kicker ON

4. 2026 Tune Measurement

0 20000 40000 60000 80000 100000
Turn

Compare the first 100,000 turns of cycle 1 with the vertical kicker OFF and ON.
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2026 measurement: kicker OFF vs ON in frequency domain

Cycle 1 Frequency-Domain Comparison (first 20000 turns)

—— Kicker OFF
0.30 —— Kicker ON
0.25
0.20
o
k-1
2
=
£ 0.15
&
e
b
0.10
0.30 0.35 0.40 0.45 0.50

Fractional tune

FFT of the first 20,000 turns. A strong tune peak near Q ~ 0.431 appears when the kicker is ON, while it is not
visible with the kicker OFF.
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Gaussian band-pass around the vertical tune

Cycle 1 Gaussian Band-pass Spectrum > Use the fu“
—— Kicker OFF
030{ — Kicker ON 100,000-turn cycle for
-~ Gaussian center = 0.43144 the FFT
02 » Apply the same
Gaussian band-pass to
020 kicker OFF and ON
*5 data.
%0,15 )
£ » Gaussian center:
0.10 Qo = 0.43144
0.05 » Gaussian width:
0.00 !
0.10 015 0.20 0.25 030 0.35 0.40 0.45 0.50 » Inverse FFT gives the
Fractional tune tune-band time-domain
signal.
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Gaussian band-pass IFFT: kicker OFF and ON

Kicker OFF: Original vs Gaussian Band-pass Filtered Kicker ON: Original vs Gaussian Band-pass Filtered

Onginal

Kicker OFF: no clear coherent tune signal after Kicker ON: a coherent oscillation is isolated by the
filtering. Gaussian band-pass.

The Gaussian filter is applied in frequency space to the full cycle, followed by an inverse FFT back to the time
domain.
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2026 measurement: Gaussian decoherence fit

Position

4. 2026 Tune Measurement

-1

-2

Gaussian Decoherence Fit to Kicker ON Gaussian Band-pass IFFT (tums 4440-4540)

—— Kicker ON Gaussian band-pass IFFT
~~ Gaussian decoherence fit

A i A
|
\ \
Y
f i
¢ ( {
V |
AL R EA |
‘ 1 ) = Ae*"cos(2nQn +9) + C
\
1 ' A=1.622+0.049
4440 4460 4480 4500 4520 4540

Turn

Fit the kicker-ON
Gaussian-bandpass IFFT signal
over turns 4440-4540.

Gaussian decoherence model:

y(n) = A=
X cos(2mQn + ¢) + C

Fitted tune:
Q = 0.43119036 + 0.00014274

The 0-0.5 spectrum corresponds
to Q, = 0.43119 or

1— Q, = 0.56881; a direct
SciBmad comparison requires the
corresponding 2026 historical
machine settings.

Using o5 = 1072 gives

|Q'| = 2.10.
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Talk overview

1. Booster Modeling & Benchmarking
Build the SciBmad Booster model and benchmark lattice, optics, orbit, tune, scalability, and

operational access.

2. 2025 Tune Measurement
Analyze the 2025 Booster turn-by-turn data with FFT and damped-oscillation fits, and compare with

SciBmad Twiss results.

3. Tune Measurement Simulation
Reproduce the tune-measurement procedure with SciBmad tracking using single particles and bunches.

4. 2026 Tune Measurement
Compare kicker-OFF/ON data and use Gaussian band-pass filtering and decoherence fitting for the

noisier 2026 data.

5. Multi-BPM Analysis
Develop a multi-BPM tune and phase-advance analysis for future measurements and benchmark it

against SciBmad Twiss.
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Multi-BPM tune analysis for future measurements

» Previous Booster tune measurements used a single horizontal TBT BPM and a single vertical
TBT BPM.

» Develop a multi-BPM analysis tool in SciBmad for future tune measurements.

» In simulation, apply simultaneous single-turn H/V kicks and record turn-by-turn positions at
multiple BPMs around the Booster. At each BPM, use FFT and oscillation fitting to extract Q«
and Q,; the multiple BPM estimates allow the average and uncertainty of Q. and Q, to be
calculated.

» FFT: obtain a robust tune estimate at each BPM, limited by the FFT-bin spacing.

» Fit: obtain sub-bin tune estimates and the fitted phase at each BPM; use the phases to
reconstruct the phase advance through the beam line and benchmark it against the accumulated
SciBmad Twiss phase.
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Multi-BPM tune extraction: FFT and fit

Fitted Tune at All BPMs

Horizontal and Vertical Tune Spectra from All BPMs

‘ EEHR
%

FFT ampliude

035 040 ols o

Fit: obtain sub-bin Qx and Q, estimates consistently
across all BPMs, together with the fitted phase at
each BPM.

010 ois 030 o35 0%
Fractonai tune

FFT: extract Qx and Qy independently at every BPM;
robust but limited by the FFT bin spacing.
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Reconstruct phase advance from multi-BPM fits

Horizontal Phase Advance: Twiss vs Tracking

Horizontal phase advance Vertical phase advance
From the fitted phase ¢ at each BPM, use u = ¢/(27) and adjust by integers to obtain a monotonically
increasing accumulated phase. The reconstruction closely follows the SciBmad Twiss result.
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Multi-BPM phase-advance benchmark

le-6 Phase Advance Difference > Difference shown as
—— Ny . . .
I tracking/fit minus
! Twiss.

Tracking - Twiss
°

) » Agreement is at the
few-107° level in this
/\ SciBmad simulation.

» This validates the
phase-reconstruction
procedure before
applying it to future

- multi-BPM

experimental data.

0 25 50 75 100 125 150 175 200
s (m)
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Summary

1. Booster Modeling & Benchmarking

Developed and benchmarked a SciBmad model of the Booster, providing a foundation for optics
calculations, tracking studies, and operational applications.

2. 2025 Tune Measurement
Applied frequency- and time-domain analysis to experimental turn-by-turn data to extract tune

information and study coherent beam-motion decoherence.

3. Tune Measurement Simulation
Reproduced the tune-measurement procedure with SciBmad tracking and used the model to

investigate beam response, decoherence, and the kicker—BPM optics.

4. 2026 Tune Measurement
Extended the analysis to noisier 2026 data, using kicker-OFF/ON comparisons and frequency-domain
filtering to isolate the coherent tune signal.

5. Multi-BPM Analysis
Developed a multi-BPM framework for more robust tune extraction and phase-advance reconstruction,

and validated the method against SciBmad Twiss calculations.

Thank You
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