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Abstract

The interplay between longitudinal to transverse dimensions is an
emerging challenge at the Fermilab Booster. Beyond an intensity
threshold, mode coupling instabilities can be excited which cause
catastrophic particle losses. By combining new longitudinal and
transverse diagnostics over the entire ramp, it is possible to measure
coupling and create online and offline diagnostics to characterize
instabilities and minimize losses in the Booster.
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Take Aways

Fermilab accelerator complex focused on PIP-Il and LBNF/DUNE. To succeed we must
solve anything that may slow or limit operations

PIP-Il era Booster will operate at higher intensity with fewer losses
Mode coupling instability observed around beam transition at PIP-I| intensities

Better instrumentation/tools needed to reliably dampen beam instabilities and better
understand Booster

A combined integrated diagnostic that measures the entire Booster ramp
longitudinally and transversely is needed to prepare us for PIP-II
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PIP-1l Era Booster




Booster at a Glance

For the sake of time, | won'’t go into detail about the Booster, but a few quick things to note

24 FOFDOOD sectors, each of same length
48 corrector packages
GMPS gives sinusoidal energy ramp
Cogging System provides synchronism with Ml and Recycler
277 a—

Operational intensity 4.5e12 ppp \.
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But the Booster Works, Right?

PIP-Il really changes booster operations and expects more from Booster

24 FOFDOOD sectors, each of same length
- 48 corrector packages

GMPS gives sinusoidal energy ramp

Cogging System
Operational intensity 4-5e42




Central Issue

" West Gallery

Leaving a state with operational
experience

More importantly current
operating conditions have subtle
assumptions we are breaking

All share a complicating factor, the
contribution of coupling between
dimensions™.
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Mode Coupling Instability




Transition Beam Loss

Sudden beam loss observed in 2019, in
depth study in 2023

Past intensity threshold, some bunches
generate large bunch tails and losses

Could it be from phase jump?

Dipole Motion Excited
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What’s Special about y; Transition?

Synchrotron oscillations temporarily stop

Space charge and wakes become >> (@,
Chromaticity crosses 0O
Loss of Landau damping
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What’s Special about y; Transition?

Synchrotron oscillations temporarily stop

Space charge and wakes become >> (@,
Chromaticity crosses 0O
Loss of Landau damping
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Synchro Betatron Coupling: Modes

Mode Coupling

Instability Diagram
Trans. motion with long. coupling can be T

represented synch sideband modes over len

Combination of single particle and collective
motion shift sideband modes (¢, AQ,,, AQ,,

Distance between modes synchrotron tune Q;

FERMINATIONALA

Developed semi-analytic model for these
instabilities as part of graduate work

Booster at transition is a mixture of three
instabilities

>

SC Tune Shift Ratio [Qs/Qs]
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Synchro Betatron Coupling: TMCI

Transverse Mode Coupling Instability (TMCI) eI thirate of most

Scales with wakes and (sometimes) damped by unstable TMCI mode
space charge

Grows exponentially every revolution

Tune Shift: Simulations
and Experiments
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Synchro Betatron Coupling: Head-Talil

Occurs when chromaticity is large, opposite sign as n
Grows exponentially every revolution
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—— nominal chrom. crossing
—— early chrom. crossing
—— late chrom. crossing
— AQs/Qs

revolutions from transition

Scales with chromaticity ¢ where .- = £/
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Synchro Betatron Coupling: Convective
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Simulated Head Tail Amp.

Qsc/Qs = 0.0, wi/Qs =0
Quc/Qs=1.3, wi/Qs =2
Qsc/Qs = 2.6, Wi/Qs = 4
Qsc/Qs=3.8, Wi/Qs =6
Qsc/Qs=5.1, w/Qs =8
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Accumulating wakes and space charge
creates large difference in amplitude at
head and tail

‘Head tail amplification’
Saturates at maximum amplitude

Measured Head Tail Amp.

— 900 Turns
—— 1100 Turns

Time (ns)
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Instability Jungle
Combination of instabilities
Beam lost when both exponential growth and head tail amplification large
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Re(AQx)/Qs

Re(AQ)/Qs

Instability Modeling

£=0 200 turns before y=y;

10.0
7.5
5.0
2.5
0.0 {5 /
2.5 ;! /
4 /
—5.0 1
_7.5 -
-10.0 . - - —
-400  —200 0 200 400
turns
£=0 200 turns before y=y;
10.0 -
7.5
5.0
2.5 N
e =
]
0.0 - St /'
=2:5g| 7 i
-5.0
_7,5 .
-10.0 : : : : .
—-400  —200 0 200 400

turns

Re(AQx)/Qs

Re(AQy)/Qs

£=0 100 turns before y=y;

7557

5.0 A

2.5 1

0.0 1

—2.5+]

=5.0 1

—7.5 1

G

-10.0

T T

—200 0 200
turns

—400

£=0 100 turns before y=y;

400

7.5 A

5.0 1

2.5 A

0.0

—2.5 4

=5.0 1

—-7.5 1

<

-10.0

T

-200 0
turns

—400 200

400

Re(AQy)/Qs

Re(AQy)/Qs

§=0aty=y:

FiDi)

5.0

2.5 1

0.0

—2.51

—5.0 1

—7.5 Sy

-10.0

—400

-200

0
turns

200

400

Tod:

5.0 1

2.5 A

0.0

—-2.5

=5.0 1

—7.5

-10.0

—400

—200

0
turns

200

400

Re(AQy)/Qs

Re(AQx)/Qs

£=0100 turns aftery=y;

Fidi

5.0

2.5 1

0.0

—2.51

—5.0 1

—-7.51

e

—

Re(AQ)/Qs

-10.0

—400

-200

0
turns

200 400

10.0

F:557

5.0 A

2.5 1

0.0 1

—2.5+]

—5.0 1

—-7.5 1

£=0100 turns after y=y;

~

Re(AQx)/Qs

-10.0

—400

—200

0
turns

200 400

£=0 200 turns after y=y; le—3
10.0
4.0
7.5 1
35
5.0 -
3.0
2.5 1
25
3
0.0 4 >
200
|35
=231 15
—5.01 10
=7.5 0.5
-10.0 T T T T T 0.0
-400  —200 0 200 400
turns
£=0200 turns after y=y;
10.0 =% 10°
7.5 1
5.0
102 =
2.5 1 =
Q
o
0.0 g
]
-2.5 4 =
10!
-5.0
_7.5 -
-10.0 T T T T T 10°
—-400  —200 0 200 400
turns

FERMINATIONAL AC



Instability Modeling
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Instability Modeling
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Instability Modeling
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Works at CERN PS and Fermilab Booster

rawDatay [2910/2512:16:23] :

— PFW_Q_H

— PFW_Q_V

---- PR.F-Basic-Xih-INCA/FunctionList#value
-- PR.F-Basic-Xiv-INCA/FunctionList#valyg

05500 96000 96500 97000 97500 93000 95500 9900

rawDataV [31/10/25 10:38:48]

FERMINATIONAL ACCEL

1ES

Shifting the chrom. curve later in cycle
suppresses instability at PS

Significant increase in intensity
Also works at Booster

21
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Need for Better Tools




Datalogger Lifecycle

BPM Tbt datalogger

Only measures position
D44 data logger

Can take minutes to collect
single dataset

Limited circular buffer

Max 8 inputs; takes arrays =

B35 BEOOSTER TURM BEY TLURN #Pcom_Tools+
file other actions Turn Calc options

D44
Plot

?

CNSs
CNS

K=TIME Y=B_MH2 B_MH2
I= 0 | 0%
F= 2

T1=02-FEB-2026 13:55:30.000¢ T2=02-FEB-2026 14:55:30.000 ¢InceeT2 Nouwes¢Intervale

+Skipe +X Divs 44 #Size D¢ #Expr. Interpolate¢ #Integrates +Editore
+Traces *Y Divs 44 #Name Se *fveraged +Folde
+Symbole *0verurites #Previous+ *Nexte ¢StdDeve +LJScanJob+
#Dot Group® #SDre ¢FTF+ $User+ $#Recalle +Saved #Fit Equationse#Prefers
Data Source #MBoon {(DCECS e #List Datae +#Copys #Min/Maxe +Searche
#All Device FPlotelList = ¢ 1e 4Export Datae¢Enable¢#Calc Pointse

Install PYTHON & PANDAS on the CNS 202 to use EXPORT EXCEL to .XLSX

Lumber jack Datalogger
Title = #E4R Building Temp

#Graphics +# *Stope #Paused #Pgm_Toolse
+#RescteeGxP1l #eUnitse #Statuse

ax ,I E4RTFM .
r 70 r
125

SMIng3 .MInj3 MIng3 SMInj3
Loggers No Fit No Fit No Fit
ArkIv 5 Min +Params+ 4Params+ 4Params+
Backup Backup Read
Sets Client Plotted
Bstr 1 Min
>0Others I E4RTCS +I E4RTFS I E4RTDS
: 75 : 70 ., 70
F= 125 ., 175 , 125 , 125
| AGWE] | AGRE] | RGN K] PrIngs
No Fit No Fit No Fit No Fit
*FParamnse +Paramnse +Paranse *FParamse
Read
Plotted

Messages
202, Sorry no data B_MH2,[02-FEB-2026 13:55:3(,02-FER-2026 14:55:30)
202, plot init. ©2-FEB-2026 13:55:30.000¢,02-FEBE-2026 14:55:30.000

T

+ 3

1:3 of 7

FREEZE DATH
UNMFREEZE DORTH

READ MULTIPLE BFM
READ MULTIPLE BPM OPTION
PLOT MULTIPLE EBPM

PLOT BPMZ %S5 BPML
EBPMz %3 BEPM1 PLOT OPTION

TURM B% TURM EBFM PLOT
REFPEAT TET EPM PLOT
TET BPM PLOT OPTIONS

PLOT TBT DISPLAY

REFEAT TET DISPLAY

TET DISPLAY OPTIONS

TET DISPLAY ORPTIOWS FILE

PIMNG AMALYSIS

PIMNG STREMGTH AMALYSIS
PING AMALYSIS OPTIONS
PING STREMGTH OFPTIONS

FT COMEINE EPM OPTIONS
FLOT FOURIER TRAMSFORM

PLOT REFPEAT FT
FT PLOT OPTIONS

Data written to file
122 bpms read

Action
FT COMTOUR PLOT
EFM COME FT COMTOUR PLOT
FT REFPEAT COMTOUR PLOT
FT CONTOUR PLOT OPTIONS

=1

=1

COMPUTE COURPLING
OISPLAY COURLING COEFF
PLOT COUPLING COEFF
DISPLAY COUPLING TUWISS
COMPUTE COURLING OPTIONS

COMPUTE CHROMATICITY
OISPLAY CHROMATICITY
CHROMATICITY OPTIONS
GIUAD SCAM

GIUAD SCAM OPTIOMS
GUAD SCAM REFIT

Messages

1:3 of &

IMIT GRAPHICS CURSOR
DELETE GRAPHICS CURSOR

DAL Status

Micro
Micro
Micro
Micrao
Micro
Micro

ODIGITIZE OM EWENT
OIGITIZE OM EWEMT

FINGER
OFF
OFF

Wert
Horz

24

oFF
OFF
OFF
OFF
OFF
OFF

Mode Toggle

?

fusrilocalfuserb/booster/turnbyturn/turnbyturndata/ TET_timing Turnby TurnBP

in

T

+ 3

Neither are agile, or can support large datasets for PIP-lIl commissioning or Al
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ACSys (or PACSys) Powers

Lots of amazing Al work being done Your Code Accelerator

Code must interface with instruments piie e

an d con t o I S Central Services

Must work ‘out of the box’ /o oeu

Python Script

ACSys Python created by Fermilab
PACSys out of IOTA
Makes python possible

FERMINATIOI

Some data unavailable
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H 1 t I IPM 200 LLOW Frequency Background IPM & MW Scaled Distributions
orlzon a = — V. Multiwire 829

V. IPM
—— V. IPM rescaled to MW829 emittance

o

o
o

Work performed to calibrate
IPM and understand noise
profile

relative density
[=}
[=)]

o
'S

Current optics model issue for
both x and y
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Dispersion beam size only in x P — . | 3 T3
V. IPM channels y/\/By (mmmrad2)

FERMINATIONAL ACCELERA

We don’t have a (good) way to
measure the full longitudinal — e zeramy
ramp pPpPp

—— IPM 4el2ppp
—— |IPM 5el2ppp

95% gy (m mm mrad)

Less sensitive
15 20

at low intensity time (ms) »



BPM Emittance Measurement

Home dir:  |jexport/homel balcewic/quad_PU Home directory (§HOME)

Ref subdir: [referencefjan24térefredo_17_1 v Check to use reference (§HOME/$ Reference)

Data subdir: Oneocyclel Data from get all.sh ($HOME/$Data) BPM method for measuring A emittances
Lattice of each BPM during ramp subdir ($HOME/$Lattice)

¥ Filter each sector demit. Subdir ($HOME/$Filter}

Lattice subdir: [lattice
— data

Filter subdir: |filter

Ae filename: [demit.dat Ave BPMs A results stored in: ($HOME/$D:

Dy (mmm mrad)

Calculation Options:
Use FE: Al Available FE's: 6, 12, 15, 21, 24 or All

Ignore sectors X:  [None
} for ave. Avail. sectors: 1, 2, 3, ..., 23,24 or None Time (ms
Ignore sectors Y: None ime (ms)
Tums from 100
} Min=100, Max=19735
to 17100
Tumns to skip: 100 between each emittance calculation

# samples per breakpt: [10 must be < tums to skip

mmm mrad)

# 0's for outlier removal: [0 when averaging over sectors

15

Trigger Controls:
Time (ms)

Trigger on 17 Example TCLK events: 15, 17. 1C, 1D. Only single events supported.

# triggers: 1 from 1 to Infinite. Will *not* save data if Infinite.
0.0001

Plot Controls: (‘auto' is supported in plot ranges. but *only* applied to the first plot.}
0.0000

# averages in exponential averaging
x min:
£y min: £y max:

15

Alap/p) min: A(Bp/p) max: . )
Time (ms)

Messages:

Sending following calculateicommand:
/export/homel/balcewic/quad_PU/emit -H /export/homel/balcewic/quad_PU -r reference/jan24térefredo 17 1 -F 6 12 15 21 24 -f filter -1 lattice -T 100 17100 -s 100 -N 10 -R 0 -
7

o demit.dat -d data/jan24t20neocyclel 1
Waiting

Current FEs not reliable

Upgraded BPM front ends coming
Don’t want to overstress control system
Longitudinal and transverse emittances coupled 26
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Integrated Diagnostic
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Combined Injection to Extraction Diagnostic

To my knowledge, we've never taken complete measurement of entire ramp

Transverse Tbt for BPMs and longitudinal = 0.2 ns samples
Combines with other datasets Instability Near Transition

Track machine state changes

Combination of full & decimated datasets*

Must avoid control system bottlenecks
WCM Bunch By Bunch Profiles

‘flhm}“- A .

Ny

FERMINATIONAL ACCEL

—— 6.9e10ppb Centroid {(mm)
6.4el10ppb Centroid (mm)
=+ 6.9e10ppb Int. (e10)
6.4el0ppb Int. (e10)

250 500 750 1000 1250 1500 1750 2000
turn number

28
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Not a ‘One-Off’

QICK board for longitudinal motion Transverse BPMs
Want similar system to Ml Being upgraded
Not a ‘One-Off’ Can stream data out

Will install over summer shutdown

Reading Magnet Ramps
Little data
PACSys or ACSys
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Data Collection and Processing
Mock-up of WCM for entire beam ramp

Clients
REDIS Primary
turnl Measurements ' (To AWS) Sigma

bunchl:sigma[0:19393]

33ms at 5Gsps =
turn 20000 330 MB

bunchg4:sigmal0:19999]
ACNET (Settable)
FolarityC tia
: o channel 1 Polarity "

'L | ) {To AWS]) Beam Loss from Prev
| Bunch |
bunchl-beamloss[0:19999) —®  AWECHENt

turnl:PolarityCorrectedWaveform
bunchg4:beamloss[0:19999]
turn20000: Polarity CorrectediWavefol . Sliced Bunch Data
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bunchg4:data]0: 15999][0:19]
Intensity per Bunch

turnl:PolarityCorrectedWaveform bunchl:intensity[0: 19590
o 67.2 MB 0199991

turn20000:Polarity CorrectedWavefol bunchB4:intensitiesD: 19399]

—l— ‘ 3.36 MB ‘

Eunch Sliced

[ren dend =pace)
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Detection Scripts

bunchB4:data[0:83][0:19]




Online Beam Diagnostics

Online measurements tell how dynamics change as parameters varied

Passive measurement of beams

Arbitrary analysis scripts, successful scripts deployed to operations

BPM Emittance Measurement

config

Directol
Home dir: [/export/homel /balcewic/quad_PU Home directory ($HOME)
Ref subdir: [reference/jan24térefredo_17_1 ¥ Check to use reference ($HOME/$Reference)
Data subdir: Data from get all.sh (§HOME/$Data)
Lattice subdir: [lattice Lattice of each BPM during ramp subdir (SHOME/$ Lattice)
Filter subdir: |[filter ¥ Filter each sector demit. Subdir ($HOME/Filter)

A filename:  [demit.dat Ave BPMs At results stored in: (§HOME/$ Data)

Calculation Options:
Use FE: Al Available FE's: 6, 12, 15, 21, 24 or Al
Ignore sectors X: None
} for ave. Avail. sectors: 1, 2, 3, ..., 23, 24 or None
Ignore sectors Y: None
Turns from 100
} min=100, Max=19735
o 17100
Turns to skip: 100 between each emittance calculation
# samples per breakpt: [10 must be = tums to skip

# o's for outlier removal: [o when averaging over sectors

'Trigger Controls:
Trigger on: 17 Example TELK events: 15, 17, 1C, 1D. Only single events supported.

# triggers: 1 from 1 to Infinite. Will *not* save data if Infinite.

Plot Controls: (auto' is supported in plot ranges. but *only* applied to the first plot.)
# averages s in exponential averaging
Aexmin: fuo Aexmax
ey min: [ ey max
A(Ap/p) min: | AlAp/p) max:

Clear

Messages:

Sending following calculate_command:

gy (mm mrad)

0.0001

0.0000

BPM method for measuring A emittances

Time (ms)

Time (ms)

15
Time (ms)

/export/homel/balcewic/quad_PU/emit -H /export/homel/balcewic/quad PU -r reference/jan24t6refredo 17 1 -F 6 12 15 21 -f filter -1 lattice -T 100
7

17100

-5 100 -N 10 -R 0 -

Vertical Excursion (mm)

0

V. Beam Excursion

FERMINATIONALA

F. Dipole aperture at dipole center
Closed Orbit

95% Envelope @ 18 Turns
envelope with 4 mm tail oscillations
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6D Beam Coupling

Using Chrom. to Stop Transition Losses

Long Sextupole -5 A . Long Sextupole +0 A
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Physics Informed Al/ML

Long shutdown significant gulf without experiments

Diagnostic provides perfect training sets for Al/ML

Use AlI/ML to infer beam parameters rather than treating as a black box
Mock-up using MCMC to nondestructively measure linear optics

We aren't just building for today’s Al models™

Using MCMC to Estimate Beam Optics

MCMC with Bayesian Inference

MAD-X beta_y
—+— Jtbeta_y
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Career to Date

Undergrad UCSB

MSU for graduate school,
joined Hao research group
focused on theory/simulation

As part of Accelerator
Science and Engineering
Traineeship (ASET) | did my
thesis research at BNL's
AGS*

Postdoc at Fermilab Booster
for past 2.5 years
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Bottom Line: not all datasets can go through

control system

Many transverse
measurements are indirect
longitudinal ones

Bunch by bunch Longitudinal
pickups could be
>100,000,000 datapoints in a
single pulse

Directories:

Home dir /homel ic/quad_PU
Ref subdir: enc efredo_17_1
Data subdir:

Lattice subdir: [lattic

Filter subdir: [fiter

B¢ filename: [demit.dat

Calculation Options:
Use FE
Ignore sectors X:
Ignore sectors ¥:
Turns from
to 17100
Turns to skip: 100
# samples per breakpt: [10

# 0's for outlier removal: [0

Trigger Controls:
Triggeron: (17

# triggers: 1

BPM Emittance Measurement*

Home directory (SHOME)

¥ Check to use reference (SHOME/$Reference)

ata from get_alsh ($HOME/$Data) BPM method for measuring A emittances

Lattice of each BPM during ramp subdir (SHOME/SLattice)
¥ Fiter each sector demit. Subdir ($HOME/SFitter)

Ave BPMs Ac results stored in: ($HOME/$Data)

A&, (T mm mrad)

Available FE's: 6, 12, 15, 21, 24 or Al

} for ave. Avail. sectors: 1, 2, 3. ..., 23,24 or None

} Min-100, wax-19735

between each emittance calculation
must be < turns to skip

when averaging over sectors

]
E
£
£
£
4

Time (ms!
Example TCLK events: 15, 17, 1C, 1D. Only single events supported. ‘me (ms)

from 1 to Infinite. Will *not* save data if Infinite.

Plot Controls: (‘auto'is supported in plot ranges. but *only* applied to the irs plot.)

#averages 5
Bex min:
Bey min

ABp/p) min

Messages:

in exponential averaging
Aex max:

Aey max:
15

A(Ap/p) max:
olP Time (ms)

Sending following calculate command:
/export/homel/balcewic/quad_PU/emit -H /. ort/homel/balcewic/quad PU -r reference/jan24t6refredo 17 1 -F 6 12 15 21 24 -f filter -1 lattice -T 100 17100 -s 100 -N
o demit.dat -d data/jan24t20neocyclel 17

Waiting

FERMINA
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losses begin
1 synch. oscil.
2 synch. oscil.
bunch 8

-—- bunch 73
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Qsc/Q:=0.0, w,/Q: =0
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Mode Coupling in Booster Shifting Chromaticity

Suppresses Instability
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Booster exhibits Mode Coupling Instability around . MAD

transition

=== £y measured
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£y measured

Occurs in Booster Transition crossing

——= beam transition

Shifting chromaticity curve can suppress instability
I've demonstrated in Fermi Booster and CERN PS
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PIC Simulation of Space
Charge Resonances

o
o
(=
=
2
©
S
B
]
s

8.60 8.65
Horizontal Tune Q,

AGS elPM Booster IPM

FERMINATIONAL ACCE

~— 'Averaged'
= Unfiltered
L2l — V. Multiwire

WL IPM

— W, IPM res 9 gmittance

relative density

30
Bin Number

yi\/ By (mmmrad'?) 42




	Slide 1: Integrated Diagnostic for Mode Coupling in the Fermilab Booster
	Slide 2
	Slide 3
	Slide 4: PIP-II Era Booster
	Slide 5: Booster at a Glance
	Slide 6: But the Booster Works, Right?
	Slide 7
	Slide 8: Mode Coupling Instability
	Slide 9
	Slide 10
	Slide 11
	Slide 12: Synchro Betatron Coupling: Modes
	Slide 13: Synchro Betatron Coupling: TMCI
	Slide 14: Synchro Betatron Coupling: Head-Tail
	Slide 15
	Slide 16: Instability Jungle
	Slide 17: Instability Modeling
	Slide 18: Instability Modeling
	Slide 19: Instability Modeling
	Slide 20: Instability Modeling
	Slide 21: Works at CERN PS and Fermilab Booster
	Slide 22: Need for Better Tools
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27: Integrated Diagnostic 
	Slide 28
	Slide 29
	Slide 30
	Slide 31: Online Beam Diagnostics
	Slide 32: 6D Beam Coupling
	Slide 33
	Slide 34: Thank You
	Slide 35
	Slide 36: Extra Slides
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42

