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NuMI Neutrino Beam to NOVA

« NuMI (Neutrinos at the Main e e N,
Injector) provides a high-quality
neutrino beam to the NOVA (NuMI |\ §§ 7%
Off-axis v, Appearance) Near/Far NOVARES

Detectors (ND/FD)

« Mission is creating high statistic J
and low systematic accelerator 1 | wisco
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J. Wolcott, FNAL JETP Seminar Sept. 18, 2020
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Upgrade Fermilab Accelerator Complex

e Tevatron (collider program)
shut downin 2011
* Proton-Improvement-Plan
(PIP) has begun since 2011 to
reprogram 8 GeV proton
beam system for Muon
campus (g-2 & Mu2e) and
Booster Neutrino Beamline
(BNB), and 120 GeV/c proton
v~ €am system for NuMlI and
,, Fermilab Test Beam Facility
e Refurbish Linac and Booster
for 15 Hz beam operation

Main Injector

Low-Energy ———a==
Neutrino
Experiments

Fixed-Target
Experiments,
Test Beam
Facility

Muon =
lon Source Experiments

ot * Reoptimize Recycler ring and
o Main Injector

* Present goal proton beam
power 900+ kW for NOVA
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W. Pellico, Fermilab S&T review, 2013

PIP on Linac and Booster M. Convery, ICHEP 2016

New lon source & RFQ Injector

2 x sources
I"—— S - \

roosan e ran A * Fermilab Linac and Booster have
serviced beam over 40 years!
e Refurbish/restore device

* Replace old system
* RF power system
e Kicker

* Reoptimize beam optics

Increment of dynamic aperture of
booster after optics beam alignment

s0- Long 21 before realignment 0. Long 21 after realignment
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PIP on Recycler Ring (RR) & Main Injector (Ml)

* Beam loss control

— Install collimators in Recycler & Main Injector
« MI collimators for un-captured beam
* RR collimators for beam lifetime losses

— Recycler vacuum upgrade: replacing depleted titanium
sublimation pumps with ion pumps —better suited for new
15 Hz mode

— Corrosion resistant beam pipe in high radiation beam area

i

Ml Collimators. ;

|. Kourbanis, FNAL Ml Power Upgrades and Impacts, 2020
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Study beam dynamics in RR and Ml

R. Ainsworth, FRIB seminar 2020

« Space charge effect in RR 2000
— Found emittance growth during stacking 1%
with SYNERGIA 0

* Found solutions to minimize the effect

— Experimentally demonstrated 3 order
resonance correction by using a skew quad %3

— Propose frequency change from 1260 to < 0.2
1680 Hz for PIP-Il beam for slip stacking in .
RR '

 Larger separation results in better capture 0.4’
efficiency but larger emittance

0.4

1

« Gamma-t jump in Ml -
. . : 22.5| — i
— Large longitudinal emittance requires
gamma-t jump in Ml L5 _
— Effectively cross transition quicker using 20 | D o
ramped quads 20:5 T
) 2 4 6 & 10 = it
— Found a possible gamma-t parameter Time [ms] 0 E 5 unitjump
which mitigates emittance growth and loss ©
in Ml
R. Ainsworth et al PRAB 22 (2020), PRAB 23 (2020)
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M power upgrade

- |. Kourbanis FNAL MI Power Upgrades and Impacts 2020

[. Xiao et al.

Temperature Magnitude
134.7936

~125

100

128 & 225
MHz - 128 MH:
Mode Couplihg Loop Mode =
Damper

1T =1 - -
l » WW?&rzite { 20.0003
k st LT jé] Parameter Value Units
= B Frequency 5261753104  MHz
T Max Acc. Rate 240 GeV/sec
Modified Main Injector Cavity for Two Power Amplifiers
Frequency Slew Rate 16 MHz/sec
Acceleration Voltage 21 MV
Adding another PA to each of the Ml cavity will allow us to Peak Beam Power 6.2 MW
accelerate up to 1.1E14 with 240 GeV/sec (~1.8 MW). Average Beam Power 3 MW
Peak Voltage 47 MV
Average Beam Current 13

Fundamental RF Current 3741
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Upgrade NuMI target system

Y ——

NuMI beam parameter

Present target goal

upgrade
Proton beam energy 120 GeV
Beam power (kW) 400 700 1 MW
Energy Spectrum Low Energy = Medium Enpergy
Cycle time (s) 1.87 1.33 1.2
Protons per spill 4.0 x 1013 49x10"3 | 6.5x10"
Spot Size (mm) 1.0 1.3 1.5
Beam pulse width 10 microsec
Layout of NuMI target system Absorber Muon Monitors
” RS 2 BN
om0 e ”
Main Injector Horns I “:f;:r [ -l—#j { 12;\&
10 m 30 m R R AR
/ Rock] Rock] [Rock
Hadron Monitor e 12m 18m  210m
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1-MW capable Target core

« Carbon graphite (POCO
ZXF-5Q) which is known to
be annealed by the beam
energy deposition

* First two fins are a Budal fin

* Four winged fins for
protecting horn neck and
decay windows

« Totally 48 fins + 2 Budal fins
« Total length is 1.2 meters

222222

. Rep rate 1.2 sec, beam size 1.5 mm rmilab
9 9/8/21 NuMl Beam Up¢ Fin width 9 mm (6 sigma of beam)



1-MW horn

* Peak horn current 200 kA, 2.3 ms (half sin wave)
e Convectional air flow on a stripline for 1-MW
through air-diverter

118.59
. 108.08
| 97.565
87.051
76.536
66.022
55.508
44.994 Min
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Tritium Mitigation
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¢ MINOS sump tritium pCi/ml
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°
3/2/2014 9/18/2014

b \0

4/6/2015

Techniques for air emissions

control are:

11

Better evaporative
disbursement (with larger
fans, increase chimney

height)

Additional air balancing and
instrumentation
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* e16 POT per day

%

10/23/2015 5/10/2016 11/26/2016

J. Hylen TSD NuMI-AIP, 2019

 High beam power (630 kW) heats up
target pile, tritium increases non-
linearly with beam power

e Analysis for 1-MW operation is
completed, with results showing
discharge to be ~210 Ci/yr, which is
below the site-limit

Evaporator in MI-65 ’_)

\Fan to outside air

surfacebldg. [ _ _ __ _ _ _
| ] | — o
Labyrinth Target Hall Cooling coil==
to elevator =
shaft—" +«—— (Condensate <= Gmm— |
5 Batrel Recirculation | B *giﬂi"ng ’
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as back-up | J/J 2 -
i Condensate | 1 _ —> d
//re// Dehumid. ——— decay
S |y o —— passage
""""" - 3 ’ | Give short-lived
| 1 | A _M_/a_te_r Dehumid. radioisotopes in
«— Pump air time to decay
“——Spare pump t' —“
Condensate tank | Chase



NuMI Horn Chromaticity Aberration Study

MM1

MMLXAV [mm]
=
[

MM?2

MM2XAV [mm]
-
w
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Horizontal scan

° EH>5GeV

—— ¥l =-5.281%x + 8.888 (1=-198 kA)
— ¥2 = -4.737*x + 9.042 (I=-194 kA)
—— ¥3 = -4.303*x + B.847 (1=-188 kA)
——— yd4 = -3.017*x + B.843 (I1=-178 kA)

FY19

8
-1.2 -1.0 —0.8 -0.6 -0.4 -0.2 0.0 0.2
HPTGT [mm)]
—— ¥yl =1.578*x + 20.380 (I=-198 kA)
292 | —— y2 = 2.368*x + 20.432 (1=-194 kA)
—— ¥3 = 3.382%*x + 20.823 (I=-188 kA)
21l ¥4 = 5.054*x + 21.314 (I=-178 kA)
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Linear correlation between
primary proton beam and muon
beam centroid on Muon Monitors

Target scan in horizonal direction

15
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—— 180kA-fit
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MC simulation
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Horizonal beam position on target (mm)

MM2 shows opposite slope from
MM1 due to Aberration of horns

Target scan in horizonal direction
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Use aberration of magnetic horns to
observe pion/muon spectroscopy by
using muon monitors

Momentum spectrums on central row of MM1

Pion/Muon Spectroscopyv

MC simulation

— X1
— X2
— X3
— X4
— X5

— X6
Entries 147928 X7
Mean x 0.04697
Mean y 3.371 — X8
RMS x 619.2 — X9
RMS y 619.8

1200 A

1000 1

800 A

flux

600 1

400 A

200 A

ll) 1'0 ZID 3ID 4IO SIO
total momentum on MM1(Gev/c)
* Individual pixel sees different muon spectrum
e X1&X9, X2 & X8, X3 & X7, X4 & X6 shows similar shape as expected

2& Fermilab
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Apply Machine Learning to predict target parameter
RMM - f(rbeam: IHorn)

Py —— hornl
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Goal resolution of ML beam diagnostic

« Prediction accuracy of proton beam position at target < 0.05 mm

» Prediction accuracy of proton beam intensity < 10 %

» Prediction accuracy of horn current < 0.15 kA

« Apply ML to predict Beam-related systematic uncertainty at on-axis

neutrino event < 5 %
 Apply ML for anomaly detection

v, Focusing Uncertainties

Proton Beam Paosition

w

5 —— Horn 1 Position

© ——: Horn Current

s - 4 L e Proton Beam Spot Size
'§ ——- POT Counting

IC

o]

......

-0.02

—— Target Position

—— Horn 2 Position

—— Horn Water Layer

1 | | | | | ‘ | | 1 1 | 1 1 1 1 | | | | |

15 20 25
Neutrino Energy (GeV)

-0.04

o
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15 9/8/21 NuMI Beam Upgrade, Yonehara

Simulated beam-related
systematic uncertainty for
on-axis neutrino event in
NuMI target system
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Radiation hardened beam monitor system

« Hadron monitor

— lon chamber

* |Install new hadron monitor this
summer

— Gas RF resonator

* Observe RF signal modulation due
to ionization in the resonator

* First demonstration done
 Muon monitor
— lon chamber

— Microchannel plate (MCP)

— Developed at JPARC
« Electron multiplier tube
« Current transformer

! s wemy |

".
il
|
|

-
New hadron-monitor &

4_

o v .
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Integrated protons send to NuMI

4,500

Integrated Protons (1el8)

\

2006

1-MW target installation

Integrated Beam to NuMI

N

NOQutdown

2008 2010

2012 2014 2016 2018 2020

Early shutdown due to COVID
+ 1-MW horn installation

Peak Power (Hour) to NuMI 851.8 kW

Peak Hour (kw)

— . -
100 125 150 175 200 225 250 275 300 325 350
Days since October 1

[v] 25 S0 75

® Fiscal Year 21

v Fiscal Year 16 - Fiscal Year 15 » Fiscal Year 14 1 Fiscal Year 13
® Fiscal Year 11 e Fiscal Year 10 & Fiscal Year 09

v Fiscal Year 06

Fiscal Year 20

= Fiscal Year 05

Fiscal Year 19 + Fiscal Year 18 Fiscal Year 17
4 Fiscal Year 12

Fiscal Year 08 = Fiscal Year 07

® Fiscal Year 21
v Fiscal Year 16

Fiscal Year 20 Fiscal Year 19 « Fiscal Year 18
- Fiscal Year 15 » Fiscal Year 14 1
m Fiscal Year 11 e Fiscal Year 10 & Fiscal Year 09
¥ Fiscal Year 08

Fiscal Year 17
Fiscal Year 13 « Fiscal Year 12
Fiscal Year 08 = Fiscal Year 07
= Fiscal Year 05

In 2021 (FY21)

e 852 kW beam successfully operated by hour
In 2022 — 2025 (FY22-25)
Reoptimize NuMI beam transport optics

* Tune accelerator complex to achieve 900+ kW

17 9/8/21
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Future beam power upgrade plan

* PIP-Il SRF Linac + 20 Hz Booster for 1.2 MW (2025 -)

* PIP-Il SRF Linac + New accelerator system (SRF Linac or
Fast ramp RCS) for 2 4+ MW (203X )

$& Fermilab
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Fast Ramping RCS at Fermilab

» Integrable optics has a potential to compensate a space charge: The

concept has been tested at Fermilab Accelerator Science and Technology
(FAST)

* |f success, we will have a solution to accelerate a 5-MW scale beam in
PIP-1ll RCS

Integrable optics magnet in FAST

Demonstrate prototype fast
b \

ramp HTS at Fermilab (12 T/s)
—~tRE. N e N

= -

———

5 4

-

IOTA/FAST https://fast.fnal.gov/?p=papers H. Piekarz, NIMA 162490 20__}‘5__9 .
3¢ Fermilab
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Conclusion

* Proton-Improvement-Plan (PIP) has begun since 2011 and
Fermilab accelerator complex has been refurbished to reach
700 kW beam power

* PIP has extended to deliver a 900+ kW beam power to the
NuMI target for NOVA

— NuMI target is 1-MW capable
— Average beam power 852 kW has been recorded in 2021

* Fermilab proposes to build more intense beam facility
— PIP-1l + 20 Hz Booster for 1.2-MW
— PIP-Ill + new accelerator system for 2.4-MW or higher

2% Fermilab
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