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Abstract

INFN joined the international effort for the PIP-II project
at Fermilab and it's going to contribute to the low-beta sec-
tion of the PIP-II proton linac. In particular, INFN-LASA
is finalizing its commitment to deliver in kind the full set
of'the LB650 cavities, namely 36 plus spares 5-cell cavities
at 650 MHz and geometrical beta 0.61. All cavities, de-
signed by INFN-LASA, will be produced and surface
treated in industry, qualified through vertical cold test, and
delivered as ready for string installation. This paper reports
the status of INFN's contribution to PIP-II and of ongoing
activities toward the experimental qualifications of infra-
structures and prototypes.

INFN-LASA CONTRIBUTION

The Fermilab Proton Improvement Plan II (PIP-II)
Linac [1] is designed to deliver a 1.2 MW H™ beam up-
gradable to multi-MW to enable LBNF and DUNE neu-
trino physics projects. The 800 MeV beam will be injected
into the upgraded Booster Ring via a linac-to-booster trans-
fer line and it will then proceed to the Main Injector Ring.

The PIP-II linac features a flexible time structure for its
0.55 ms beam pulse in order to satisfy different experi-
mental needs, with RF repetition rate spanning from 20 Hz
pulsed to continuous-wave (CW).

A key section of the linac is the 650 MHz superconduct-
ing part with geometric beta factor of 0.61 (LB650) that
currently encloses 36 five-cell elliptical cavities in 9 cry-
omodules, accelerating beam from 177 MeV to 516 MeV.
Target cavity accelerating gradient is set at 16.9 MV/m
with a quality factor > 2.4 10'°, an unprecedented working
point for this type of resonators.

INFN-LASA firstly provided a novel electromagnetic
and mechanical design for the LB650 cavities [2], fully
compatible to the performances and technical interfaces
posed by the project as well with beam pipes and flanges,
power coupler, helium tank, tuner.

On December 4th, 2018, the U.S. Department of Energy
(DOE) and Italy’s Ministry of Education, Universities and
Research (MIUR) signed an agreement to collaborate on
the development and production of technical components
for PIP-II.

Following this milestone, INFN-LASA is finalizing the
layout of its in-kind contribution aiming to cover the needs
of the LB650 section of the linac, namely:

e Grand total of 40 SC cavities (36 plus 2 spares, and 2
initial prototypes) delivered as ready for string assem-
bly, equipping a total of 9 cryomodules.
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e Qualification via vertical cold-test provided by INFN
either through the LASA test stand or through a quali-
fied cold-testing partner infrastructure.

e Compliance to the PIP-II Technical Review Plan, the
procedure issued by DOE and Fermilab in order to
meet PIP-II technical, schedule and budget commit-
ments.

PIP-1I1 LB650 CHALLENGES

A successful cavity design is the result of an interplay of
multiple state-of-the-art competences existing at INFN-
LASA in electromagnetic, mechanical and technical do-
mains [3].

PIP-II LB650 cavities are themselves among the key sci-
entifical challenges of the whole project, requiring:

e An unprecedented quality factor for these resonators,
e. g. more than four times higher than that of ESS cav-
ities at a similar gradient.

o Assessment of High-Order Modes (HOMs) risks so
that neither instabilities nor additional cryogenic
losses pose critical issues.

e Deep understanding of Lorentz Force detuning, pres-
sure sensitivity and mechanical leading parameters as
rigidities, yield limits, stresses. PIP-II operational sce-
nario is actually an uncharted territory in terms of cav-
ity detuning control, especially in view of foreseen
pulsed operation of these high loaded-Q cavities.

e Mutual compliancy to both European (PED) and U.S.
(ASME) pressure vessels codes.

R&D AND PROTOTYPE ACTIVITIES

In total, seven PIP-II LB650 prototype cavities have
been produced counting both single and multi-cell, and
three of them are shared with Fermilab since early 2020 for
a joint development effort.

One of single-cell (B61S_EZ 002) has been surface
treated and prepared for vertical test by INFN at Zanon Re-
search and Innovation company [4] and used to put to test
a baseline recipe (150 um bulk EP + 800 °C Heat Treat-
ment + final cold EP + 120 °C) together with the upgraded
Electro-Polishing plant and with the dedicated process di-
agnostic [5].

A second INFN single-cell cavity (B61S_EZ 001) has
been surface treated and prepared by Fermilab following
the state-of-the-art High-Q recipe (180 pum bulk EP +
900 °C Heat Treatment + Nitrogen-Doping + final cold
EP). In its last cold-test in Fermilab VTS infrastructure this
resonator performed excellently and exceeded project re-
quirements [6].

MC7: Accelerator Technology
TO07 Superconducting RF



12th Int. Particle Acc. Conf.
ISBN: 978-3-95450-214-1

Plot presented in Fig. 1 reports and compares the quality
factor Q versus the accelerating gradient Eq.. for both sin-
gle-cell vertical tests measurements, at LASA and Fer-
milab VTS. An analytical extrapolation is also shown for
the B61S_EZ 002 data set in order to better compare the
two different cavity environment during superconducting
transition. At Fermilab VTS in fact residual magnetic field
is actively tied close to zero by means of Helmholtz coils,
flux-gate sensors and a regulating loop [7] while at LASA
its value is minimized by passive shielding only and about
8 mG are left in the cavity region. In addition, current cry-
ogenic setup at LASA only allows for a small temperature
time rate across transition, about 1 K/min, therefore the re-
ported residual field could be assumed as completely
trapped.
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Figure 1: Q-vs-E, results for the two INFN LB650 single
cell cavities, compared to PIP-II specifications.

More details on the performances of the cavity tested at
LASA are reported in [5], together with a description of the
assumptions and the procedure for the rescaling of
Q-vs-E, at zero external magnetic field.

Following initial development activities on single cells,
two fully compliant, 5-cells LB650 prototype cavities
(Fig. 2) have been manufactured by INFN in early 2020 to
complete the qualification process for the cavity package.

Figure 2: INFN B61 _EZ 001 LB650 cavity for PIP-II.

An intense development effort is currently ongoing at
both INFN and Fermilab premises, sharing one LB650 cav-
ity each, and both prototypes are expected to be qualified
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via vertical tests at their respective test facilities within few
weeks from now [6].

Specifically, for the one to be qualified at LASA, the
Electro-Polishing plant at Zanon Research and Innovation
is being upgraded and qualified. The LB650 cavity, once
treated, will be then immediately prepared for the vertical
test, most probably with the baseline recipe used for the
single-cell. Innovative diagnostic for the EP process is be-
ing developed at INFN and details are reported in [5].

Fluid-Dynamics Test Bench

Uncertainties in the solution of fluid simulations are not
negligible due to the complex geometry of a SRF cavity
and thus without an experimental validation, results from
this type of simulations cannot be confidently used to im-
prove the process. To this aim an experimental study has
been started at INFN, in the framework of the activities on
LB650 prototypes for PIP-II, to investigate the fluid-dy-
namics of the chemical etching process by means of Parti-
cle Image Velocimetry (PIV) technique on a hollow, scaled
and transparent model of a LB650 cavity die manufactured
in a silicon elastomer. Introduction to this subject and pre-
liminary results are reported in [8].

LASA INFRASTRUCTURE UPGRADE

LASA cavity vertical cold-test infrastructure is being up-
graded in view of the LB650 cavities qualification and in
order to align to state-of-the-art test facilities in the PIP-II
collaboration.

Inner Magnetic Shielding

An inner, cylindrical magnetic shield in cryoperm® has
been realized and installed in order to further reduce the
residual magnetic field in the cavity region of the test cry-
ostat (Fig. 3).

Figure 3: Cryoperm® magnetic shielding in place inside the
vertical testing cryostat. A second, external shield at room
temperature is placed (not visible here) around the cryostat.
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Preliminary installation within the cryostat allowed for a
first evaluation of the inner shield effect on the remnant
field. Figure 4 shown measured vector amplitude values
with and without the inner shield as a function of the cryo-
stat vertical axis (starting at the bottom). Positions of
LB650 cavity equators during cold-test are also noted at
the bottom of the plot for reference.
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Figure 4: Magnetic field vector amplitude as measured
along the LASA cryostat vertical axis in different shielding
configurations.

Overlapping joints of outer and inner shields apparently
allow magnetic field to leak into the enclosed volume, a
tighter connection between sectors is indeed currently be-
ing provided to enhance the overall field reduction.

Cryogenic System

In the past months, cryogenic capabilities of SRF testing
facility at LASA have been expanded on different fronts
the goal being a more efficient, CW capable cold measure-
ment strategy with less downtimes.

e Higher cryogenic power for CW operation, currently
expected to reach up to 70 W @ 2 K (32 mbar).
Achieved via an expanded throughput of primary
pumping skid and a new gas transport piping with
larger diameter.

e Cryostat filling at 2.0 K — 32 mbar by means of a coun-
ter-flow heat-exchanger followed by a Joule-Thomson
expander (Fig. 5), both installed below the last copper
thermal shield of the vertical insert. This solution is
designed to shorten the amount of time used for liquid
helium accumulation while also extending, when
needed, the cavity testing time.

e Faster cool-down rate at SC transition through an op-
timized distribution of biphasic helium flow toward
and around the cavity.

In view of the qualification of a larger series of cavities
with higher test rate required, a third qualified infrastruc-
ture (aside LASA and FNAL VTS) that could be potentially
selected as partner is being discussed. This goes along the
successful strategy put in place by INFN for the ESS series
cavity procurement through a contract with DESY for the
use of the excellent AMTF facility [9].
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Figure 5: CAD view of Heat-Exchanger, J-T valve and re-
lated process lines on the LASA LB650 vertical insert.

CONCLUSIONS

INFN and the LASA group are about to finalize their in-
tent to contribute to the US flagship project PIP-II at Fer-
milab. Preparatory activities on prototypes, infrastructure
and treatments recipes are proceeding toward their conclu-
sion in view of the Final Design Review of the LB650 cav-
ity package at the end of this year, and then of the series
production. Major procurements contracts are expected to
be placed by 2022 while production LB650 cavities are tar-
geted to be delivered at string assembly site in 9 batches
from May 2024 to July 2025.

Project Planning Document (PPD) for the INFN in-kind
contribution to PIP-II has been finalized. It accounts for the
compliance to the PIP-II Technical Review Plan, for the
scope of work, the deliverables, the milestones and the pro-
ject schedule. Quality Assurance Plan Document and Risk
Management Plan Document have also been drafted and
will be soon released.
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