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A PIP-1l Technical Design, Prototyping, Testing
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As we move into the next 50 years,

our vision remains to solve the mysteries of
matter, energy, space, and time
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Fermilab accelerator complex

TONOVA [
A Fermilab operates the largest o
US particle accelerator i

[
"

Linac, 400 MeV

complex e .
B iy el 1 Booster, 8 GeV
A > 800kW proton beam X /] ,
enables a diverse physics 7
program, with a flagship: <)
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Why neutrinos? 1988: Discovery of

muon neutrino
Neutrinos are pretty cool:

I Elementary particles with smallest mass of known particles
A < one millionth that of the electron

I 0 n e u t-elactncally neutral and so small (mass)

I typically pass through matter unimpeded & undetected

I come Iin three flavors: electron, muon, tau

I neutrinos_oscillate between different flavors in flight

I parameters of the oscillations still not completely understood
A could unlock our understanding of the universe!

I been a focus of physics at Fermilab since the beginning

1995: Detection of
neutrino

2002: Cosmic
neutrinos

2015: Neutrino
oscillations, neutrino
mass

I Current focus on neutrino oscillations:
A short baseline (detectors on site) and
A long baseline (detectors in Minnesota and South Dakota)

PIP-II
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Building for Discovery

Strategic Plan for U.S. Particle Physics in the Global Context

A Build a world-class neutrino program

A Host it as a global project
A Upgrade Fermilab accelerator complex to provide >1 MW proton beam

Recommendation 13: Form a new international collaboration to design and execute a highly

capable Long-Baseline Neutrino Facility (LBNF) hosted by the U.S. To proceed, a project plan
and identified resources must exist to meet the minimum requirements in the text. LBNF is the

highest priority large project in its timeframe.

Recommendation 14: Upgrade the Fermilab proton accelerator complex to produce higher
intensity beams. R&D for the Proton Improvement Plan Il (PIP-II) should proceed immediately,
followed by construction, to provide proton beams of >1 MW by the time of first operation of the

new long-baseline neutrino facility.

PIP-II
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PIP-11 / LBNF / DUNE meets P5 requirements

A Powerful proton beams (PIP-II) ¢
A 1.2 MW upgradable to multi-MW in energy rangeof 60-1 20 GeV t o enal ‘=
most intense neutrino beam
A Dual-site detector facilities (LBNF)
A Deep underground caverns (1.5 km) to support 4 x 17 kt liquid argon volume detectors
A Along baseline (1300 km) neutrino beam, with wideband capability

A Deep Underground Neutrino Experiment (DUNE)
A The next-generation neutrino experiment

Massive far Near and
detector far Multi -component
Far detector detectors near detecﬁor
deep Powerful
LArTPC underground proton
technolo beam
9y 1300 km
baseline
Sanford 7
ndergrqund Fermilab
esearc
Fagility
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I A Global Collaboration

~1,214 collaborators
202 institutions
33 countries (including CERN)
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(V= Science Obijectives

Neutrinos I most ubiguitous matter particle in the universe, yet the least understood.
Opportunities for game changing physics discoveries:

A Origin of matter
Tav Investigate leptonic CP violation, mass hierarchy, precision oscillation physics

V-
N

) vVV :
v Vv
Y

v U Discover what happened after the big bang: Are neutrinos the reason the
universe is made of matter?

A Neutron Star and Black hole formation

‘ Ablility to observe supernovae events

U Use neutrinos to look into the cosmos and watch the formation of neutron
stars and black holes in real time

s . A Unification of forces
o) Investigate nucleon decay targeting SUSY-favored modes
U Move closer to reali zing Einstein(
energy NN

PIP-II
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Path to 1.2 MW on LBNF Target

A Increase the number of protons per extracted Booster pulse:
4.3x1012 A 6.3x10%?

A Reduce Main Injector cycle:
1.33sA 1.2s

A Increase Booster rep. rate:
15 Hz A 20 Hz

A New 800 MeV superconducting linac as Booster injector
A Upgrades to Booster, Recycler Ring (RR), and Main Injector (MI).

PIP-II
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PIP-1l Linac and LBNF Near Site

N L
>

A PIP-Il SRF Linac

A Accelerator Complex

Upgrades

| NI L=
A LBNF near site =

| Beam line: primary beam,
target complex, decay
pipe, absorber

I Near site detector
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PIP-Il Mission & Scope

g
T
i

PIP-Ili s an essenti al upgrade to Fermi |l ab accel

beam of neutrinos to LBNF/DUNE, and a broad physics research program for decades to come.
Beam Transfer Line

A800 MeV Hiac SRF

—— =
" — - e

\% h I CW RF Operations
i i Tevatron : -
P Tunnel A Linac-to-Booster transfer line
& 25 kW Dump S
( A Accelerator Complex Upgrades
| Booster

T, .
Ve, I Recycler

I Main Injector

Dump : i
W Eront £ é\ Conventional Facilities
- S arm Front End
s 800 MeV SRF Linac i Space reserved for two
The PIP-II scope enables the accelerator complex g cryomodules for 1 GeV Upgrade
to reach 1.2 MW proton beam on LBNF target. H-lon Source

PIP-11 will provide a highly capable, reliable, upgradeable and expandable scientific

€

infrastructure with significant savings to DOE
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PIP-II International Partners, Expertise and Capabilities

India, Department of Atomic Energy (DAE) (started 2009)
BARC, RRCAT, VECC,; also IUAC

Substantial engineering / manufacturing experience; Superconducting magnets for LHC;
2 GeV synch light source

Italy, INFN (started 2016)

Internationally recognized leader in superconducting RF technologies
SRF cavity and cryomodule fabrication for XFEL; SRF cavities for ESS

UK, STFC UKRI (started 2017)

Substantial engineering and manufacturing experience; Construction, operation of
synch light & neutron sources SRF cavity processing and testing for ESS

France, CEA, CNRS/IN2P3 (started 2017)

Internationally recognized leader in large-scale CM assembly
CM assembly for European XFEL and ESS; SSR2 cavities and couplers for ESS

Poland, WUST, WUT, TUL (started 2018)
Substantial engineering / manufacturing experience; CDS, LLRF, QC for XFEL, ESS

- H
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\
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PIP-Il is the U.S. first accelerator project to be built with major international

contributions; benefits from world  -leading expertise, capabilities.
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800 MeV SRF CW Linac — |

=1l
B 800 MeV I I
eam energy e Elliptical
Beam current 2 mA ) LB650 X 9

. Single Spoke 2 650 MHz
CW-compatible SSR2 X 7

Elliptical
HB650 X 4

650 MHz

®
I

Single Spoke 1 325 MHz e
SSR1 X2 =
= HWR p325 et 833 MeV
— 162.5 MHz
Cryoplant
2.5kW @ 2K

PIP-1l Linac is technically complex, state of
the art superconducting RF accelerator

IA'A'AAAY
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Warm Front End

] Quadrupoledoublet Quadrupole Wall Section weacuoach
A 15 mA, 30 kV ion source o " uiplet ] M S ) |
0 0 S~ . [ '. <5 ’i d s =S
AszEBT(OSI owo chopper, -ﬁ.\‘] " '|W’r thﬂﬁﬁ- .= 0
envelope match to RFQ) ~o . L A Ol __oc
A 2.1 MeV, 162.5 MHz RFQ, 5mA
A 14 m MEBT (bunch-by-bunch chopper,
shielding wall, envelope match)
A Successful integration of magnets from
DAE/BARC.
: T w\fﬂ 55\' w i Bunchmea'vity 4 o po,.t,o,,'i,,,; B 14
. RWCM Signal :‘5)_ 2 e I T | y U
0.06 _— - ™3 M s
- E o WMo W W W oM oo
i oo W B O | P A |
0 2 4 6 8 10 12 14
ot Position (m)
Bunch-by-bunch chopper removes undesired bunches leaving beam current at up to 2 mA. Ia'a'a’a'a}

PIP-II
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PIP-Il Superconducting Linac
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The state -of-the-art PIP -1l Superconducting RF Systems
2023 2023 2021-22

59m

y Single Spoke Single Spoke
Half Wave Resonator SSR1 SSR2 Ellipti .
_ _ ptical Elliptical
b=0.11 Q,=0.85x10% b=0.22 Q,=0.82x101° b=0.47 *Q, =0.82x10%° LB650 HEF3)650
— * — 10 — —
\/ Performance validated Dates: component is built *state-of-the-art b=0.61 Qo =2.4x10 0=0.92 "Qo _3'3)(} )\Ilo\! VA'A

PIP-II
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Half-Wave Resonator (HWR) Eabrication by

2= Fermilab

HWR. cryomodule at 2K, RF tests complete,
accele;;a;ed beam

I./,
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SSRl prototype yomodule arlcated oy Fermilab, avity from
JUAC/BARC; 2K RF tests complete; accelerated beam AN
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SSR1 1 Indian Cavity Performance ®

STC* test with low power coupler

Q, - solid marker, X-ray - empty marker

10 F S1F-1U-104, VTS: July 30, 2015 3 105
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E,, MV/m
Lovvs bvv v v bvvv v b v bvvv v bvv v s bvv v v by g 1y
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B, mT Data by A. Sukhanov
p ]

High Q at high gradient and field emission free

IUAC/BARC cavity has the best cavity Q performance up to date noann.
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Argonne &

NATIONAL LABORATORY

PIP2IT was a near full-scale
Front End of PIP-Il with
first two cryomodules

Ton source

and LEBT RFQ MEBT HWR 10MeV SSR1 HEBT Dump

30 keV 2.1 MeV
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DAE Solid -State Amplifiers
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RRCAT 40 kW 650 MHz prototype

amplifier just arrived, being assembled, in
SSR1 cavities at PIP2IT
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PIP-1l design beam
parameters
demonstrated

Energy = 16 MeV
Pulse beam cur =2 mA
Pulse length=550"* s
Pulse rep rate = 20 Hz
Chopped beam pattern

26

PIP2IT Tests Successfully Completed

M. 1 [P (VLI bt L | ! |
Y W G\ Vg G W y

Bunch-by-bunch
chopping pattern
required for LBNF
demonstrated

MEBT chopper is critical
for PIP-Il operations,
capable of removing
individual bunches,
provides arbitrary bunch
pattern capability

Energy along PIP2IT line
—Simulated e Measured, 01/19/2021

HWR SSR1

Critical technologies

demonstrated

Beam accelerated to 17 MeV

HWR and SSR1 Prototype
cryomodules performance

validated with beam
ML algorithm applied

successfully to align orbit

PIP-Il ushers in new era of SRF proton acceleration at Fermilab

Partner deliverables

seamlessly integrated
Eight 7 kW amplifiers
SSR1 Cavity

RF MEBT magnets
Radio frequency

guadrupole
Half Wave Resonator
cryomodule

PIP-II



SSR2 Cauvities, Pre -Production Cryomodule

| £& Fermilab
Cavity R

A Integrated design team: Fermilab, IN2P3 and DAE

A Niobium delivered to cavity vendor

IN2P3

Les deux infinis

_ _ _ _ _ Optimal beta b, 0.472
A Prototype jacketed cavity fabrication in progress Aperture [mm] 40
A Coupler procurement in progress Frequency [MHz] 325
Effective length 20,2 [m] 0.436
Cryomodule oo/ Ea 3.51
A Design in progress by Fermilab, DAE Brear/Eace [MTAMVIM) 675
G [Ohm] 115
R/Q [Ohm] 305.2
Epeax [MV/M] @ 5 MeV 40.2
Bpeak [MT] @ 5 MeV 77.4
Max energy gain [MeV] 5.0
Max gradient [MV/m] 11.47

PIP-II
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LE+11 - — | | Courtesy: David Longuevergne
| — | | Y IN2P3
i | | | B 2K _BSCO1 (AMELIA e deweiniis
PV ’9 o ] SR B
:‘ ¢ 9 f ’b“ | ¢ 2K_BSCO2 (VIRGINIA
e A -oecoz (VRGN
| A J0%

1E+10 4 | : A 2K _BSCO3

. | | | ® 2K BSC04
= |

| * | --10W
|
|
|

1.E+09 1 'MYRRHA | —— W
, B | |
| S | s
E MYRRHA Single Spoke
: Resonators -—--100W
| @ 352 MHz @2K

1.E+08 - ] %
0 5 10 15 20

Eacc (MV/m)
PIP-II
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LB650 Cavities, Pre -Production Cryomodule INFN /@2 & Fermilab

. . A % &
Istituto Nazionale di Fisica Nucleare (i

A Q,, Gradient A 2.4 x10%° and 16.8 MV/m

A Cavity RF design and prototyping led by INFN

I First prototype 5-cell bare cavity (INFN contribution arrived at FNAL) in May 2020
A Vertical test met specification
A Jacketing in progress

I Second prototype 5-cell bare cavity (at INFN for vendor development)
A Cold RF testing in progress

B61-EZ-001 2021-09-17

1.00E+12 ¢ 1E+04
F ® Qo
© RadTop [mR/hr]
RadBot [mR/hr] 4 1E+03
4 1.E+02
1.00E+11 | -
E <
f 2KData { 1e+01 §
o [ o 4%% e © weose o =
o I ® e, e
; atadd 1 1£+00 £
o
]
1.00E+10 |} =
3 1 1£01
0 8 oo o SBERBIG ;0D P 4 1E-02
. LOOE+09 L 1E-03
o . . . 0 5 10 15 20 25
INFN LB650 cavity jacketing in Eacc (WV/m]

progress

30 10/28/2021 Lia Merminga | PIP-1l | UK Accelerator Institutes



HB650 Prototype Cryomodule: Cavity Vertical (VTS) Qualification

Q,, Gradient A 3.3 x10'° and 18.7 MV/m - unprecedented for b <1

d . . . d ”
A N-doping Is require 2% Fermilab
1E11 3 - T y T y T y T y 7 | o
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Eacc

Jacketing (welding of He vessel) of all three RRCAT cavities completed
Significant progress on the proto HB650  cavity qualification.

Tour de force effort by RRCAT and Fermilab Teams!
31 Excellent SRF cavity manufacturing capability at RRCAT.




