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Abstract

After project completion on scope, on cost, and ahead of
schedule, the Facility for Rare Isotope Beams began
operations for scientific users in May of 2022. This paper
reports on FRIB status and progress, emphasizing
complexity, challenges, resolutions and lessons learned
from construction to the power ramp-up, along with
progress with accelerator improvements and R&D for the
upgrades.

INTRODUCTION

The Facility for Rare Isotope Beam (FRIB) project was
completed in April 2022, ahead of the baseline schedule
established about 10 years ago (Table 1). In December
2021, the project commissioning was completed with
acceleration of heavy ions to energies above
200 MeV/nucleon (MeV/u) using 324 superconducting
radiofrequency resonators housed in 46 cryomodules,
striking a target to produce rare isotope beams [1].

The scientific user program started in May 2022. During
the first 12 months of user operations, the FRIB accelerator
complex delivered 5250 beam hours, including 1528 hours
to nine science experiments conducted with primary beams
of Ar, ¥Ca, Zn, %2Se, '?*Xe, and '°*Pt at beam energies
>200 MeV/u; 2724 hours for beam developments, studies,
and tuning; and 998 hours to industrial users and non-
scientific programs using the FRIB Single Event Effect

*Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661, the State of Michigan,
and Michigan State University.
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(FSEE) beam line. More than 200 rare isotope beams were
produced by the FRIB target and delivered to user stations
(Fig. 1). The facility availability is 92%.

Table 1: FRIB Project Major Milestones

Milestone Date
DOE & MSU cooperative agreement Jun. 2009
CD-1: preferred alternatives decided Sep. 2010
CD-2: performance baseline Aug. 2013
CD-3a: start of civil construction & long Aug. 2013
lead procurements

CD-3b: start of technical construction Aug. 2014
CD-4: project completion Apr. 2022
Start of user experiments at 1 kW May 2022
User experiments at 5 kW primary beam Feb. 2023
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Figure 1: Rare isotopes delivered to FRIB scientific users.
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PROGRESSES IN THE ESS SUPERCONDUCTING LINAC INSTALLATION
H. Przybilski', on behalf of the European Spallation Source ERIC (ESS), Lund, Sweden

Abstract

The ESS Linac is progressing into the technical commis-
sioning phase. The normal conducting linac up to the first
4 tanks of the DTL is being commissioned with beam. All
the 13 spoke cryomodules and the 9 elliptical modules
(7 MB+2 HB) foreseen for the first operation at 570 MeV
on the beam dump in summer 2024 are available in Lund
and waiting for the completion of the cryogenic distribu-
tion system (CDS) commissioning. The test program of all
the 30 elliptical cryomodules that will enable the 5 MW
potential operation after the target commissioning is pro-
gressing well, as well as the installation of the RF power
stations necessary up to the 2 MW stage of the first project
phase. Pilot installation of one spoke and one elliptical cry-
omodule in the tunnel is in progress. The talk will cover the
status of the component deliveries from the partners, the
CM preparation and SRF activities at the ESS test stands,
with the resolution of several non-conformities, and the ex-
perience of the pilot installations and technical commis-
sioning activities in the accelerator tunnel.

INTRODUCTION

The European Spallation Source (ESS) [1], currently un-
der construction in Lund, Sweden, will be the world's most
powerful linear accelerator driven neutron spallation
source. The normal and superconducting sections of the
linac (NCL/SCL) will deliver an ultimate average beam
power of 5 MW at 2 GeV. The superconducting linac uses
three types of cryomodules: Spoke cryomodules, medium-
B and high-f elliptical cryomodules. Figure 1 shows a
schematic layout of the linac, and Table 1 lists the high-
level parameters for the full facility design [1] and for the
configuration of its initial operation [2].

Table 1: ESS Linac High Level Parameters for the Design
and Initial Operations (InitOps)

Parameter Unit Value
Beam power (design) MW 5
Beam energy (design) GeV 2
Beam power (InitOps.) MW 2
Beam energy (InitOps.) GeV 0.8
Peak beam current mA 62.5
Beam pulse length ms 2.86
Beam pulse repetition rate Hz 14
Duty factor % 4
RF frequency MHz  352.21/704.42
Auvailability % 95

T henry.przybilski@ess.eu
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The NCL of the ESS linac already went through several
commissioning steps and the beam was successfully sent
through all four DTL tanks during 2023. For the down-
stream part of the linac, components are being manufac-
tured, installed and tested. This paper first provides a sum-
mary on the ESS linac project with a focus on the pro-
gresses in the klystron gallery, Cryogenic Distribution Sys-
tem (CDS) commissioning, spoke and elliptical test activi-
ties, and then presents a summary and highlights of the pi-
lot installation of one spoke and one elliptical cryomodule
in the ESS tunnel.

PROJECT STATUS

This section gives an overview of the ESS linac project.
Previous progress reports can be found in [2-4].

Schedule and Linac Configurations

Similarly to other facilities, ESS is based on staged com-
missioning phases, summarized in Table 2. As shown in
Fig. 1, the linac is composed of 13 spokes, 9 medium-f,
and 21 high-f cryomodules. Spoke cryomodules contain
two spoke cavities whereas medium-£ and high-f cry-
omodules house four cavities. At the beginning of the pro-
ject, no high-f cryomodule was supposed to be installed
for the fifth and sixth commissioning steps in Table 2 [5],
to operate at the design energy of the output of the medium-
B section, 570 MeV. The current plan assumes a configu-
ration with seven medium-f cryomodules (the blue col-
oured ones in Fig. 1) and two high-f cryomodules for those
steps [2]. This change is due to some medium-f cavity pro-
duction issues and a good progress with the production of
high-f cryomodules. The maximum energy remains ap-
proximately 560 MeV. The remaining cryomodules (2 me-
dium-£ and 19 high-f cryomodules) will be installed later
and only some of them will be powered in order to get the
800 MeV beam energy for the initial operations phase.

Currently, a temporary shielding wall is separating the
NCL from the SCL to allow beam commissioning activities
on one side and cryomodule installation on the other side

Table 2: ESS Linac High-Level Schedule

Step Start Energy
[MeV]
1 Commissioning to LEBT 2018-09 0.075
2 Commissioning to MEBT  2021-11 3.62
3 Commissioning to DTL1 2022-05 21
4  Commissioning to DTL4 2023-04 74
5 Beam on Dump (BOD) 2024 560
6  Beam on Target (BOT) 2025 560
7  Start Of User OPerations 2026 800
MOIAAO3
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COMMISSIONING OF THE SECOND JLab C75 CRYOMODULE &
PERFORMANCE EVALUATION OF INSTALLED C75 CAVITIES®

M. McCaughan®, G. Ciovati, G. Davis, M. Drury, T. Powers, A. Reilly
Jefferson Lab, Newport News, VA, USA

2 Abstract

JLab has long been a hub of SRF technology with the
CEBAF accelerator as one of its first large scale adopters.
As SRF technology has advanced, the C50 and C100

5 programs have allowed for the extension of CEBAF's

total energy to 6 GeV and nearly 12 GeV respectively.
Along with the increase in energy reach, rates of
accelerating gradient degradation have been extracted for
these cryomodule designs. A plan to mitigate these losses
& maintain robust gradient headroom to deliver the 12
GeV program - the CEBAF Performance Plan -
established a multi-year effort of cryomodule
refurbishments and replacements. Part of this plan
included a cost optimization of the C50 program with
more modern processing techniques and the replacement
of existing cavities with larger grain boundary cavities
produced from ingot Niobium (dubbed C75 for 75 MeV
gain). Reports have been made on the prototype pair of
C75 cavities installed in a C50 cryomodule and the first
full C75 cryomodule installed in 2017 and 2021. This
paper reports on the results from the qualification of the
cavities for the second C75 module in both a vertical
cryostat and the commissioning results of the cryomodule
in the CEBAF tunnel.

BACKGROUND

The C75 program makes use of a cavity design and
tooling previously designed and optimized for high
current Free Electron Laser use while employing modern
cavity processing techniques with the cost saving measure
of using large grain medium-to-high purity ingot Niobium
(supplied by CBMM, Brazil) in place of traditional fine
grain sheet Niobium to form cavities. This process is
described in [1, 2] and their associated references and will
not be covered herein other than to note that cavity
production continues to be performed by Research
Instruments (RI) located in Germany. End groups are cut
from the cavities of the extracted original CEBAF C20
cryomodule to be refurbished and shipped to the vendor
for attachment to the newly fabricated cavities. Cavities
are deep drawn, electron beam welded into dumbbells,
and shape corrected via a fixture prior to assembly for
field flatness. Assembled C75 cavities are 8mm shorter in
length than C20 cavities. (L¢75=0.492m) Once fabrication
is completed cavities are then returned to JLab for further
cavity processing, testing, and assembly.

* This material is based upon work supported by the U.S. Department
of Energy, Office of Science, Office of Nuclear Physics under contract
DE-AC05-060R23177.

+ michaelm@)jlab.org
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CAVITY PREPARATION & RECIPE

Following receipt and incoming RF and dimensional
inspection, the cavities receive a 100 mm bulk removal
from the inner surface, followed by annealing in a
vacuum furnace at 800 °C/3 h with a 3 h hold at 450 °C
prior to reaching 800 °C. A 30 mm layer is removed from
the inner surface by electropolishing (EP) after annealing.
Afterwards, the cavities are subjected to dimensional
check and adjustments, RF tuning. Finally, all the Nb
flanges are lapped and etched by buffered chemical
polishing (BCP), followed by ultrasonic cleaning and
high-pressure water rinsing with ultra-pure water.

The bulk removal consisted of 100 mm EP for 3 of the
cavities for cryomodule C75-02, whereas it consisted of
60 mm removal by centrifugal barrel polishing and
40 mm EP for the other 5 cavities for C75-02.

VERTICAL TEST AREA (VTA) RESULTS

Following treatment each cavity undergoes assembly of
supporting components in an ISO Class 4 cleanroom
followed by a slow pump down and leak check on a
vertical test stand. Test stands are craned into a vertical
cryostat which is then cooled down and filled with 2 K
liquid Helium for cavity testing. Table 1 shows the test
results.

Table 1: Vertical Test Results (FE Onset in MV/m, Cav.
3 was Limited by Multipacting)

Cav. | Emax | Limit Qo @ FE | FE max.
(MV/m) Emax | onset |(mRad/hr)

1 22.0 | Admin | 1.23e10 | 13.9 3.37

2 18.2 | Quench | 1.11e10 | 11.4 1.90

3 15.6 MP 7.94e09 | 17.5 251.0

4 20.8 Cable | 6.74e09 | 10 98.9

5 19.6 Rad. | 6.18e09 | 10.75 1000

6 20.7 | Quench | 8.69¢09 | 15 3.61

7 20.3 | Admin | 9.21e09 | 20.3 -

8 20.2 Cable | 8.51e09 | 14 12.60
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PIP-II PROJECT OVERVIEW AND STATUS*

R. Stanek’, C. Boffo, S. Chandrasekaran, S. Dixon, E. Harms, L. Kokoska, 1. Kourbanis,
J. Leibfritz, O. Napoly, D. Passarelli, E. Pozdeyev, A. Rowe, Fermilab, Batavia, IL, USA

Abstract

The Proton Improvement Plan IT (PIP-II) Project at Fer-
milab is constructing an 800 MeV H- ion superconducting
radio frequency linear accelerator (SRF Linac). Capitaliz-
ing on advances in superconducting radio frequency (SRF)
technology, this new Linac will provide the initial acceler-
ation chain to power the Fermilab accelerator complex
throughout the next decade and beyond. In addition, up-
grades to the existing Booster, Main Injector, and Recycler
rings will enable them to operate at a 20 Hz repetition rate
and will provide a 1.2 MW proton beam to drive neutrino
research at the Deep Underground Neutrino Experiment
(DUNE) in Lead, South Dakota.

The SRF Linac for PIP-II consists of twenty-three cry-
omodules (CM) with cavities of three different frequencies
and five different shapes. PIP-II is the first U.S. accelerator
project to be built with major international contributions,
thus benefitting from their world-leading expertise and ca-
pabilities. U.S. National Laboratory Partners include Ar-
gonne National Lab, Lawrence Berkely Lab, Jefferson
Lab, and SLAC National Accelerator Lab. International
Partner Countries include India, France, Italy, United
Kingdom, and Poland. The PIP-II Project is one year into
the execution phase and is making good progress, but as is
the case in many big projects currently being executed, is
facing challenges from inflationary pressures, and supply
chain delays. These issues are being addressed in collabo-
ration with Fermilab management, our Partners, and the
U.S. Department of Energy.

INTRODUCTION

PIP-II will be a world-class SRF-based accelerator
which will enhance performance and operational reliability
of the Fermi National Accelerator Laboratory (FNAL)
complex. It is the latest step to revitalization of the accel-
erators that power America’s High Energy Physics Pro-
gram. The science objective is to enable the accelerator
complex to provide 1.2 MW proton beam on the LBNF tar-
get (upgradeable to multi-MW) and to provide a flexible,
multi-user capability for a broader reaching physics pro-
gram. The Linac output will be 800 MeV when injecting
into the existing Booster. The machine will run in pulsed
mode initially but will be fully continuous wave (CW)
compatible. Performance Goals are tabulated in Table 1.

* Work supported by the U.S. Department of Energy, Office of Science,
Office of High Energy Physics, under U.S. DOE Contract No. DE-AC02-
07CH11359

T rstanek@fnal.gov  FERMILAB-CONF-23-331-PIP2
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Table 1: PIP-II Performance Goals

Performance Parameter Value Units
Delivered Beam Energy 800 MeV
Beam Particles H-

Beam Pulse Length 0.54 ms
Particles per Pulse 6.7 102
Pulse repetition Rate 20 Hz
Average Beam Current 2 mA
Maximum Bunch Intensity 1.9 108
Maximum Bunch Rep Rate 162.5 MHz
Bunch Pattern Prog and Arbitrary

RF Frequency 162.5 harmonic
Bunch Length (RMS) <4 ps
Transverse Emittance <03 mm-rad
Longitudinal Emittance (RMS) <03 mm-rad

The accelerator is being built in collaboration with sev-
eral key International Partners including Bhabha Atomic
Research Centre (BARC), Commissariat a 1’energie
atomique (CEA), Centre National de la Recherche Scien-
tifique/Institut national de physique nucléaire et de phy-
sique des particules (CNRS/IN2P3), Istituto Nazionale di
Fisica Nucleare (INFN), Inter-University Accelerator Cen-
tre (IUAC), Raja Ramanna Centre for Advanced Technol-
ogy (RRCAT), Science & Technology Facilities Council
UK Research and Innovation (STFC UKRI), Lodz Univer-
sity of Technology (TUL), Variable Energy Cyclotron Cen-
tre (VECC), Wroclaw University of Science and Technol-
ogy (WUST), and Warsaw University of Technology
(WUT). The collaboration is functioning very well, and
Partners are committed to delivering their scope of
work [1].

Additionally, FNAL is working with other Department
of Energy (DOE) labs including Lawrence Berkeley Na-
tional Lab (LBNL), Argonne National Lab (ANL), Thomas
Jefferson National Lab (JLab) and SLAC National Accel-
erator Lab on various aspects of the machine.

The scope of the project includes extensive new civil
construction, the SRF-based Linac, a 2.5 kW @2 K cry-
oplant housed in a new standalone building, all necessary
power and auxiliary equipment, and the connection into the
Booster to allow injection. The Linac begins with a Warm
Front End followed by multiple cryomodules including a
Half Wave Resonator (HWR), nine Single Spoke Resona-
tors (two SSR1 and seven SSR2), and thirteen 650 MHz
Elliptical units (nine LB650 and four HB650). The beam

MOIXA02
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PROTON POWER UPGRADE PROJECT PROGRESS AND PLANS AT
THE SPALLATION NEUTRON SOURCE IN OAK RIDGE TENNESSEE*

J. Mammosser', J. Galambos, L. Pinion, S.-H. Kim, M. Howell, M. Champion, B. Robertson,
S. Stewart, G. Hines, R. Afanador, D. J. Vandygriff, D. Vandygriff, B. Degraff, M. Doleans,

C. Mcmahan, D. Kraft, D. Barnhart, P. Pizzol, S.

Gold, R. Maekawa, M. Greenwood, M. Dayton

Spallation Neutron Source, Oak Ridge National Laboratory, Oak Ridge, TN, USA
E. F. Daly, K. M. Wilson, P. Dhakal, N. Huque, K. Davis, J. Fischer, D. Forehand
Jefferson Lab, Newport News, VA, USA
A. Navitski, L. Zweibaeumer, K. B. Bolz, A. Bitter, Research Instruments GmbH., Germany

Abstract

The Proton Power Upgrade project is well underway at
the Spallation Neutron Source (SNS) facility in Oak Ridge,
Tennessee. This project aims at increasing the proton beam
power capability from 1.4 to 2.8 MW, by adding linac en-
ergy, increasing the beam current and implementing target
developments to handle the increased beam power. This talk
will cover the current status of increasing the beam energy,
issues encountered along the way, operational experience
with the new SRF cryomodules and target improvements
and results from operation with beam so far.

INTRODUCTION

The Proton Power Upgrade (PPU) project currently un-
derway at Oak Ridge National Laboratory, will increase the
proton beam power from 1.4 MW to 2.8 MW to maximize
the neutron flux at the experimental beam-lines and provide
capability to drive a Second Target Station (STS) in the fu-
ture [1], see Fig. 1. The increased neutron flux will increase
the number of experiments conducted during each run as
well as expand the scientific capabilities of SNS. From the
beginning of SNS construction, additional space was pro-
vided for the increase of the linac energy with 10 additional
cryomodule slots at the end of the installed High Beta cry-
omodules. The PPU project and STS project are currently
at DOE critical decision 3 and 1 respectively. The scope of
PPU project includes fabrication and installation of seven
new 0.81 beta cryomodules; High Power RF klystrons and
modulators; Low Level RF systems; vacuum and instrumen-
tation controls; equipment racks; site utility upgrades; beam
instrumentation; chicane magnets; new injection dump sep-
tum magnet; fabrication of 2 test targets; testing of the new
targets; conventional facility modifications; utility upgrades
and a stub-out added to the ring to target beam transport
section to extend the tunnel towards the proposed STS tar-
get station location. The stub-out construction will reduce
interruptions to beam operations during construction of the
second target station tunnel. The scope of the STS project
will include a second target hall housing a solid rotating tar-
get and additional beam-lines for experiments. For the First

* Work supported by UT-Battelle, LLC, under contract DE-ACOS5-
000R22725
¥ mammosserjd @ornl.gov
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increased wall thickness

Figure 1: SNS layout and design parameters.
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Figure 2: PPU planned outages.

Target Station (FTS) improvements to the target design were
necessary for the full 2.0 MWs of beam power to increase
their lifetime, a portion of the 2.8 MW beam (0.7 MW5s) will
be sent to the STS once it is complete [1].

Beam power (MW) 1.4 2.8 20

Beam energy (GeV) 1.0 1.3 1.3
Beam current, macro-pulse average (mA) 25 38 27
Macro-pulse length (ms) 1 1 1
Energy per pulse (kJ) 24 47 33

Repetition rate (Hz) 60 60 60

Beam power on target (MW) (157

1.25

2.0
1.3
1250 at 2.0 MW

Beam energy (GeV)
Target operation without failure (hours) 1250 at 1.7 MW
Stored bam intensity in ring (protons per pulse, ppp)

! corresponds to 1.92 MW at 1.25 GeV and 60 pps
2 corresponds fo 2.80 MW at 1.30 GeV and 60 pps

1.60 x 10'* ppp! 2.24 x 10'4 ppp?

Figure 3: PPU key performance parameters.
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OPERATIONAL EXPERIENCE FOR RIKEN SUPERCONDUCTING
LINEAR ACCELERATOR

K. Yamada*, M. Fujimaki, H. Imao, O. Kamigaito, M. Komiyama, K. Kumagai, T. Nagatomo,
T. Nishi, H. Okuno, K. Ozeki, N. Sakamoto, K. Suda, A. Uchiyama, T. Watanabe, Y. Watanabe
RIKEN Nishina Center, Wako, Japan

Abstract

The RIKEN superconducting heavy-ion linac, SRILAC,
has been successfully operating for almost four years and has
stably delivered heavy-ion beams for super-heavy-element
synthesis experiments. SRILAC consists of ten supercon-
ducting (SC) quarter-wavelength resonators made from pure
Nb sheets that operate at 4.5 K. The effects of a broken
coupler during the initial operation and after four years of
operation resulted in increased X-ray emission levels in sev-
eral superconducting cavities. Recently, we found that field
emissions can be significantly reduced with high-voltage
pulse conditioning. We are also preparing ten new couplers
and two spare superconducting cavities to permanently solve
this problem. This article shares the lessons learned from
experiences in a four-year operation with low-beta SC cavi-
ties.

INTRODUCTION

The Radioactive Isotope Beam Factory (RIBF) [1,2] at
the RIKEN Nishina Center began operations in 2006. The
aim was to pursue heavy-ion beam science through basic and
applied research, such as determining the origin of the ele-
ments, establishing new nuclear models, synthesizing new
elements and isotopes, researching nuclear transmutation,
and supporting industrial applications, including the biolog-
ical breeding and production of useful RIs. Figure 1 shows
a schematic of the RIBF. The RIBF can provide an intense
RI beam for all masses by accelerating heavy-ion beams
up to 70% of light speed in cw mode, using a cascade of
four separate-sector cyclotrons: the RIKEN ring cyclotron
(RRC [3], K =540 MeV), the fixed-frequency ring cyclotron
(fRC [4-6], K = 700 MeV), the intermediate-stage ring cy-
clotron (IRC [7], K = 980 MeV), and the world’s first super-
conducting ring cyclotron (SRC [8], K = 2600 MeV). The cy-
clotron cascade is combined with different types of injectors:
a variable-frequency heavy-ion linac (RILAC [9, 10]), fixed-
frequency heavy-ion linac (RILAC2 [11,12]), and K70-MeV
AVF cyclotron (AVF [13]). RILAC is used as an injector for
medium-mass ions such as 48Ca, RILAC?2 for very heavy
ions such as xenon and uranium, and AVF for light-mass
ions. RILAC and AVF were also operated in stand-alone
mode. In particular, RILAC plays a crucial role in providing
high-intensity beams for superheavy elements (SHEs) ex-
periments. Nihonium, the first element discovered in Japan,
was synthesized [14] using a beam supplied by RILAC.

* nari-yamada@riken.jp
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Figure 1: Schematic of the RIBF at RIKEN Nishina Center.
The linac facility described in this article is shown in the
lower part of the figure.

After the discovery of nihonium in the old linac facility,
the facility was upgraded [15] to increase the beam intensity
and energy for synthesizing new SHEs above Z = 118 and
to produce valuable RIs such as 2!! At. For the upgrade, we
constructed a new superconducting ECR ion source [16] to
obtain a higher beam intensity and introduced a supercon-
ducting booster linac named SRILAC to increase the beam
energy in a limited space, as shown in Fig. 2. The goal of the
RILAC upgrade project was to accelerate ions withm/q = 6
to 6.5 MeV/u. The budget was approved in fiscal year 2016,
and construction was completed in 2019.
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Figure 2: Schematic of the heavy-ion linac facility at RIKEN
after the upgrade. The eight tanks shown in yellow are the
existing room-temperature drift-tube linac, RILAC.
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OPERATING EXPERIENCE OF SRF SYSTEM
AT HIGH BEAM CURRENT IN SuperKEKB
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lalso at Accelerator Science Program, Tsukuba, Japan

Abstract

SuperKEKB aims for high luminosity on the order of
1035 /ecm?/s with beam currents of 2.6 A for electron and
3.6 A for positron to search new physics beyond the Stan-
dard Model in the B meson regime. In recent operations, we
achieved a new record of luminosity of 4.65 x 1034 /cm?/s
with 1.1 A for electron and 1.3 A for positron. The SRF
system that was designed for KEKB, the predecessor of Su-
perKEKB, is operating stably with the high beam currents
owing to the measures against the large beam powers and
the large higher-order-mode (HOM) powers. As a measure
against the large beam powers, our SRF cavities have in-
creased a coupling of high-power input couplers during the
KEKB operation. As a measure against the large HOM
power, newly developed SiC HOM dampers have been in-
stalled in the SuperKEKB ring. In addition, we have estab-
lished the horizontal high-pressure rinse method to recover
the cavity performance that has degraded due to vacuum
works and accidents in the long-term operation. In this re-
port, we will present our operation experience of SRF system
under the high beam currents.

INTRODUCTION

The SuperKEKB accelerator that is an electron-positron
asymmetric energy collider is an upgraded machine from
KEKB accelerator aiming for a significant increase of lumi-
nosity. SuperKEKB main ring consists of a 7 GeV electron
ring (high energy ring, HER) and a 4 GeV positron ring (low
energy ring, LER). To achieve high luminosity, the designed
beam currents are increased to 2.6 A for HER and 3.6 A for
LER [1]. A full-scale collision experiment has been con-
tinued since 2019. In recent operation, the achieved beam
currents are 1.14 A for HER and 1.46 A for LER, and the
peak luminosity of 4.65 x 1034 /cm?2/s was recorded [2,3].

The RF system of SuperKEKB is operating stably at large
beam current of higher than 1 A in 2022 operation [4]. The
RF-related operation parameters in KEKB (achieved) and
SuperKEKB (design) are shown in Table 1. The design
beam current is nearly twice as high as the KEKB achieved,
and the beam power becomes large accordingly [5-7]. The
RF system of HER consisting both of eight superconducting
cavities (SCC) [8,9] and normal-conducting cavities (ARES)
[10-12] has been reused from KEKB with reinforcement to
handle the high beam current and the large beam power.

Because the beam power can be shared with SCC and
ARES by giving phase-offset, the load of the input coupler

*
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of SCC will be almost the same as KEKB. On the other
hand, the HOM power excited in the SCC module at the
design current is estimated to be more than double the power
achieved in KEKB, and to be unacceptable loads of the
existing ferrite dampers. Then, additional SiC dampers are
installed to reduce the load of ferrite dampers.

In this report, the operation status and experiences of SRF
system under the high beam current are described.

SCC MODULE

A cross sectional view of the SCC module is shown in
Fig. 1 [13]. The SCC module was designed for KEKB with
HOM damped structure equipped with a pair of ferrite HOM
dampers on both small beam pipe (SBP) and large beam pipe
(LBP) [14]. The eight SCC modules are operating in HER.
In the latest beam operation in 2022, each SCC provided
an RF voltage of 1.35MV and delivered the beam power
of ~260kW in the maximum beam current of 1.14 A so far.
Figure 2 shows the power delivered to the beam by each
SCC module as a function of the stored beam current.

Input Coupler

The coaxial antenna-type input coupler was also devel-
oped for KEKB based on the input coupler of SCC in TRIS-
TAN. The features of the input coupler are summarized in
Ref. [15, 16]. Figure 3 shows the input coupler designed
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Figure 1: Cross-sectional view of HOM damped SCC de-
signed for KEKB. This cavity is used for SuperKEKB. Fer-
rite HOM dampers are equipped on both SBP and LBP. The
SBP and LBP diameters are 220 mm and 300 mm, respec-
tively.
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OPERATIONAL EXPERIENCE WITH THE EUROPEAN XFEL SRF LINAC
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V. Fogel, N. Walker
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Abstract

The European X-ray Free Electron laser (EuXFEL) is a
3.4 km long research facility which generates ultrashort X-
ray flashes of outstanding brilliance since 2017. Up to 27000
electron bunches per second are accelerated in a 1.3 km long
superconducting radio frequency (SRF) linac to a maximum
energy of 17.6 GeV. Within this time, operational experience
with a pulsed RF machine has been gained and new opera-
tion modes simultaneously delivering electron bunches to
3 different SASE undulator beamlines have been success-
fully implemented. Recent activities on increasing the linac
availability, power efficiency and duty cycle are discussed.

INTRODUCTION

The European X-ray Free-Electron Laser (XFEL), op-
erated at the Deutsches Elektronen-Synchrotron (DESY)
is a research facility which provides its users ultrashort X-
ray flashes of photon energies up to 30 keV by 3 different
SASE beamlines. Centerpiece of this facility is the 1.3-
km-long particle accelerator consisting of 776 Tesla-type
superconducting RF cavities. The accelerator is divided
into 4 accelerating sections which are the Injector (I1), two
bunch compression sections L1 and L2 plus the main linac
L3. The maximum achievable beam energy is 17.6 GeV
at a 10 Hz repetition rate delivering up to 27000 bunches
per second. A facility overview is presented in [1-2] and
shown in Fig. 1. The individual RF stations in sections L1
to L3 are composed of 4 cryomodules, each housing 8 cav-
ities. Each RF station is driven by a 10 MW multi-beam
klystron. Within this architecture the vector sum voltage of
32 cavities is controlled by a Low-Level Radio Frequency
(LLRF) control system, based on a Micro Telecommuni-
cations Computing Architecture (MicrdT'CA.4) [3]. High
precision control of the accelerating fields inside the cavities
is essential to achieve the required beam energy and arrival
time stability. Furthermore, the system has to be flexible
in order to cope with variations of bunch patterns, linac en-
ergy requirements and bunch compression settings. Overall,
availability, parameter reproducibility, and long-term sta-
bility are key aspects in achieving the high demands from
the photon users. Developments in the direction of improv-
ing operability and automation are continuously ongoing.
An overview about past LLRF system developments can be
found in Ref. [4], further investigations in order to reach the
maximum gradients for individual cavities are described in
Ref. [5].

This contribution summarizes the operational experience
of the superconducting accelerator over the last two years.

* christian.schmidt@desy.de
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Linac operation modes are described in the following section,
reporting on the machine availability and experience in daily
operation. The next section gives an outline in the machine
performance and the attempts to foster and improve the oper-
ability and reliability. This is followed by new developments
introduced to improve the flexibility of the machine opera-
tion as well as the efforts to reduce the energy consumption
for the RF part of the machine. Finally this paper discusses
the next steps in machine development towards the extension
of the RF pulse to continuous wave (CW) operation.

LINAC OPERATION

Figure 2 presents the annual operation hours of the Euro-
pean XFEL since the beginning of regular user operation.
Typically the machine runs for 7000 hours/year, and the
user delivery has steadily ramped up to a planned 5000-
hours/year in 2024. Improvements in automation and op-
erational experience has resulted in requiring less time for
machine setup and tuning. Figure 2 also shows the draft out-
look for the upcoming 2 years, including a longer shutdown
period in the second half of 2025.

Typical photon delivery operations run on a weekly cy-
cle. Mondays are reserved for tuning and setup of the SASE
parameters requested for the remainder of the week (agreed
upon at the end of the last weekly cycle). This time is also
used for routine adjustment of linac parameters which may
have drifted during the previous weeks operations. If deemed
necessary, access to the accelerator tunnel (where most of
the accelerator systems are housed) is also scheduled during
this time, typically for 2—4 hours, for more significant repairs

and maintenance. Non-critical maintenance requests are col- :

lected until there are sufficient in number or criticality to
schedule an access. Typically this happens every 3—4 weeks.
In addition to these short maintenance periods, two longer
shutdowns are scheduled per year (typically summer and
winter). These are mandatory for the German safety author-
ity for testing of the interlock systems, and are also used for
more major works, routine maintenance and service tasks.
Depending on the requested photon energy, the machine
is typically operated at three electron beam energy configu-
rations of 11.5, 14 and 16.3 GeV. The final photon energy is
tuned by variable gap undulators. The configuration of the
injector sections including L1 and L2 usually remains the
same for different final electron beam energies (2.4 GeV at
the exit of L2). The final electron beam energy is achieved
by the setup of the main linac L3. The two lower energies
(11.4 and 14 GeV) are achieved by running the RF stations
at a reduced RF voltage, whereas the 16.3 GeV beam en-
ergy is achieved by running the stations at their maximum
voltage. In all cases, the RF stations are typically run at an
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Abstract

Superconducting thin-films on a copper substrate are used
in accelerator RF cavities as an alternative to bulk Nb due
to the high thermal conductivity of copper and the lower
production costs. Although thin-film coated RF cavities can
match, or even exceed the performance of bulk Nb, there are
some challenges around the deposition. The RF cavities are
often produced as two half-cells with a weld across the centre
where the RF surface current is highest, which could reduce
cavity performance. To avoid this, a cavity can be produced
in 2 longitudinally split halves, with the join parallel to the
surface current. As the current doesn’t cross the join a sim-
pler weld can be performed far from the fields, simplifying
the manufacturing process, and potentially improving the
cavities performance. This additionally allows for different
deposition techniques and coating materials to be used, as
well as easier post-deposition quality control. This paper
discusses the development and testing of 6 GHz cavities that
have been designed and coated at the Cockcroft Institute,
using low temperature RF techniques to characterise cavities
with different substrate preparations and coating techniques.

INTRODUCTION

Niobium (Nb), which is commonly used for accelerating
cavities, is expensive and has a low thermal conductivity
at cryogenic temperatures. The low thermal conductivity
can lead to localised heating, leading to a quench. In order
to avoid this, a thin superconducting film can be deposited
onto a copper (Cu) substrate, which utilises the high thermal
conductivity of copper, while maintaining the benefits of a
SRF cavity. Modern research is also beginning to reveal a
number of other superconductors that would not be suitable
for application as a bulk superconductor, due to physical
properties, such as brittleness, but can match, or even exceed
the performance of niobium when it is used in thin film
applications. These include Nb;Sn, NbTiN, and V3Si [1].

Most commonly, RF cavities are produced as 2 half cells,
known as cups, which are then e-beam welded together
around the equator. This weld occurs across the region where
the magnetic field and surface current is highest, which re-
search on ISOLDE is showing may result in lowered perfor-
mance[2]. In addition when using thin films, this weld is an

* This work has been supported by: the IFAST collaboration which has
received funding from the European Union’s Horizon 2020 Research and
Innovation programme under Grant Agreement No 101004730.
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area where micro cracks can occur, which can also reduce
the Q-factor of the cavity. One solution to this has been to
produce a seamless cavity, however this is expensive and
creates a more challenging deposition process as the target
must be located on the inside of the cavity for deposition.

At the Cockcroft Institute, a novel longitudinally split
cavity geometry has been developed, which is constructed
from 2 half cells split longitudinally, rather than transversely,
such that the surface current runs along, rather than across,
the seam. As such the cavity may be operated with a gap
between the two half-cells and so a any weld can be located
far from the RF surface, and can hence be applied after
coating. The open design also allows for planar thin film
deposition techniques as well as surface characterisation
prior to welding making research and development of thin-
film superconductors much simpler [3, 4].

Simultaneously at CERN, a similar cavity known as a Slot-
ted Waveguide ELLiptical cavity is under development for
potential use on the FCC. SWELL cavities are manufactured
in 4 quadrants rather than 2 longitudinally split half-cells
with HOM dampers placed in the gaps between sections [5].

This paper describes the process for designing and testing
the cavities that have been produced at the Cockcroft Insti-
tute. The aim is to compare the RF surface resistance (R,)
for different Nb coatings, that were performed using various
deposition parameters, and look at the effect of electropol-
ishing (EP) on the cavity performance.

CAVITY DESIGN USING CST
AND MANUFACTURE

The cavity was designed in CST [6]. It has an elliptical
geometry, with a resonant frequency, f; = 6 GHz. The shape
was chosen for this first iteration simply due to it being a
standard cavity shape. The coupling pipe was made long
to reduce any losses from the end plates. In the future an
optimization process will be performed in order to improve
the cavity for the longitudinal design. Figure 1 shows the
E field for the current cavity geometry.

The present design has a coupling pipe radius = 14 mm,
equator = 22.95 mm, and the length of the coupling pipes
= 80 mm. Using these parameters, simulations predict a
maximum magnetic field strength = 3.66 mT with 0.1 mJ of
stored energy.

The cavity is formed from 2 Cu blocks, which can be ac-
curately aligned with each other using 2 pins and then bolted
together with 4 bolts. The cuboid shape provides good me-
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Abstract

A magnetic flux expulsion lens (MFEL) has been designed
and built at CERN. This device uses closed topology conduc-
- tion cooling of samples to quantify magnetic flux expulsion
of superconductors, and allows for systematic measurements
of the cooling dynamics and the magnetic response during
the superconducting transition. Measurements for bulk Nb,
cold worked Nb, sputtered Nb on Cu, and SIS multilayer
structures are given. Preliminary results for both sample
characterisation of expulsion dynamics, and observation of
an enhanced flux expulsion in SIS samples are also reported.

INTRODUCTION

During the transition from the normal conducting (NC)
state to the superconducting (SC) state, a perfect SC will
expel all ambient magnetic field (B,) from its volume, i.e.
no B field is present within the volume of a SC whilst in the
Meissner state. However, for imperfect SC’s, impurities and
defects within the sample impede flux expulsion, leaving
magnetic flux trapped within the SC as vortices. For SRF
cavities, the trapped vortices can result in localised heating
on the RF surface, which then contributes to the surface
resistance (R;) and reduces the maximum Q of the cavity.

It is well documented that cavity performance is affected
by the cooling dynamics, with both the temperature gradient
(dT) and the cooling rate as the SC transitions into the Meiss-
ner state at T, [1] correlating with expelled magnetic flux.
Within the literature, cool down versus cavity performance
improvements have been detailed for slow cooling rates for
cavities in a horizontal orientation [2, 3], and fast cooling
(high dT) for cavities in a vertical orientation [4—6]. Inter-
preting flux expulsion efficiency of SRF cavities in terms of
flux pinning dynamics is not necessarily straightforward, as
an increased spatial thermal gradient (dT/dx) increases the
de-pinning force on the flux line, and decreases the proba-
bility of a flux line interacting with a pinning site.

In order to establish an assessment of magnetic flux expul-
sion in materials used for SRF cavities, without the compli-
cations of cavity geometry and orientation on flux dynamics
during the SC transition, a dedicated flux expulsion mea-
surement system has been developed at CERN. This system,
known as the Magnetic Flux Expulsion Lens or MFEL, mea-
sures the magnetic flux expulsion of macroscopic samples
under controlled thermo-magnetic conditions.

* daniel.andrew.turner @cern.ch
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MAGNETIC FLUX EXPULSION LENS

The MFEL, designed and built at CERN, is a simple labo-
ratory device to quantify magnetic flux trapping in samples
considered for SRF materials. The MFEL works by apply-
ing heat pulses to the sample such that it transitions out of
and back to the Meissner state, with the key to the MFEL
being the sample geometry, which is a flat annulus geom-
etry (90 mm outer diameter with a 6 mm inner aperture).
For this geometry, the outer edge of the sample is in con-
tact with an isothermal cold source, whilst the heat pulse
is applied at the inner radius of the annulus. This causes
the sample to transition from the SC to the NC state, with
the transition propagating radially through the sample. At
the end of the heat pulse, the Meissner transition front is
driven from the outer radius by the cold source to the centre
aperture by the thermal gradient. The extent to which the
magnetic flux is driven into the central aperture provides a
quantitative measure of the associated flux pinning within
the sample. Further, variation of deposited energy from the
heat pulse permits measurement of flux expulsion efficiency
as a function of thermal gradient, while the time structure
of the observed magnetic response offers insight into the
thermo-electric dynamics of the transition. The concept of
the MFEL flux dynamics is shown in Figs. 1b-1e with the
corresponding measurement observables given in Fig. 1a.

Realisation

The MFEL is an axially symmetric device based on an
annulus sample that undergoes pulsed heating at the inner
radius, while maintaining a thermal connection to a cold
source at the outer radius. The magnetic response of the
MFEL is measured by a flux gate (Bartington Mag-O1H
probe) positioned on axis, normal to the sample surface, such
that it is sensitive to the flux density traversing the annulus
aperture. In addition, thermometry (calibrated CERNOX
CX-1050-SD-HT-1.4L with standard Lakeshore acquisition
system) is installed at inner and outer edges of the sample
and the cold source. Both the magnetic field probe and the
temperature (T) sensor are read throughout the heat pulse
cycle, with readout rates of 20 Hz and 10 Hz respectively.
This readout rate is sufficient for accurate digitising of the
thermo-magnetic transition. The heat pulse is provided by a
pulsed resistor connected to the sample by a Cu nose cone. A
labelled cross section is shown in Fig. 2, which also portrays
the heat path through the facility.

For operation, the MFEL is mounted in a vacuum chamber
with a Cu base plate that serves as the cooling interface
between cold source and MFEL. The vacuum chamber is
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Abstract

Muon spin rotation (££SR) results have shown that the first
vortex penetration field detected by muons (H,, ,,) into Nb
can be delayed up to the superheating field, Hg, by coating
a single layer of a material with larger London penetration
depth, 4; . For low-temperature baked (LTB) (i.e., 120°C
baked) Nb an increase in the H,,, ,, has also been observed.
While clearly exceeding the lower critical field H., H,, ,
was found to remain significantly below Hy, for LTB Nb.
Further, magnetometry experiments suggested that there is
no interface barrier in LTB Nb and that the apparent H,,, ,,
increase as observed by SR was due to surface pinning. By
varying the implantation depth of muons of E ~ 4.1 MeV
using moderating foils, new uSR measurements confirm
that the apparent H,,, , increase in LTB Nb is indeed due
to surface pinning, while for a Nb;Sn (2 um)/Nb bilayer we
find that an interface energy barrier prevents flux penetration.
These results confirm the potential of using superconducting
bilayers to achieve a flux free Meissner state up to the Hg,
of the substrate.

BACKGROUND

Superconducting radio frequency (SRF) cavities need to
be operated in a flux free Meissner state to avoid strong
dissipation from magnetic vortices. The maximum field that
can be sustained by a superconductor in the Meissner state is
proportional to the accelerating gradient (E,.), which sets
the ultimate limit of a cavity. The lower critical field H;
defines the field at which it is energetically favorable for
flux to be located inside the superconductor instead of being
expelled by Meissner currents. The vortex penetration field
(H,p) can potentially exceed H,| in case of a surface barrier
with the ultimate limitation set by the superheating field Hy,.
Nb is the preferred material for fabricating SRF cavities
because it possesses the highest H,; and critical temperature
T, among all elemental superconductors. For clean Nb, H,;
is about 170 mT [1] and Hy, = 240 mT [2] at a temperature
of 2K corresponding to E,. of about 40 and 55 MV m™!
for elliptical cavities. Some SRF cavities baked at 120 °C
for 48 h in vacuum or low pressure gas atmosphere (i.e.,
LTB) have reached peak surface magnetic fields exceeding
H_; but for mass production operating E,.. values around
30MV m ' or below are chosen [3].

In the context of LTB study, it is important to understand
the underlying mechanisms that can influence the material
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properties. The effect of LTB treatments can induce changes
in the outermost nanoscale region of the material through
diffusion processes. This results in the formation of a dirty
layer with a larger London penetration depth (4; ) compared
to the bulk value of the material [4, 5]. This layer could
potentially lead to a reduction of Meissner currents and the
formation of a surface barrier at the interface between the
outer dirty layer and the bulk material [6]. Consequently, this
scenario can be viewed as the creation of a potential bilayer
superconductor. In a bilayer superconductor when the top
layer penetration depth is larger than the substrate’s two
effects occur. First, H,, into the surface layer is increased
due to strong suppression of Meissner current. Second, an
interface energy barrier between the layers [6] similar to the
Bean-Livingston barrier [7] at the vacuum-superconductor
interface is created potentially prohibiting flux penetration
into the substrate up to the substrate’s H,.

1SR experiments have reported evidence for an interface
barrier in bilayer samples of different materials and thick-
nesses [8] and a slight increase of H,,, above H for LTB
samples. Magnetometry measurements could not confirm
the enhancement for LTB samples [9] and we, therefore,
hypothesize that the H,;, , for LTB was due to increased
accumulation of vortices caused by vortex pinning in the
near-surface region. Pinning centers can act as supplemen-
tary barriers, impeding the movement of vortices from the
edges of the sample to the center [8]. As a result, they in-
troduce additional resistance which leads to a delayed flux
propagation towards the center of the samples compared to a
scenario without pinning. Note that the implantation depth
in so-called surface uSR experiments using a ~4.1 MeV
beam is on the order of 130 um for Nb. The aim of this
study is to test whether flux could have been trapped in a
thin layer comparable to this length scale before being de-
tected by muons. In this case one would find H,, , > H,,.
Understanding the dominant mechanism at play is crucial
for guiding further developments in materials and layered
structures beyond conventional bulk Nb technology.

DESCRIPTION OF EXPERIMENT

Brief General Description of the Muon Spin Rota-
tion Technique

1SR is a powerful condensed matter technique for the
direct measurement of the magnetic field inside the sam-

ple. In this experiment, 100% spin-polarized radioactive
muons (z*) were implanted into the sample one at a time
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SIMS CHARACTERIZATION OF NITROGEN DOPING OF
LCLS-II-HE PRODUCTION CAVITIES*

C. E. Reece, E. M. Lechner’, M. J. Kelley
Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
J. W. Angle, Virginia Polytechnic & State University, Blacksburg VA, USA

Abstract

The thermal diffusion of nitrogen into the surface of
niobium has been shown to yield superior low-loss SRF
performance. An effective solution was identified and
promptly employed in the production of cryomodules for
LCLS-II. With added experience and R&D, a modified
process was chosen for use in the upgrade for LCLS-II-HE.
Largely motivated by this circumstance, supporting
research has significantly refined the technique for making
calibrated secondary ion mass spectrometry (SIMS)
measurements of the N concentration depth profiles
produced by production processes. Standardized reference
samples were included with four HE production cavities in
their N-doping furnace runs. We report the calibrated
dynamic SIMS depth profiles of N, C, and O for these
samples, together with the cryogenic acceptance test
performance of the associated cavities. Interpretation and
comparison with similar samples acquired in other
furnaces highlights the importance of intentional process
quality control of furnace conditions.

SIMS ANALYSIS OF NIOBIUM

Sample Preparation

Over the past several years a standardized Nb sample
preparation process has been developed at Jefferson Lab to
facilitate high quality SIMS characterization of the
surfaces produced by various candidate SRF cavity
preparation methods. The key characteristics are:
fabrication from cavity sheet stock, dimensions
standardized for multiple loading in custom SIMS sample
holder and custom electropolishing sample holder that
assures only single face exposure to electrolyte, annealing
of the samples to obtain grain sizes (~200 um) to enable
SIMS sampling of only single grains (since sputter rates
vary with grain orientation), planarization of the sample
face to ~5 nm via chemical/mechanical polishing and
electropolishing, with minimum disturbance of the lattice
of the surface grains. Such surface planarization is
necessary in order to obtain uniform sputter depth and thus
maximize the depth resolution during SIMS sputter
profiling.

Development of SIMS Quantification Techniques

There having been no prior work refining dynamic SIMS
technique on Nb matrix, this became the subject of the PhD
dissertation efforts of J. Tuggle and J. Angle at the Nano

* Work supported by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics under contract DE-AC05-060R23177.
T lechner@jlab.org
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Characterization and Fabrication Lab (NCFL) of Virginia
Tech. Method sensitivities and vulnerabilities were
explored and refined such that measurement errors on
contaminant species concentrations approaching 10% have
been realized. [1-4]

SAMPLING PRODUCTION PROCESS

Having recognized a vulnerability to potential process
variation with “tightness” of the cavity “caps” that can
restrict N flow into the cavity during doping [5], we
arranged to have standard prepared samples included with
the doping furnace run of four LCLS-II-HE cavities at RI
Research Instruments GmbH. Our purpose was to sample
the doping wvariability within the routine production
process.

A single standard Nb sample was included inside each of
two cavity envelopes during each of two routine N-doping
production furnace runs. The samples experienced the
same N, pressure and temperature profile as that cavity’s
interior surface. The standard protocol for N-doping for the
LCLS-II-HE project is heating at 800 °C for 3 hours under
high vacuum conditions followed by 2 min exposure to
~33 mbar N, gas while sustaining 800 °C. Then the
nitrogen gas is evacuated and the furnace heat is removed,
and contents are allowed to cool down under vacuum.
Between preparation at Jefferson Lab and placement in
cavity, and then also between removal from cavity and
transport to analysis, the samples were stored in concave
base sample holders to protect the key surface. The HE
production cavities sampled were CAVR076, CAVR142,
CAVR144, and CAVRI151.

SIMS CHARACTERIZATION

The four samples were shipped to the NCFL for analysis
with a Cameca 7f dynamic SIMS system. Depth concen-
tration profiles were measured on three randomly selected
niobium grains on each sample. Secondary ion yields indi-
cating atomic N, O, and C concentrations within each Nb
grain were calibrated against a similar standard sample ion-
implanted by Kroko. The obtained concentration profiles
are presented in Fig. 1.

The sputter times and current were the same for all
sampled grains. The grain orientation dependence of
sputter rates produces the variation in sampled depths.
With these samples we were seeking to acquire profiles to
a depth of at least 10 pm.
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IN-SITU QUALITY FACTOR MEASUREMENTS
OF SRF CAVITIES AT S-DALINAC*

M. Arnold, A. Brauch, M. Dutine, R. Grewe', L. Jiirgensen, N. Pietralla, F. SchlieBmann,
D. Schneider, Institute for Nuclear Physics, Technische Universitdt Darmstadt, Darmstadt, Germany

Abstract

The Superconducting Darmstadt Linear Accelerator
(S-DALINAC ) is a thrice recirculating electron accelerator
wich can be operated in a multi-turn energy recovery mode.
The design parameters for kinetic energy and beam current
are up to 130 MeV and up to 20 pA respectively. The injec-
tor consists of a six-cell capture cavity and two 20-cell srf
cavities. The main linac consists of eight 20-cell cavities.
The cavities are operated at a temperature of 2 K with a
frequency of 2.9972(1) GHz. Monitoring of the srf cavities
is important for the overall performance of the accelerator. A
key parameter for the rating of the srf cavity performance is
the intrinsic quality factor Q. At the S-DALINAC it is mea-
sured for selected cavities during the yearly maintenance
procedures. The unique design of the rf input coupler al-
lows for a wide tuning range for the input coupling strength.
This makes in-situ quality factor measurements using the
decay time measurement method possible. The contribution
illustrates the principal design of the input couplers and the
benefits it yields for Q measurements. Recent results includ-
ing the progression of the quality factors over time will be
presented.

INTRODUCTION

The thrice recirculating S-DALINAC (Superconduct-
ing Darmstadt Linear Accelerator) is in operation since
1991 (Fig. 1). To reach its design energy of 130 MeV within
the limited space available at the Institute for Nuclear Physics
at TU Darmstadt, the S-DALINAC utilizes the high en-
ergy gain and low power losses of superconducting radio-
frequency (srf) cavities [1]. At the time the S-DALINAC
has been built, 3 GHz 20-cell cavities where figured to be the
best compromise of size, dissipated power P4 and accelerat-
ing field gradient E, .. [2]. Measurement of the performance
parameters intrinsic quality factor Qg and maximum accel-
erating gradient E, ., of each cavity allows optimization of
the energy gain distribution by O, and thus maximizing the
total energy gain of the accelerator with respect to total loss

2 Pg.

S-DALINAC CRYOMODULES
AND INPUT COUPLER

The 20-cell srf cavities of the S-DALINAC are mounted
in a frequency tuning frame resting in a liquid helium bath
at a temperature of 2 K. A schematic view of the important
parts of the S-DALINAC cryomodule is shown in Fig. 2.

* Work supported by DFG (GRK 2128) and the State of Hesse within the
Research Cluster ELEMENTS (Project ID 500/10.006)
rgrewe @ikp.tu-darmstadt.de
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Figure 1: Floorplan of the S-DALINAC accelerator hall.
Two electron sources create an electron current of up to
60 pA with an energy of up to 250 keV which is prepared for
srf acceleration in a normalconducting section. A single 5-
cell cavity and two 20-cell cavities (red) are used to capture
and accelerate the beam to 10 MeV to be used for nuclear
fluorescence experiments or further acceleration in the main
LINAC. The main LINAC consists of eight 20-cell cavities,
which add up to 30 MeV to the beam energy in each of up
to four passes.
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Figure 2: Sectional view of a cut in half cryomodule of the
S-DALINAC . (1) Coaxial rf transmission line, (2) Coaxial
input coupler, (3) Cavity tuning frame, (4) 20-cell elliptical
cavity, (5) rf output coupler, (6) 80K shielding, (7) 2K
helium vessel [3].

To optimize the operation of the Low Level RF control
(LLRF) [4] for each cavity, the rf transmission line allows
variation of the penetration depth of the rf input antenna into
the coaxial input coupler by means of a bellow in the outer
conductor of the transmission line. A detailed schematic of
the input coupler layout is shown in Fig. 3. By variation of
the penetration depth the external quality factor Q,, can be
adjusted in the range 3 - 10° < Q,, < 3 - 107 [3], covering
the design quality factor Qy = 3 - 10° of the srf cavities.

SRF Facilities
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PLASMA ELECTROLYTIC POLISHING TECHNOLOGY PROGRESS
DEVELOPMENT FOR Nb AND Cu SUBSTRATES PREPARATION*

E. Chyhyrynets®, O. Azzolini, R. Caforio!, D. Fonnesu, D. Ford, G. Keppel, C. Pira, A. Salmaso,
F. Stivanello, G. Marconato'
INFN Laboratori Nazionali di Legnaro, viale dell’Universita 2, Legnaro (PD), Italy
I'also Universita degli Studi di Padova, Padova, Italy

Abstract

Superconducting radio frequency (SRF) cavity perfor-
mance is highly dependent on surface preparation. Con-
ventionally, electropolishing (EP) is used to achieve a clean
surface and low roughness for both Nb and Cu substrates
(in thin films SRF cavities), but it requires harsh and cor-
rosive solutions like concentrated acids. Plasma Electro-
lytic Polishing (PEP) is a promising alternative that uses
only diluted salt solutions and has several advantages over
EP. PEP can replace intermediate steps like mechanical or
chemical polishing, thanks to its superior removal rate of
up to 2-8 um/min of Nb and 3-30 um/min of Cu. It
achieves Ra roughness of 100 nm for both substrates and
has a higher smoothing effect than EP. PEP is also suitable
for normal conducting cavities and other accelerator com-
ponents, including couplers. We demonstrate the effective-
ness of PEP on SRF substrates and analyse substrate defect
evaluation. We demonstrate the application of PEP onto
SRF substrates: Cu QPR sample and 6 GHz cavity.

INTRODUCTION

The PEP process is a non-conventional method used to
treat various types of metal and alloy surfaces. It is a pow-
erful and fast process that does not require any preparation
of the treated surface. However, ensuring scalability and
application of PEP can be a complex endeavour. The appli-
cation of PEP onto Cu and Nb surfaces for SRF has already
been discussed and published [1]. In this study, we discuss
further advancements in scalability and present a new setup
designed for treating larger samples.

THE NEW SET-UP

All experiments were conducted in the chemical labora-
tory of the Superconductivity and Surface Treatment Ser-
vice at Legnaro National Laboratories (LNL) of INFN.
Two DC power supplies were connected in series to deliver
a high voltage (300 V) and high currents (up to 150 A) out-
put. Various samples with different geometries and dimen-
sions were subjected to treatment. The experiments con-
ducted on the 18 cm? samples demonstrated a current den-
sity ranging from 0.2 to 0.8 A/cm?. The process for these
samples was carried out using a 3 L solution.

* Work supported by the INFN CSNV experiment SAMARA. This pro-
ject has received funding from the European Union's Horizon 2020 Re-
search and Innovation programme under Grant Agreement No
101004730. Financial support from: PNRR MUR project PE0000023-
NQSTI.

T eduard.chyhyrynets@Inl.infn.it
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Considering the constant value of the experimented cur-
rent density, the larger samples treated in subsequent ex-
periments could easily reach currents approaching 150 A.
Consequently, an increase in heat production is expected.
The high temperatures generated during the process may
decrease the stability of the treatment and potentially lead
to oxidation or corrosion effects. During the initial stages
of the process, current spikes were observed, reaching val-
ues 2-5 times higher than the working currents. These cur-
rent values exceed the maximum sustainable limits of the
currently employed power supplies, indicating the need for
improvements to the setup.

Design and Production

A new facility was designed and developed specifically
for the treatment process of larger area samples such as
QPRs [1], and 6 GHz cavities. The design of the facility
took into consideration several fundamental characteris-
tics, including:

e  The ratio of bath volume to anode area, which needed
to be greater than 0.2 L/cm?.

e  The material of the bath had to be an insulator.

e The capability to accommodate a large surface cath-
ode, with an anode to cathode ratio of 10:1.

a)

Figure 1: a) A schematic render of the plastic bath used for
PEP; b) Photo view during PEP process.

Figure 1a illustrates the polymeric bath made of PVC
that was designed and fabricated for this purpose. The ex-
perimental setup consisted of an Nb cathode, a resistance
element, and a thermocouple to ensure precise temperature
control. The treated sample (anode) was connected posi-
tively and suspended in the bath, as shown in Fig. 1b. The
bath had a capacity of approximately 30 L of solution, with
a total volume of 50 L. Such system provided better tem-
perature control and a more stable polishing process.
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ANALYSIS OF SEMICONDUCTOR COMPONENTS AS TEMPERATURE
SENSORS FOR CRYOGENIC INVESTIGATION OF SRF MATERIALS

A. Cierpka*, S. Keckert, F. Kramer, O. Kugeler, J. Knobloch'
Helmholtz-Zentrum Berlin, Berlin, Germany
lalso at Universitit Siegen, Siegen, Germany

Abstract

Temperature mapping systems have been used for many
years to detect local heating in an SRF cavity surface or ma-
terials sample. They require a large number of temperature
sensors. Most often, low-cost Allen-Bradley resistors are
used for this purpose. Since they have poor sensitivity and
reproducibility above 4 K, sensor alternatives that combine
the precision of Cernox' sensors with the low-cost of Allen-
Bradley resistors would be highly desirable. In this work
various semiconductor components that exhibit a tempera-
ture dependent electrical response, such as diodes and LEDs
were analyzed with respect to sensitivity, reproducibility and
response speed in a temperature range between 6.5 K and
22 K. In this range, many diodes and LEDs were found to
be more sensitive than Cernox sensors. However, in some
components the response time was slow — possibly due to
poor thermal contact.

INTRODUCTION

Since many years, temperature mapping systems have
been valuable tools for SRF cavity R&D, for example, to
detect local heating in the surface of cavities [1].

As most niobium cavities are operated at 1.8 Kto 2K a
large number of high-precision temperature sensors opti-
mized for this temperature range is needed. If the tempera-
ture is only measured at a few points, commercial Cernox
sensors can be used, offering great accuracy. For large T
mapping systems, mainly 100 Allen-Bradley carbon resis-
tors are used since their low-cost allows for affordable scaling
of the mapping systems.

Although Allen-Bradley resistors are applicable for tem-
peratures below 4 K their sensitivity drops for temperatures
above 4 K [2]. This is unfavorable for the analysis of cavities
made of Nb3Sn, which is a promising material for future
SRF cavities as it allows the operation at 4.4 K [3]. In addi-
tion, Allen-Bradley resistors exhibit systematic temperature
deviations after performing several temperature cycles [2].
Thus, it reduces their suitability for use in experiments study-
ing effects during transition to the superconducting phase,
in which several temperature cycles are often performed.

In this paper, the search for advanced temperature sensors
that combine the high-precision of Cernox sensors and low-
cost of Allen-Bradley resistors is presented. Building on the
results of [4], various commercially available semiconductor
components are studied. The components are analyzed with
respect to the following parameters: In order to achieve high

* alexander.cierpka@helmholtz-berlin.de
! Temperature sensors from the manufacturer LakeShore.

MOPMBO010
80

sensitivity, a strong dependence of the electrical response
on temperature is needed. Additionally, a high response
speed is required in order to detect quick effects. Also, high
reproducibility is desired.

EXPERIMENTAL SETUP

For the analysis of the mentioned properties at cryogenic
temperatures, a two-stage cryo-cooler is used. In an isola-
tion vacuum it can reach temperatures down to about 6 K.
A round copper plate is mounted onto the cryo-cooler, on
which a Cernox sensor for calibration and two semiconduc-
tor components to be tested are screwed. A heater foil glued
to the cryo-cooler and driven by a PID controller allows for
precise temperature control (see Fig. 1).

Figure 1: Photographs of the experimental setup. A copper
plate is mounted onto the cryo-cooler on which the Cer-
nox sensor (1) and semiconductor components (2)&(3) are
screwed. The heater foil (4) is glued onto the cryo-cooler
below the plate.

The following commercial semiconductor components
have been tested (see Table 1). Among them are both LEDs
and diodes.

All tested components have an insulating casing (i.e. the
casing of LEDs or the cylindrical housing of wired diodes),
which lowers the thermal conductivity between the copper
plate and sensor and thus could have an impact on response
speed. Therefore, the wired diodes are polished until the
semiconducting material has direct contact with the surface.
In order to avoid a short between the diode and the copper
plate, the diode is insulated with a thin layer of varnish. This
grinding process is not possible for LEDs, as the wirebonds
inside the insulation will be damaged immediately.

SRF Technology

Assembly/integration
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DEPOSITION AND CHARACTERISATION OF
V;Si FILMS FOR SRF APPLICATIONS*

C. Benjamin!", L. Smith', J. Conlon!, O. B. Malyshev', R. Valizadeh',
D. Seal?, N. Leicester?, H. Marks2, G. Burt?
Cockcroft Institute of Accelerator Science, Daresbury, United Kingdom
lalso at ASTeC, STFC Daresbury Laboratory, United Kingdom
2also at Lancaster University, Lancaster, United Kingdom

Abstract

AT15 superconducting materials, like V3Si and Nb3Sn,
are potential alternatives to Nb for next generation thin film
SRF cavities when operated at 4 K. Their relatively high
Tc and superconducting properties could allow for higher
accelerating gradients and elevated operating temperatures.
We present work on the deposition of V;Si thin films on pla-
nar Cu substrates and an open structure 6 GHz cavity, using
physical vapour deposition (PVD) and a V;Si single target.
The surface structure, composition and DC superconduct-
ing properties of two planar samples were characterised via
secondary electron microscopy (SEM), energy dispersive x-
ray spectroscopy (EDX) and in a magnetic field penetration
facility. Furthermore, the first deposition using PVD of a
V;Si film on a 6 GHz split cavity and the RF performance
is presented.

INTRODUCTION

As bulk and thin film niobium (Nb) superconducting RF
(SRF) cavities approach their theoretical limit, the require-
ment for alternative superconducting materials is increased.
Thin film A15 superconductors such as: V3Si and Nb;Sn
are promising candidates due to their relatively high critical
temperatures of T, = 18 and 17 K, and upper critical fields
(H,,) of 28 and 24.5 T respectively [1]. These properties
may allow for operation of SRF cavities at higher temper-
atures (>4 K instead of =2 K), potentially reducing cost of
cryogenics and may allow increased accelerating gradients,
simplifying infrastructure of the particle accelerator [2].

Previous production of thin V;Si films have implemented
a variety of methods: thermal diffusion, co-sputtering and
single alloy target magnetron sputtering, with varying levels
of success. In the thermal diffusion method, Si is either de-
posited on a vanadium substrate or introduced via SiH, gas.
The substrate is then annealed (850 °C) forming the correct
A15 phase. This method resulted in a successful supercon-
ducting cavity, however it suffers from surface Si and per-
formance lower than a typical Nb cavity [3]. Co-sputtered
magnetron methods have produced successful V;Si thin
films on Cu, they also observed that the high deposition and
annealing temperatures produces Cu-Si phases and Cu inclu-
sions [4]. Further magnetron sputtered films on a stripline

* This work has been supported by: the IFAST collaboration which has
received funding from the European Union’s Horizon 2020 Research and
Innovation programme under Grant Agreement No 101004730.

¥ Christopher.Benjamin @stfc.ac.uk
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resonator formed on a thin sapphire substrates show an RF
response inline with weak coupling BCS theory predictions
with surface resistances significantly lower than Nb [5].

This paper focuses on the current progress of V3Si thin
films using pulsed DC magnetron sputtering deposition us-
ing a single target. The surface structure, composition and
DC superconducting properties of two planar samples were
characterised via secondary electron microscopy (SEM),
Energy-dispersive X-ray spectroscopy (EDX) and in a mag-
netic field penetration facility [6]. The latter section of this
report presents the first deposition of a a V5Si film on a split
6 GHz cavity with surface resistance measured in the RF
characterisation facility [7, 8].

THIN FILM V;Si
ON PLANAR Cu SUBSTRATES

Sample Preparation and Deposition

Two V;3Si thin films were deposited on polycrystalline
oxygen-free, high conductivity (OFHC) Cu substrates (La-
belled S1 and S2). Both substrates underwent ex situ chemi-
cal treatment with BPS-172 solution, etching any surface ox-
ide formation and atmospheric contamination. Once loaded
into the vacuum system they were both heated to 500 °C
for 24 hours to remove any residual contamination from the
loading process.

V3Si deposition was performed in a stainless steel vacuum
chamber, with a base pressure 5 x 10~ mbar, equipped with
a single planar magnetron source. The source was equipped
with a commercially bought V;Si target. The sample stage
is positioned 100 mm away from the magnetron source, with
sample heating up to 800 °C. Deposition was conducted
using a Pulsed DC magnetron power supply using the depo-
sition parameters shown in Table 1. During deposition Kr
is admitted into chamber as the process gas to a pressure of
5 x 1073 mbar. Substrate temperature between S1 and S2
were 670 °C and 710 °C respectively.

Characterisation and Performance

Figure 1 displays two SEM images of the surface topog-
raphy of V;Si thin films on (a): S1 and (b): S2 samples.
The surface topography of S1 is a dense structure of small
grains that are a few hundred nanometers in size. S2 shows
a similar structure, however, the grain size is much larger
approaching micrometer in size. Further analysis using EDX
showed a difference in composition between the two samples:

Fundamental SRF research and development
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INVESTIGATION, USING Nb FOILS TO CHARACTERISE
THE OPTIMAL DIMENSIONS OF SAMPLES MEASURED BY
THE MAGNETIC FIELD PENETRATION FACILITY*

L. Smith!", D. Turner?, G. Burt?, T. Junginger?, O.B. Malyshev'
Cockcroft Institute, UKRI/STFC Daresbury Laboratory, Daresbury, Warrington, UK
lalso at ASTeC, UKRI/STFC Daresbury Laboratory, Daresbury, Warrington, UK
2also at Engineering Department, Lancaster University, Lancaster, UK

Abstract

At Daresbury Laboratory, in depth Research and Devel-
opment is attempting to push the maximum accelerating
gradient (E,..) forward through its Thin Films SRF pro-
gramme, by increasing the maximum magnetic field (B) that
can be applied to an SRF cavity wall whilst maintaining the
Meissner effect. Nb is the best performing single element
as it has both the highest T,. and highest lower critical field
(B.) allowing the cavity to maintain the Meissner effect
longer and improve efficiency. At Daresbury Lab, the Mag-
netic Field Penetration Facility (MFPF) tests flat samples by
applying a DC magnetic field parallel to sample, replicating
the conditions of the cavity wall. The field of full flux pen-
etration (pr) is determined by two Hall probes (HP1 and
HP2), situated on either side of the sample. The facility can
measure samples no larger than 50 mm diameter, but it is
important to know how sample size can affect results due to
field leakage around the sample. This paper shows results of
a study that measured the effects of sample size (from 50 x
50 — 10 x 10 mm?) and sample thickness in the range of 1 -
100 pm to determine the ideal geometry for field penetration
measurements using MFPF. Nb foil samples were used to
allow easy alteration of size.

INTRODUCTION

Charged particles are accelerated in particle accelerators
by using radio frequency (RF) cavities. Superconducting
Radio Frequency (SRF) cavities are used to enhance power
and prevent energy loss through a resistive heat into the
cavity walls, improving efficiency, whilst lowering operat-
ing costs. Superconducting materials are used to coat the
cavities as they have unique properties, meaning they can
remain in the Meissner state at higher acceleration field E,,..
than other materials and therefore limit power loss [1] . In
the Meissner state, DC resistance is equal to zero and all
external magnetic fields are expelled, as long as the mate-
rial remains below the critical temperature 7,.. Therefore, it
is important to develop new materials that can push the 7.
higher and allow greater cavity performance. Nb is currently
the leading, single element material used for cavity coating,
as it has the highest critical temperature 7,. = 9.25K and

* This work has been supported by: the IFAST collaboration which has
received funding from the European Union’s Horizon 2020 Research and
Innovation programme under Grant Agreement No 101004730.

 liam.smith@stfc.ac.uk
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the largest, lower critical field (H) [2]. However, a new
approach to sample structure using thin films which incor-
porate a thin Nb film, more than 1 micron on top of a Cu
substrate to improve thermal conduction and multi-layers
that use multi structures in the sample: Superconducting —
insulation — superconducting (SIS) make it possible to push
the boundaries of bulk Nb further, increasing 7,. and H_., [3,
4].

EXPERIMENTAL

Magnetic Field Penetration Facility

The Magnetic Field Penetration Facility (MFPF), built at
Daresbury Laboratory, is described in details in Ref. [1]. It
allows a practical and time efficient alternative to testing SRF
cavity layers for their SC properties. Quicker turnaround
times of sample testing, allows the optimal material com-
position to be identified without the need to coat the cavity
beforehand thus, improving operational costs and time effi-
ciency. The MFPF schematically shown in Fig. 1 operates
by applying a DC magnetic field, through a 2 mm gap in a
carbon based, steel, yoke magnet, parallel to the surface of
a flat sample, to replicate the conditions met by the cavity
wall. By, is defined using two Hall probes, HP1 and HP2.
HP1 is situated between the yoke dipoles, directly above the
sample, and measures the maximum applied magnetic field
(By) [1], while HP2 sits in a carved out trench, directly be-
low the sample. The MFPF operates within the temperature
range of 2.6 and 30 K and can apply an optimal magnetic
field of 600 mT. The facility operates by reducing the tem-
perature below the 7. of the sample to induce the Meissner
effect. Once the sample is in a SC state, a magnetic field is
applied until the SC state is overcome and By, is defined as
the point the field fully penetrates the sample. This opera-
tion is then repeated at different temperature set points to
provide an overall picture of how the material is performing.
With these applications in mind, it is sensible to determine a
good understanding of the MFPF’s limitations as a function
of sample size and thickness in order to ensure the correct
sample geometry is used and in turn provides the best results.
An investigation was performed earlier [1], using a type one
SC (Pb) to correctly identify the size limitations of a sample
before leakage around the edges becomes an issue. Pb was
used as it demonstrates a sharp transition and is malleable,
making it simple to manipulate to different sizes. The MFPF
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INFLUENCE OF THE COATING PARAMETERS
ON THE T, OF Nb;Sn THIN FILMS
ON COPPER DEPOSITED VIA DC MAGNETRON SPUTTERING*

D. Fonnesu', O. Azzolini, R. Caforio', E. Chyhyrynets, D. Ford, V. A. Garcia Diaz, G. Keppel,
G. Marconato!, C. Pira, A. Salmaso, F. Stivanello
National Institute for Nuclear Physics - Legnaro National Laboratories (INFN-LNL) Legnaro, Italy
lalso at University of Padua, Padova, Italy

Abstract

The I.LFAST collaboration aims at pushing the perfor-
mance of particle accelerators by developing sustainable
innovative technologies. Among its goals, the development
of thin film-coated copper elliptical accelerating cavities
covers both the optimization of the manufacturing of seam-
less substrates and the development of functional coatings
able to conform to the 3D cavity geometry while deliver-
ing the needed performance. For the latter, the optimiza-
tion of the deposition recipe is central to a successful out-
come. The work presented here focuses on the deposi-
tion of Nb3Sn films on flat, small copper samples. The
films are deposited via DCMS from a planar stoichiomet-
ric Nb3Sn commercial target. The results of the film char-
acterization are presented here. The observed dependen-
cies between the critical temperature 7, of the films and
the deposition parameters are discussed and, in particular,
T20%=10% = (17.9 + 0.1) K is reported for Nb3Sn on sap-
phire and 720%~10% = (16.9 + 0.2) K for Nb3Sn on copper
with a 30 pm thick niobium buffer layer.

INTRODUCTION

In the pursuit for sustainability, one goal is to make pos-
sible the operation of the SRF cavities at 4.5 K to reduce
the amount of cryopower needed for the operation [1]. To
this aim, the A15 compound Nb;Sn, with a higher critical
temperature of 18.3 K compared to niobium’s 9.2 K, has the
potential to provide at 4.5 K quality factors comparable to
the ones obtained with bulk niobium (Q, = 10'0) at 2K.
Coating copper SRF cavities with a superconducting thin
layer is a well-established technique, primarily using nio-
bium coatings. However, the high temperatures required to
form the A15 phase of Nb;Sn (= 930 °C) [2] introduce a
major challenge when using copper as a substrate, so that op-
timizing the coating parameters becomes crucial to compen-
sate for the limitations in reaching those high temperatures.
Standardized procedures with high control and reproducibil-
ity are essential to identify factors influencing film quality
and refine the R&D feedback process. The experimental
methods adopted here, obtained results and future plans are
detailed in the following sections.

* The L.LFAST project has received funding from the European Union’s
Horizon 2020 Research and Innovation programme under Grant Agree-
ment No 101004730. Work supported by the INFN CSNV experiment
SAMARA and by the INFN CSN1 experiment RD FCC.

 dorothea.fonnesu @Inl.infn.it

MOPMBO13
92

EXPERIMENTAL METHODS

Each Nb;Sn film deposition process is performed on three
different substrate types: sapphire, OFHC copper and OFHC
copper pre-coated with a niobium buffer layer. Prior to the
deposition of the Nb3Sn film, the substrates are prepared ac-
cording to a standard procedure: the sapphire substrates are
cleaned with ethanol in an ultrasound bath; the copper sub-
strates are first cleaned in a detergent solution (GP17.40) in
an ultrasound bath, then treated with SUBU [3] for 2-3 min-
utes. A 1 um thick niobium buffer layer is then deposited via
DC Magnetron Sputtering (DCMS) on the prepared copper
substrate. For the later tests presented in this study some
copper substrates with a thicker 30 um niobium buffer layer
were also prepared and included in the deposition run, in
addition to the ones prepared with the 1 um niobium buffer
layer. These were coated via DCMS as multi-layers [4]. The
copper substrates pre-coated with the buffer layer are stored
in vacuum until the Nb3Sn coating process takes place, to
minimize the chances of oxidation. In preparation to the
coating, the substrates are then fixed on a custom plate, as
shown in Fig. 1. Inside the ultra-high vacuum coating

Figure 1: Flat samples right after the coating process, still
mounted on the sample holder.

chamber, the plate is placed in front of a commercial 4”
planar stoichiometric NbsSn target. The distance between
the target and the samples is 9 cm. The process takes place
in three main phases: the baking, the coating phase and
the annealing. The baking of the vacuum system is per-
formed by heating the system for 48 h while pumping the
vacuum. After the baking, the coating of the Nb3Sn films
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Abstract

The search for dark matter is now looking at ALPs (ax-
ion-like particles) as a very promising candidate to under-
stand our universe. Within this framework, we explore the
possibility to use NbTi thin film coatings on Cu resonating
cavities to investigate the presence of axions in the range
of 35-45 peV mass by coupling the axion to a very strong
magnetic field inside the cavity, causing its conversion to a
photon which is subsequently detected. In this work the
chemical treatments and DC magnetron sputtering details
of the preparation of 9 GHz, 7 GHz, and 3.9 GHz resonant
cavities and their quality factor measurements at different
applied magnetic fields are presented.

INTRODUCTION

An outstanding result of modern cosmology is that a sig-
nificant fraction of the universe is made of dark matter.
However, the nature of such component is still unknown,
besides its gravitational interaction with ordinary baryonic
matter. A favored candidate for dark matter is the axion: a
new particle introduced by Peccei and Quinn to solve the
strong CP problem [1]. Axions and axion-like particles
(ALPs) have extremely small coupling to normal matter
and radiation.

The QUAX (QUaerere AXion) proposal [2] explores the
possibility to study the interaction of the cosmological ax-
ion with the spin of fermions (electrons or nucleons). In
fact, due to the motion of the Solar System through the ga-
lactic halo, the Earth is effectively moving through the cold
dark matter cloud surrounding the Galaxy and an observer
on Earth would see such axions as a wind. In particular, the
effect of the axion wind on a magnetized material can be
described as an effective oscillating RF field with fre-
quency determined by axion mass. Thus, a possible detec-
tor for the axion wind could be a magnetized sample placed
inside a microwave resonant cavity, both cooled down at

* This project received resources from U.S. DOE, Office of Science,
NQISRC, SQMS contract No DE-AC02-07CH11359 and from EU's Hori-
zon 2020 Research and Innovation programme, Grant Agreement No
101004730. It also received funding from INFN CSNV experiment SA-
MARA. Acknowledge financial support also from: PNRR MUR project
PE0000023-NQSTI

T giovanni.marconato@]Inl.infn.it
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ultra-cryogenic temperature to avoid the noise due to ther-
mal photons. This setup will be called haloscope hereafter.
Since the mass of the ALPs is unknown, many cavities
have been fabricated to explore different frequencies
within the calculated range of existence of the axions.

The work presented hereby focuses on the superconduc-
tive coating of 3 copper microwave cavities (6 half-cells)
made in collaboration with different laboratories. The coat-
ings were performed via DC magnetron sputtering
(DCMS) by means of a 4 inches NbTi planar target. The
first NbTi on Cu haloscope realized, was a 9 GHz cavity
coated by DCMS using a Nbg33Tige2 target in 2019 [3, 4].
The goal of this research was to improve the performance
of this previous haloscope by changing the sputtering tar-
get from the Nbg 35Ti.6>to a Nbo31Tlg.69 since this particular
composition of NbTi had been proven to have higher pin-
ning for flux vortices due to precipitations of titanium par-
ticles, leading to theoretical better performances of the su-
perconductive cavity, in particular higher quality factor in
presence of high magnetic field [5]. We also studied the ef-
fect of introducing a Nb barrier layer between the copper
substrate and the NbTi layer to prevent diffusion at the in-
terfaces. This barrier layer is commonly used in NbTi su-
perconducting magnets production [6].

EXPERIMENTAL PROCEDURE

After mechanical fabrication each cavity semi-cell
needed to be chemically treated, in order to have a polished
substrate for the deposition process (Fig. 1 A). The recipe
for copper polishing involved several steps as follows:

1. Ultrasonic degreasing in GP17.40 soap at 40 °C
for approximately 1 hour;

2.Ultrasonic in deionized water;

3. Electropolishing in H3PO4 (85 %): Butanol (99,9 %)
at 3:2 volume ratio at room temperature with applied volt-
age 2-3 V for different times depending on the cavity
shape and dimensions;

4.Ultrasonic, ethanol rinsing and drying with nitrogen.
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DEVELOPMENT OF A PLASMA-ENHANCED CHEMICAL VAPOR
DEPOSITION SYSTEM FOR HIGH-PERFORMANCE SRF CAVITIES*

G. Gaitan', A. Holic, W.I. Howes, G. Kulina, M. Liepe, P. Quigley, J. Sears, Z. Sun, B. Wendland
Cornell Laboratory for Accelerator-Based Sciences and Education (CLASSE) Ithaca, NY, USA

Abstract

Next-generation, thin-film surfaces employing Nb3Sn,
NbN, NbTiN, or other compound superconductors are essen-
tial for reaching enhanced RF performance levels in SRF cav-
ities. However, optimized, advanced deposition processes
are required to enable high-quality films of such materials
on large and complex-shaped cavities. For this purpose, Cor-
nell University is developing a plasma-enhanced chemical
vapor deposition (CVD) system that facilitates coating on
complicated geometries with a high deposition rate. This
system is based on a high-temperature tube furnace with a
high-vacuum, gas, and precursor delivery system, and uses
plasma to significantly reduce the required processing tem-
perature and promote precursor decomposition. Here we
present an update on the development of this system, includ-
ing final system design, safety considerations, assembly, and
commissioning.

INTRODUCTION

Niobium-3 tin (Nb3Sn) is the most promising alternative
material to niobium for next-generation SRF accelerator
cavities. The material has the potential to double acceler-
ating gradients and operating temperature of SRF cavities,
decreasing costs and increasing efficiency of future accelera-
tors, [1-5]. The dominant process currently used at Cornell
University and elsewhere to grow Nb;Sn films is based on
vaporizing tin in a vacuum furnace and allowing the tin
to diffuse to the surface of a Nb substrate cavity to form
Nb3Sn. The vapor diffusion growth process creates films
of good quality, and there have been major improvements
recently [4], leading to quench fields of up to 24 MV/m.
Defects and surface roughness have been to hinder the per-
formance of these films well below the ultimate potential of
this material [3] and the improved vapor diffusion process
in Refs. [4, 6] tries to address these concerns. Exploring al-
ternative Nb;Sn growth methods is important as some offer
more control over the growth process and allow for more
flexibility in the growth mechanism. Superconductors like
Nb3Sn, NbN, NbTiN, or depositing a thin film such as Zr in
Ref. [7] could lead to superior RF performance levels in SRF
cavities. Growing very thin films or compound superconduc-
tors will require advanced deposition processes to achieve
high-quality, uniform films of such materials on large and
complex shaped cavity surfaces. Remote Plasma-Enhanced
Chemical Vapor Deposition (RPECVD) is a vacuum deposi-
tion method that allows for the deposition of a broad range

* This work was supported by the U.S. National Science Foundation under
Award PHY-1549132, the Center for Bright Beams.
 gg465@cornell.edu
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of materials with good uniformity even on complex shapes,
see Fig. 1.3 in Ref. [8]. The remote part of RPECVD refers
to the fact that the plasma generation region and the area
of the reactor where the substrate is located are spatially
separated [9]. This leads to better performance compared to
having both the substrate and the plasma generation in the
same region. PECVD uses various chemical precursors to
deposit films and plasma reduces the temperature at which
the deposition can take place. Furthermore, plasma can
help with reducing contamination and with depositing a film
on more temperature sensitive substrates, such as copper
cavities that have a lower melting point. A broad range of
chemical precursors allows for exploration of many mate-
rials under diverse growth conditions. The initial work to
develop a dedicated cavity CVD system at Cornell can be
found in Refs. [10, 11]. The design evolved from the initial
stages and we will present here the current status.

REMOTE PLASMA-ENHANCED
CHEMICAL VAPOR DEPOSITION
(RPECVD) SYSTEM

r 7.7 e =
Clean Room Plasma generator
with UV ‘
curtains

Chemical
= sistant Pumpj
A —— /

Figure 1 shows an overview for part of the CVD system
and Fig. 2 shows the schematic for the whole system.

The precursor and gas delivery part of our system that are
currently being installed are shown in Fig. 2. We use UHP
gasses (Ar and Ar/H, mixtures) that carry the precursors
from the bubblers to the reaction chamber. The H, gas plays
a role in the reaction while Ar as an inert gas carries the
precursors and forms the plasma. The solenoid pneumatic
valves are designed to close as a protective measure in case
the quartz tube breaks and the precursors are exposed to air.
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SUCCESSFUL Al,0; COATING OF
SUPERCONDUCTING NIOBIUM CAVITIES WITH THERMAL ALD

Getnet Kacha Deyu*, M. Wenskat, I. Gonzales, R. Blick, R. Zierold, W. Hillert
Universitit Hamburg, Hamburg, Germany

Abstract

Surface modification of superconducting radiofrequency
(SRF) cavities is mandatory to further push the limits in
future accelerators. One strategy is the deposition of a mul-
tilayer of superconducting and insulating materials on top
of the inner surface of a SRF cavity. Here we report on a
successful low-temperature coating of a SRF cavities with
insulating Al,O5 by thermal atomic layer deposition (ALD)
without mitigating their maximum achievable accelerating
field of more than 40 MV/m. Furthermore, an improvement
of the surface resistance above 30 MV/m has been observed.
Our results show that ALD is perfectly suited to conformally
coat the interior of the cavity and to even modify and improve
the properties of such devices.

INTRODUCTION

To achieve significant advancements in superconducting
radio frequency (SRF) technology, it is crucial to explore
new concepts that can enhance accelerating fields and im-
prove cavity performance. These developments are nec-
essary to address the demanding requirements posed by
upgrades to existing accelerators or the construction of fu-
ture ones [1,2]. Our research focuses on a particularly
promising direction known as the superconductor-insulator-
superconductor (SIS) or multilayer approach. This approach
involves coating the inner surface of Nb cavities with alter-
nating layers of superconducting and insulating materials.
The concept of this structuring was initially proposed by
Gurevich in 2006 [3], and it has been further refined through
theoretical studies to determine the optimal layer thickness
for improved RF performance [4, 5].

In order to surpass the performance of Nb cavities, a
promising approach involves coating the inner surface with
thin films or multilayers of superconductors that have higher
critical temperatures than niobium, such as NbN or NbTiN.
These composite accelerator cavities are anticipated to ex-
hibit lower RF losses and achieve higher accelerating gradi-
ents, potentially surpassing 100 MV/m [3].

To achieve this objective, it is important to tailor the de-
posited superconducting film. Specifically, the thickness of
the superconducting layer, denoted as dg, should be smaller
than the London penetration depth (4 ;) of the coated super-
conductor, and dg should be less than 100 nm. Moreover,
the higher critical magnetic field (H,.;) of these multilayers
should exceed the superheating field (H,;,) of niobium. This
characteristic allows for the application of higher accelerat-
ing fields compared to niobium. The presence of the thin
higher-H,. layers acts as a magnetic shield, preventing the

*
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penetration of vortices into the bulk superconducting cavity.
This magnetic screening effect is further enhanced by the
insulating layer, which typically has a thickness (d;) ranging
from approximately 5 to 20 nm.

In this work, we conducted a comprehensive study to exam-
ine the effects of introducing an insulating layer of Al,O3
on the inner surface of SRF cavities using thermal atomic
layer deposition (ALD). The purpose of depositing insulat-
ing layers on the RF surface was to gain insight into the
overall impact of the coating process on the RF performance.
Achieving a uniform coating with an insulating layer, while
maintaining or improving cavity performance, is a signifi-
cant milestone on the path towards coating cavities with a
multilayer structure. This investigation aimed to understand
the influence of the insulating layer and ensure that it does
not adversely affect the performance of the cavity.

EXPERIMENTAL DETAIL

The main part of the experiments and results summarized

herein have been recently published in Wenskat et al., SUST
[6]. The work was divided into three phases: first the recipe
development on samples, then the transfer of the optimized
recipe to a test (dummy) cavity, and finally coating of actual
cavities. It is important to note that the cavity is not within a
larger ALD chamber, but rather resembles the ALD chamber
itself, and only the inner surface is coated.
The ALD processes for depositing Al,O5 coatings were
carried out on an in-house developed thermal ALD system.
The system maintained a base pressure of 10~>mbar and
utilized trimethylaluminum (TMA) and purified water (H,O)
as precursors.

To prepare the cavity for the coating process, it was ini-
tially evacuated until reaching the base pressure of 10~3mbar.
Following that, a constant flow of nitrogen 6.0 at a rate of
20 SCCM was introduced into the system as a carrier/purge
gas. As a result, the working base pressure increased to ap-
proximately 1mbar. This controlled environment provided
the necessary conditions for the ALD process to occur ef-
fectively, ensuring proper deposition of Al,O5 coatings on
the cavity’s inner surface.

In the initial stages of recipe development, we utilized
Si0,/(100)Si wafer substrates. These substrates allowed
us to fine-tune the deposition parameters and optimize the
process. Later on, we extended the recipe development to
conical-shaped fine-grain Nb substrates. The deposition
temperature during the optimization process ranged from
50 — 200 °C, with a focus on achieving target film thick-
nesses below 20 nm. These thicknesses align with the pro-
posed insulator thicknesses for SIS structures. Detailed in-
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DEVELOPMENT OF A THERMAL CONDUCTANCE INSTRUMENT
FOR NIOBIUM AT CRYOGENIC TEMPERATURES

Cem Saribal*, C. Martens, M. Wenskat, W. Hillert
Universitit Hamburg, Hamburg, Germany

Abstract

Particle accelerators form an important tool in a variety of
research fields. In an effort to reduce operation costs while
maintaining high energies, their accelerating structures are
steadily improved towards higher accelerating fields and
lower RF losses. Stable operation of such a cavity generally
requires Joule-heating, generated in its walls, to be con-
ducted to an outer helium bath. Therefore, it is of interest
to experimentally evaluate how present and future cavity
treatments affect thermal characteristics. We present an in-
strument for measuring the thermal performance of SRF
cavity materials at cryogenic temperatures. Pairs of niobium
disks are placed inside of a liquid helium bath and a tem-
perature gradient is generated across them to obtain total
thermal resistance for temperatures below 2 K. To get an
idea of the instruments sensitivity and how standard cavity
treatments influence thermal resistance, samples are tested
post fabrication, polishing and 800 °C baking. The first tests
show the commissioning of our newly set up system and if
it is feasible to observe relevant changes and evaluate new
and promising cavity treatments such as SIS structures.

INTRODUCTION

The thermal performance of accelerating structures not
only influences achievable accelerating fields, but also af-
fects operation costs, which for the most part are given by the
cryoplant. As the rf field interacts with normal conducting
electrons on the inner surface of the cavity walls, heat is
generated due to surface resistance. This undesirable power
dissipation in form of so-called Joule-heating increases sur-
face temperature and reduces quality factor. At sufficiently
large fields heat cannot be conducted to the outer helium
bath effectively anymore, leading to a sudden decrease of
cavity performance.

In order to push breakdown towards its theoretical maxi-
mum field it is mandatory to avoid thermal feedback, dete-
riorating the rf performance before its inherent limitations.
The thermal resistance of a cavity, which determines the
cavities response to surface heating, is comprised of two
components. First the resistance of the bulk material deter-
mines how freely heat flows from the inner surface, where it
is created, through the metal and to the outer surface. For a
homogeneous bulk this resistance linearly depends on thick-
ness. The second component is given by the resistance at
the interface between cavity wall and liquid helium bath. In
typical cavities at cryogenic temperatures these resistances
often are comparable to each other in magnitude and their
sum makes up the total thermal resistance.

* cem.saribal @studium.uni-hamburg.de
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Here, we present the current development status of our
Niobum Thermal Conductance Instrument (NTCI), a ther-
mal conduction instrument for niobium at cryogenic temper-
atures. Its design is based on a similar device, which was
first introduced and utilized by J. Amrit, M.X. Francois and
C.Z. Antoine over two decades ago [1, 2]. In comparison
to standard thermal conduction instruments, which most of
the time are limited to thermal characteristics of the bulk,
this design additionally allows taking interface resistance
into account, which makes results better applicable to the
real world thermal behaviour of cavities. Therefore, NTCI
also allows to study the impact of 10 — 100 nm thin layers,
effectively representing only a fraction of the whole volume,
on total thermal resistance.

EXPERIMENTAL SETUP

Capillary Steel Enclosure

Bl

Heater ~~N
Mk sy lemperature
ﬁ Sensors
A ] SN
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A ] SN .
—__ Niobium
Samples
Liquid
Helium

Figure 1: Crossectional view of NTCI.

The fundamental working principle of NTCI can be un-
derstood by looking at its cross-section shown in Fig. 1. A
pair of identically treated disc-shaped niobium samples with
a diameter of 45 mm is mounted to a ring-shaped steel en-
closure with a wall thickness of 20 mm, creating a 16 mm
deep cylindrical cavity with a diameter of 40 mm in-between
the samples. Inside of this cavity a heating element, con-
sisting of a 1 m long Manganin wire with 0.1 mm diameter
is symmetrically wound in a 3D-printed fixture, resulting
in an electrical resistance of about 50 Q. In its center this
fixture houses a Cernox CU-HT temperature sensor (see
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NUMERICAL CALCULATIONS OF SUPERHEATING FIELD IN
SUPERCONDUCTORS WITH NANOSTRUCTURED SURFACES*

W. P. M. R. Pathirana!®, A. Gurevich?*
'Department of Physics and Astronomy, Virginia Military Institute, Lexington, VA, USA,
2Department of Physics and Center for Accelerator Science, Old Dominion University, Norfolk, USA

Abstract

We report calculations of a dc superheating field H, in
superconductors with nanostructured surfaces. Particularly,

- numerical simulations of the Ginzburg-Landau (GL) equa-

tions were performed for a superconductor with an inho-
mogeneous impurity concentration, a thin superconducting
layer on top of another superconductor, and S-I-S multi-
layers. The superheating field was calculated taking into
account the instability of the Meissner state with a nonzero
wavelength along the surface, which is essential for realis-
tic values of the GL parameter x. Simulations were done
for the materials parameters of Nb and Nb;Sn at different
values of x and the mean free paths. We show that the im-
purity concentration profile at the surface and thicknesses of
S-I-S multilayers can be optimized to reach H, exceeding
the bulk superheating fields of both Nb and Nb;Sn. For
example, a S-I-S structure with 90 nm thick Nb;Sn layer on
Nb can boost the superheating field up to = 500 mT, while
protecting the SRF cavity from dendritic thermomagnetic
avalanches caused by local penetration of vortices.

INTRODUCTION

The superconducting radio-frequency (SRF) resonant cav-
ities are crucial components of particle accelerators enabling
high accelerating gradients with minimal power consump-
tion. The best Nb cavities can have high quality factors
Q ~ 10! — 10" and sustain accelerating fields up to
50MV/matT = 1.5-2K and 1.3 - 2GHz [1,2]. The
peak fields By = 200 mT at the equatorial surface of Nb cav-
ities approach the thermodynamic critical field B, ~ 200 mT
at which the screening rf current density flowing at the in-
ner cavity surface is close to the depairing current density
J. = B,/ oA - the maximum dc current density a supercon-
ductor can carry in the Meissner state [3], where A is the
London penetration depth. Thus, the breakdown fields of
the best Nb cavities have nearly reached the dc superheat-
ing field By, = B, [4-7]. The Q factors can be increased
by materials treatments such as high temperature annealing
followed by low temperature baking which not only increase
Q(By) and the breakdown field but also reduce deterioration
of Q at high fields [8,9]. High temperature treatments com-
bined with the infusion of nitrogen, titanium or oxygen can

* This work was supported by DOE under Grant DE-SC 100387-020 and by
Virginia Military Institute (VMI) under Jackson-Hope Grant for faculty
travel and Jackson-Hope Funds for New Directions in Teaching and Re-
search Grants (Quantum Initiative in Undergraduate Education at VMI).
walivepathiranagemr @ vmi.edu
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produce an anomalous increase of Q(B)) with By [10-13].
These advances raise the question about the fundamental
limit of the breakdown fields of SRF cavities and the extent
to which it can be pushed by surface nano-structuring and
impurity management [2, 14].

Several ways of increasing dc superheating field by sur-
face nanostructuring without detrimental reduction of the
field onset of dissipative penetration of vortices have been
proposed, including high-T,. superconducting multilayers
with thin dielectric layers [15-19] or a dirty overlayer with
a higher concentration of nonmagnetic impurities at the sur-
face [20]. Dc superheating field of such structures has been
evaluated using the London, Ginzburg-Landau and Usadel
equations in the limit of ¥ — oo in which the breakdown
of the Meissner state at H = H, occurs uniformly along
the planar surface. Yet it has been well established that the
breakdown of the Meissner state at H = H;, occurs via a
periodic modulation of the order parameter with a wave-
length ~ (£31)1/4 along the surface [5,6]. The effect of
such periodic instability on H;, can be particularly impor-
tant for Nb cavities with x« ~ 1. Addressing the effect of x
(which in turn depends on the mean free path /) on H, in
superconductors with a nanostructured surface is the goal
of this work.

We present results of numerical calculations of H, for
different superconducting geometries in materials with finite
i, and determine the optimal surface nanostructure that can
withstand the maximum magnetic field. In particular we con-
sider a bulk superconductor with a thin impurity diffusion
layer, a clean superconducting overlayer separated by an insu-
lating layer from the bulk (e.g., Nb3Sn-I-Nb3Sn), a thin dirty
superconducting layer on top of the same superconductor
(e.g., dirty NbsSn-I-clean NbsSn), and a thin high-T,. super-
conducting layer on top of a low-T,. superconductor (e.g.,
Nb;Sn-I-Nb). We calculate H;, and determine the optimal
layer thickness for each geometry by numerically solving
the Ginzburg-Landau (GL) equations using COMSOL [21].

GINZBURG-LANDAU THEORY AND
NUMERICAL CALCULATION OF Hg,

We first consider a semi-infinite uniform superconductor
in a magnetic field H, applied along the z axis, parallel to the
planar surface. In this case the GL equations can be reduced
to two coupled partial differential equations for the amplitude
A(x,y, 1) of the complex order parameter y = Ae’? and the
z-component of the magnetic field H (x, y, t). Itis convenient

Fundamental SRF research and development
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A COMPREHENSIVE PICTURE OF HYDRIDE FORMATION AND
DISSIPATION*

N. S. Sitaraman®, T. A. Arias, M. U. Liepe
Department of Physics, Cornell University, Ithaca, NY, USA
A. Harbick*, M. Transtrum
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Abstract

Research linking surface hydrides to Q-disease, and the
subsequent development of methods to eliminate surface
hydrides, is one of the great successes of SRF cavity R&D.
We use time-dependent Ginzburg-Landau to extend the the-
ory of hydride dissipation to sub-surface hydrides. Just as
surface hydrides cause Q-disease behavior, we show that sub-
surface hydrides cause high-field Q-slope (HFQS) behavior.
We find that the abrupt onset of HFQS is due to a transi-
tion from a vortex-free state to a vortex-penetration state.
We show that controlling hydride size and depth through
impurity doping can eliminate HFQS.

INTRODUCTION

Hydride formation occurs at cryogenic temperatures in
a process analogous to familiar water vapor condensation,
where the high-entropy “gas” of interstitial hydrogen mini-
mizes its free energy by organizing into “droplets,” i.e. hy-
dride crystals. These crystals can accurately be described as
low-energy ordered configurations of interstitial hydrogen
with some accompanying distortion of the niobium lattice [1].
In general, the physics of droplet formation is not trivial be-
cause there is a surface energy associated with the droplets
which competes with the volume energy associated with the
bulk phase transition. The volume energy grows with the
cube of hydride radius while the surface energy grows with
the square of hydride radius. Thus, for given conditions
of hydrogen chemical potential and temperature, there is a
"critical" droplet radius above which hydride crystals are
stable and below which they are unstable [2]. The fact that
sub-critical droplets are unstable means that the hydrogen
atoms must form a super-critical droplet purely by statistical
chance, so that there is a free energy barrier to hydride pre-
cipitation which is potentially much larger than the thermal
energy scale. The rate of droplet nucleation depends expo-
nentially on this ratio and so can potentially be many orders
of magnitude slower than the hopping rate of impurities.

The free energy barrier to hydride precipitation depends
on the size of the critical droplet, which generally varies
throughout a macroscopic sample. Of particular interest are
the places where the critical droplet size and correspond-
ing free energy barrier are small enough that hydrides can
form quickly relative to the typical timescale (minutes) of

* This work was supported by the U.S. National Science Foundation under
Award PHY-1549132, the Center for Bright Beams.

 nss87@cornell.edu, these authors contributed equally

¥ aidenharbick @ gmail.com, these authors contributed equally
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cavity cooldown —we will call these places "nucleation
sites." Many material defects can potentially affect critical
droplet size, including interstitial impurities, as well as more
complex defects, such as impurity-vacancy complexes, dis-
locations and grain boundaries, that we will not describe
in detail here. Impurities are of particular interest because
their near-surface concentrations can be altered through low-
temperature baking, and because first-principles calculations
have previously shown that they create low-energy trap sites
for hydrogen, potentially encouraging hydride nucleation [3]

We present a new theory for the important physical effects
of low-temperature bakes, how they improve cavity perfor-
mance, and what can be done to further improve high-field
quality factors. We use time-dependent Ginzburg-Landau
theory to calculate dissipation from sub-surface nanohy-
drides, finding excellent agreement with experimentally-
observed high-field Q-slope (HFQS) behavior [4] and a clear
relationship between hydride size and position and HFQS
onset field. We argue that increasing the concentration of
hydride nucleation sites by impurity doping effectively de-
creases the typical size of hydrides, delaying the onset of
HFQS and improving cavity performance. Our results lend
additional credibility to the idea that low-temperature bakes
affect high-field cavity behavior by controlling nanohydride
formation.

METHODS

The Time-Dependent Ginzburg-Landau Equations

Ginzburg-Landau (GL) theory is one of the oldest
theories of superconductivity, and it remains relevant today
owing to its relative simplicity and direct physical insights
into the electrodynamic response of superconductors under
static applied fields and currents[5]. The time-dependent
Ginzburg-Landau (TDGL) equations were originally pro-
posed by Schmid[6] in 1966 and Gor’kov and Eliashberg[7]
derived them rigorously from BCS theory later in 1968.
The TDGL equations (in Gaussian units) are given by:
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CORRELATING LAMBDA SHIFT MEASUREMENTS WITH
RF PERFORMANCE IN MID-T HEAT TREATED CAVITIES

R. Ghanbari*, M. Wenskat, R. Monroy-Villa, G. Kacha Deyu, W. Hillert
Institute of Experimental Physics, University of Hamburg, Hamburg, Germany
J. Wolff, C. Bate, L. Steder, D. Reschke, Deutsches Elektronen-Synchrotron DESY, Germany

Abstract

Heat treatment procedures have been identified as crucial
for the performance of niobium SRF cavities, which are

= the key technology of modern accelerators. The so called

13

mid-T heat treatments”, invert the dependence of losses
on the applied accelerating field (anti-Q slope) and signifi-
cantly reduce the absolute value of losses. The mechanism
behind these improvements is still under investigation, and
further research is needed to fully understand the principle
processes involved. Anomalies in the frequency shift near
the transition temperature (T_), known as “dip” can provide
insight into fundamental material properties and allow us
to study the relationship of frequency response with surface
treatments. Therefore, we have measured the frequency ver-
sus temperature of multiple mid-T heat treated cavities with
different recipes and studied the correlation of SRF prop-
erties with frequency shift features. The maximum quality
factor correlates with two such shift features, namely the dip
magnitude per temperature width and the total frequency
shift.

INTRODUCTION

Superconducting radio-frequency (SRF) cavity research
opens doors to fascinating discoveries and technological ad-
vancements in modern accelerators field. Understanding the
role of impurities in the RF layer, which is approximately the
first 200 nm of the cavity surface, is crucial for optimizing the
RF performance [1,2]. Mid-T heat treatment, a surface treat-
ment which is defined as heating for 3-20 hours (h) at 200-
400 °C in Ultra High Vacuum (UHV), utilizes the diffusion
of oxygen from the native niobium oxide and increases the
concentration of oxygen impurities into the RF layer [3-6]. It
enhances high quality factor (Q,) values of up to 4.2 x 101°
at 20 MV/m with showing anti-Q slope, along with an aver-
age maximum accelerating field around 24-30 MV/m, where
few cavities achieved more than 30 MV/m [7-10]. Previ-
ous reports have explored main characteristic of mid-T heat
treated cavities, particularly focusing on the Q, in relation
to the E, . to study the principals responsible for their excep-
tional performance [1,2, 11-14]. While much attention has
been given to Q, and surface resistance (R,), fewer studies
have explored the behavior of frequency shift of cavities as
a function of temperature (df vs. T), which holds valuable
insights into the surface reactance (X;) and the behavior of
superconducting carriers. Recent theoretical studies have
started to model the frequency response of SRF cavities,

#
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and have sparked ongoing studies to identify the underlying
processes [15]. Remarkably, dip features show variations
based on the surface treatment, and correlations with cavity
performance are found [1,2]. Despite the recent progress
achieved, several questions remain, such as how the impurity
concentrations [16—19], especially the oxygen profile, relate
to the observed changes in RF performance. The potential
application of these findings extends across multiple applica-
tions, from accelerator technology to dark matter detection
and quantum information technology, propelling scientific
and technological progress in diverse fields with reducing
BCS resistance (Rgcg) and residual resistance (R,.¢) [1-10].
Here, we aim to investigate the features of dip phenomenon
resulting from the mid-T heat treatment on the surface of
SREF cavities and correlate them with RF performance and
oxygen diffusion.

EXPERIMENTAL

The most commonly employed method, also used in this
study, is the S21 measurement, which measures the trans-
mitted signal at the pick-up through the cavity, after exciting
it at the input. From this measurement, the resonance fre-
quency can be easily obtained. To ensure accurate results, it
is crucial to maintain a constant ambient pressure within the
cryostat during this measurement, thereby preventing any
frequency changes due to mechanical deformations. The
cavities are initially parked at a specific starting temperature
and pressure. A slow, non-adiabatic warm-up process is
then initiated. Temperature data for this measurement is ac-
quired from a Cernox® sensor attached to the outer surface
of the cavity at the equator. Additionally, the temperature
at the top and bottom of the cavity, along with the helium
pressure, is continuously monitored and recorded during the
warm-up process to assess the experimental procedure and
ensure data quality. After RF tests, liquid helium is removed
and df vs. T are measured during the warm-up process, in
temperature range between 4.5 K and 12K at a controlled
rate of 0.5-1.5 K/h, while maintaining a stable pressure of
1111 mBar. During the measurement process, the resonance
frequency in monitored using a Vector Network Analyzer
(VNA). Adjusting the RF setup for the highest signal-to-
noise ratio and a Lorentz distribution is fitted to obtain the
resonance frequency. The entire spectrum at each tempera-
ture is recorded. Through the use of these techniques and
data analysis methods, we can achieve precise and reliable
df vs. T curve.

In our study, we have focused on investigating TESLA-
shaped 1.3 GHz bulk niobium (Nb) single-cell SRF cavi-
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Abstract

The challenge of improving the performance of SRF cavi-
ties is being faced worldwide. One approach is to modify
the superconducting surface properties through certain bak-
ing procedures. Recently a niobium retort furnace placed
directly under an ISO4 clean room has been refurbished at
DESY. Thanks to an inter-vacuum chamber and cryopumps,
with high purity values in the mass spectrum it is working
in the UHV range of 2 x 10~8 mbar. The medium tempera-
ture (mid-T) heat treatments around 300 °C are promising
and successfully deliver reproducible very high Q values of
2-5x10'0 at medium field strengths of 16 MV/m. Since the
first DESY and Zanon Research & Innovation Srl (Zanon)
mid-T campaign yielded promising results, further results of
1.3 GHz single-cell cavities are presented here after several
modified treatments of the mid-T recipe.

In addition, samples were added to each treatment, the
RRR value change was examined, and surface analyses were
subsequently performed. The main focus of the sample
study is the precise role of the changes in the concentration
of impurities on the surface. In particular, the change in
oxygen content due to diffusion processes is suspected to be
the cause of enhancing the performance.

MID-T HEAT TREATMENTS AT DESY

In-situ medium temperature bake experiments conducted
at approximately 300 °C [1] demonstrated remarkable high
quality-factors. Subsequently, two studies [2, 3] performed
mid-T heat treatments using commercially available ultra-
high vacuum (UHV) furnaces, followed by sequential clean-
ing and assembly procedures of the cavities in an air en-
vironment. DESY has also investigated this treatment as
part of its R&D programs, which was presented in Ref. [4].
This approach shows great potential for future applications
in accelerator projects. The performance characteristics of
the cavities, as depicted by the quality factor Q, versus the
accelerating gradient E ... (Q(E)), closely resemble those ob-
served for nitrogen-doped cavities [5,6]. Notably, there is an
increase in Q, reaching its peak at an E .. of approximately
16 MV/m, commonly called the ”anti-Q-slope.” Further in-
vestigation is required to determine whether the mid-T heat
treatment exhibits comparable limitations on the gradient,
similar to specific doping techniques [5, 7], or whether it
can provide high gradients surpassing 30 MV/m. A major
advantage of the mid-T heat treatment approach compared
to other recipes that achieve similar performances is its sig-
nificantly shorter baking time and absence of the need for

* This work was supported by the Helmholtz Association within the topic
Accelerator Research and Development (ARD) of the Matter and Tech-
nologies (MT) Program.
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additional gases such as nitrogen in the furnace. In addition,
no chemical surface treatment is required afterwards.

NIOBIUM-RETORT FURNACE

In late 2021, the newly refurbished all-niobium furnace at
DESY enabled the application of heat treatments. The fur-
nace, located in the ISO 4 area of the cavity assembly clean
room, comprises a niobium retort with a separate vacuum
enclosure that houses the heaters. It has a usable diameter
of 0.3 m and a depth of 1.3 m, allowing for the treatment of
a 1.3 GHz nine-cell cavity or one or two single-cell cavities
simultaneously, all positioned vertically as depicted in Fig. 1.
The heat ramping of the furnace is regulated by temperature
sensors located near the heating zone outside of the separate
vacuum. Additional temperature sensors installed near the
cavity equators on the insert are monitored and utilized for
analysis. The furnace can reach a maximum temperature of

Figure 1: Single-cell Cavity inserted in the niobium-retort
furnace (left side). External view of the niobium retort
furnace during the initial assembly at DESY (right side).

1200 °C. The complete refurbishment involved the renewal
of the entire vacuum, cooling, and control system, as well as
the implementation of partial pressure control and a mass
spectrometry system. The cryo pumping system is oil-free
and maintains a base pressure of 2 x 1078 mbar at room
temperature. During cavity treatment at 800 °C, the pres-
sure steadily increases to approximately 3 — 4 x 10~7 mbar.
After the furnace qualification, two successful treatments
were conducted at 800 °C. While the commissioning of the
furnace is complete, ongoing efforts focus on improving
control features and establishing reproducible treatment pro-
tocols. Additionally, it is planned to conduct a tandem run,

MOPMBO022
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MAGNETIC FLUX EXPULSION IN
TRIUMF’S MULTI-MODE COAXIAL CAVITIES
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Abstract

The external magnetic flux sensitivity of SRF cavities
is an important characteristic of SRF accelerator design.
Previous studies have shown that n-doped elliptical cavities
are very sensitive to external fields, resulting in stringent
requirements for residual field and cavity cool-down speed.
Few such studies have been done on HWRs and QWRs. The
impact of applied field direction and cool-down speed of
flux expulsion for these cavities is poorly understood. This
study explores the effect of these cool-down characteristics
on TRIUMF’s QWR using COMSOL ® simulations and
experimental results.

This study seeks to maximize the flux expulsion that oc-
curs when a cavity is cooled down through its superconduct-
ing temperature. Flux expulsion is affected by the cool-down
speed, temperature gradient, and orientation of the cavity
relative to an applied magnetic field. It was found that for a
vertically applied magnetic field the cool-down speed and
temperature gradient did not have a significant effect on
flux expulsion. Contrarily, a horizontal magnetic field can
be nearly completely expelled by a fast, high temperature
gradient cool-down.

INTRODUCTION

The effects of cool-down speeds [1], temperature gradi-
ents [2, 3], and applied magnetic field orientations [4] on
flux expulsion have been studied for 1.3 GHz elliptical cavi-
ties. It was found that for elliptical cavities fast cool-downs
and large temperature gradients lead to more flux expulsion.
A previous study on the effects of magnetic sensitivity on
field orientation for a quarter wave resonator (QWR) cavity
was performed by Lounguevergne and Miyazaki [5]. The
influence of cool-down speeds and temperature gradients
have not been previously evaluated for TEM mode coaxial
cavities.

Two possible interpretations of the role of temperature
gradient and cool-down speed have been proposed by Ro-
manenko [1]. One is that in a fast cool-down, the super-
conducting phase front efficiently sweeps out magnetic flux,
whereas as slow cool-down leads to normal conducting “is-
lands” in the cavity and it is not energetically favorable for
the flux in these islands to be expelled. Another hypothesis
is that the superconducting phase front created by fast cool-
downs with large temperature gradients is able to de-pin
magnetic flux vortices. This paper examines the impact of
cavity cool-down speed, temperature gradient, and magnetic

* rgregory @triumf.ca
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field orientation on flux trapping in a QWR as informed by
COMSOL simulations.

METHODOLOGY

The cavity used in this study is the TRIUMF QWR [6].

A unique feature of this cavity is that it lacks beam ports
because it is intended for use as a test cavity [7]. This QWR
is made entirely of niobium. There are four ports on one end
of the QWR which can be seen in Fig. 1. These ports are
used for vacuum connections, rinsing, and mounting to the
pick up antenna and variable RF coupler. RF is coupled to
the electric field. The frequencies of interest for the TEM
resonant modes of the QWR are 217 and 648 MHz. The
field distribution for these modes is shown in Fig. 2.

Figure 1: 3-Dimensional computer model of the QWR: Full
cavity (left) and cut out (right). This model was generated
using COMSOL Multiphysics ®.

217 MHz 647 MHz

Figure 2: Field distributions for the QWR. Image courtesy
of Ref. [6].

In order to perform experiments, the QWR is lowered
into a cryostat along with Helmholtz coils, fluxgate probes,
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FLUX EXPULSION STUDIES OF NIOBIUM MATERIAL
FOR 650 MHz CAVITIES FOR PIP-II
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Fermilab, Batavia, IL, USA

Abstract

Two different vendors supplied the niobium sheet mate-
rial for prototype and pre-production PIP-II 5-cell
650 MHz cavities, of both low-f ( = 0.61) and high-p (B
=0.92) types. The ASTM sizes of this sheet material were
found to differ both by lot and by manufacturer. These cav-
ities were then heat-treated at various temperatures, and
their flux expulsion performance was measured. Cavities
fabricated from Vendor O material initially trapped most
magnetic flux despite being cooled through a high thermal
gradient, however, 900°C heat treatment subsequently im-
proved the flux expulsion to an acceptable level. In con-
trast, Vendor A materials expelled flux very well initially,
and 900°C annealing imprted no significant improvement.
Understanding and characterizing these materials’ flux ex-
pulsion properties and responses to heat treatment in detail
will be critical to upcoming projects employing these two
vendors’ niobium.

INTRODUCTION

The Proton Improvement Plan-I1 (PIP-II) linear acceler-
ator under development at Fermilab (FNAL) is a continu-
ous-wave (CW)-compatible machine, which necessitates
the usage of superconducting niobium cavities with field-
leading quality factors (Qo) [1]. Advanced RF surface pro-
cessing techniques such as N-doping [2] and furnace-bak-
ing [3] have been explored mostly in the context of
1.3 GHz TESLA-type cavities, delivering very high qual-
ity factors. In the case of N-doping, the strength of these
results lead to the industrialization of the technique for ap-
plication in the Linear Coherent Light Source-11 (LCLS-II)
production cavities [4].

The PIP-II specifications for Qo in their 650 MHz cavi-
ties (Qo= 2.4 x 10'%at 15.9 MV/m for the B = 0.61 cavities
and Qp=3.3x10'"0at 17.8 MV/m 3 =0.92 ) have motivated
study of the adaptation of these advanced RF surface pro-
cessing techniques to lower frequency ranges, with prom-
ising initial results [5,6]. Unfortunately, while both recipes
can produce cavities with very high Qo, they also signifi-
cantly increase a cavity’s sensitivity to trapped magnetic
flux.

Magnetic flux sensitivity, S, is a measure of the increase
in cavity RF surface resistance per unit of trapped flux,
measured in nQ/mG. Even in a low-Gauss environment,
cavities can be expected to experience a few mG of back-
ground field, and with measured N-doping and furnace
baking sensitivities being on the order of 3-4 nQQ/mG, the
temperature-independent RF surface resistance arising
from flux trapping can easily become the dominant contri-
bution to the cavity’s total RF surface resistance, and thus
the primary Qo-limiting factor.

Fundamental SRF research and development
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It is thus desirable to keep flux trapping in these cavities
to an absolute minimum. While it is always practical to use
active and passive magnetic shielding techniques in verti-
cal test dewars, or passive shielding and good magnetic hy-
giene practices in cryomodules, to minimize the presence
of trappable magnetic flux in the first place, it is still useful
to study the means by which whatever residual field es-
capes these measures can be expelled from the cavities
most efficiently during cooldown.

It has been shown that increasing the spatial cooldown
gradient can promote flux expulsion [7], however practical
experience has shown that this technique is not equally ef-
fective across all cavities [8]. Previous studies have shown
that the ability of the cavity to expel magnetic flux does not
correlate with grain size [9], but could be more strongly
related to the dislocation density, increased during the
coldworking processes, which can be unique to vendor, or
even lot, of niobium [10].

Thus, when approaching a production project such as
PIP-I1, it is critical to understand in detail the specific flux
expulsion properties of the niobium from the vendor with
which the project intends to work. Moreover, one must also
understand the treatments most likely to produce the best
flux-expelling results so that they may be planned for, and
implemented in production runs.

NIOBIUM SOURCES

Prototype and pre-production versions of the B = 0.61
and B = 0.92 650 MHz 5-cell elliptical cavities were fabri-
cated from niobium material from two different vendors,
whom we shall refer to as “Vendor A” and “Vendor O.”
Table 1 lists each of these vendors, subdivided by niobium
lot, and ASTM measurements.

Table 1: Niobium Material Sources

Niobium ASTM  Hardness Elongation Specifi- Not

version size (HV10) (%) cation otes

Vendor O ~7 <60 >30 XFEL Used in LCLS-II

vl

Vendor O ~6 <60 >30 XFEL Used in PIP-II LB650

v2 prototype (EZ-001, EZ-
002, and 1-cell)

Vendor O ~5 <50 >50 PIP-II Used in PIP-II LB650

v3 Pre-production

Vendor O ~4.5 <50 >50 PIP-11 Used in LB650 Pre-

v4 production

Vendor A ~5 <50 >50 PIP-II Used in PIP-II HB650
prototype

CAVITY FLUX
EXPULSION SIMULATION

In order to quantify the flux expulsion properties of the
cavities the cryomodule and vertical testing contexts, mag-
netic field strength measurements are taken with fluxgate
magnetic probes mounted at the cavity equators before

MOPMBO024
141

@©=22 Content from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



21" Int. Conf. RF Supercond.

ISBN: 978-3-95450-234-9 ISSN: 2673-5504

SRF2023, Grand Rapids, MI, USA

JACoW Publishing
doi:10.18429/JACoW-SRF2023-MOPMBO26

DEVELOPMENT OF TRANSFORMATIVE CAVITY PROCESSING —
SUPERIORITY OF ELECTROPOLISHING ON HIGH GRADIENT
PERFORMANCE OVER BUFFERED CHEMICAL POLISHING AT

LOW FREQUENCY (322 MHz)*

K. Saitof, C. Compton, W. Chang, K. Elliott, T. Konomi, S-H. Kim, W. Hartung,
E. Metzgar, S. Miller, L. Popielarski, A. Taylor, T. Xu
MSU, FRIB, East Lansing, MI, USA

Abstract

A DOE grant R&D titled “Development of Transforma-
tive Preparation Technology to Push up High Q/G Perfor-
mance of FRIB Spare HWR Cryomodule Cavities” is on-
going at FRIB. This R&D is for 2 years since September
2022, until August 2024. This project focusses to develop
the preparation for the high Q&G 0.53 half wave resona-
tors to build high gradient spare cryomodule. This project
proposes four objectives: 1) demonstration of superiority
on high gradient performance of electropolishing (EP) over
buffered chemical polishing on medium beta half-wave
cavities at 322 MHz, 2) high Qo performance by the local
magnetic shield, 3) Development of HFQS-free BCP, and
4) Wet N-doping method. This paper will report the result
of first object, and some magnetic shield design for the ob-
ject 2.

INTRODUCTION

FRIB has switched to user operation from the commis-
sioning phase. In this stage, the reliability of the machine
operation is the first priority. This proposal focuses on the
FRIB machine maintenance strategy. Some FRIB cavities
may have degrade the performance during a long machine
operation, and the cryomodule(s) including the degraded
cavity(s) would be replaced by spare cryomodule (s). So
far, of the six FRIB cryomodule families, three have certi-
fied spares that were fabricated as part of the project.

102

10”

E, (MV/m)

Figure 1: VTA cavity performance with FRIB beta 0.53
half wave resonator (HWRs).

* Work supported by the U.S. Department of Energy Office Science DE-S
RC114424
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line. The spare beta 0.29 and 0.53 cryomodules were not
included in the baseline, and are being planned as future
scope of FRIB machine maintenance strategy. These spare
cryomodules will utilize existing cavities that had been
fabricated as part of production contracts. These spare cry-
omodules or cavities must have an enough performance
margin against the degradation, for machine operation.

The goal of this proposal is to produce 0.53 HWRs op-
erateable at acceleration gradients > 10 MV/m, keeping a
high Qo > 1 E + 10 for the restoring or construction of
FRIB spare cryomodules. The FRIB production cavities
were all treated with BCP, as the result the usable gradient
was limited by field emission or high field Q-slope (HFQS)
in many cases. At first we will develop transformative pro-
cessing technique for medium beta cavities, in order to mit-
igate or eliminate these issues.

PROBLEM STATEMENT/
CURRENT OF THE FIELD

Field limitation of FRIB Cavities

VTA cavity performance of all FRIB beta 0.53 HWRs
are shown in Fig. 1 as an example. Note that FRIB cavities
were treated by bulk BCP (120 um), hydrogen degassing
(600 °C 10 hr), light BCP (20 pum), high pressure rinsing
(HWR) and cavity clean assembled in a class 100 clean-
room. A detailed FRIB VTA cavity data analysis summa-
rized in Table 1 with the FRIB cavity performance limita-
tion [1]. The dominant limitations are field emission (35%
in average over four cavity families), and HFQS (54% in
average over four cavity families).

Table 1: Statistics of Field Limitation of FRIB Cavities
QWR-0.041 | QWR-0.085 | HWR-0.29 | HWR-0.53
106 7 148

Type
Total number of certificated cavities 16

1. Quench < Bp=85 mT 1(0.6%) 0(0%) B38%) | 2(01%)
2_Field emission

Yotsy below Bp=5 mT 3(19%) 41039%) | 21(29%) | 109 (74%)
3. Pure HEQS, 9(56%) 26(5%) | 32(4%) | 21(14%)

including quench > Bp=85 mT
4. Suspicions HFQS
X-ray onset > Bp=85 mT

HFQS total (3+4)

3(19%) 39 (37%) 6(3%) 16 (11%)

12(75%) | 65(61%) | 38(53%) | 37(25%)

Proposed Solution

Objective 1: EP or EP+LTB  Electropolishing pro-
vide a smooth surface finishing, which can make it easier
to remove particle contamination by HPR. This could mit-
igated the field emission. As well established in the ILC
cavity development, the post EP low temperature bake
(LTB) can eliminate the HFQS [2]. So the first solution
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SUCCESSFUL SUPERHEATING FIELD FORMULAS

FROM AN INTUITIVE MODEL*
K. Saito and T. Konomi, FRIB, East Lansing, MI, USA

Abstract

To date, many theoretical formulas for superheating field
on SRF cavity have been proposed based rather compli-
cated calculations. This paper proposes the formulas of su-
perheating field a very intuitive and simple model led from
energy balance between RF magnetic energy and super-
conducting condensed one, and a condition of vanishing
the mirror vortex line image. The penetration of a single
vortex determines the superheating field for a type II su-
perconductor. On the other hand, for type I superconduc-
tors, the surface flux penetration determines it. The for-
mula fits very well quantitatively the results of niobium
cavity and Nb3Sn one. In addition, it gives a nice guideline
for new material beyond niobium.

SUPERHEATING OF SRF

The RF critical field of superconducting cavity is deter-
mined by the superheating field (Bsh), which is higher than
the He (Type-I) or Hel (Type-II). So far, many models
have been proposed for it [1-5]. In this paper, a plane flux
penetration for Type-I SRF surface, and a vortex line pen-
etration for Type-Il SRF are assumed as the models [6].
By these models, the super-heating field is determined by
an energy balance between the flux energy just before en-
tering into SRF surface and the superconducting condensa-
tion energy. Combining to Abrikosov’s theory, the temper-
ature (T) dependence of superheating field are formalized,
which are described by only the measurable characteristic
parameters critical field He (T), and Landau-Ginsburg pa-
rameter k (T). The forms derived here can estimate the
number of vortex flux line per unit area, which gives a very
intuitive understanding.

ABRIKOSOV’S EQUATIONS AND THE
TEMPERATURE DEPENDENCIES
Abrikosov has derived relational expressions among Hc,

Heo, A, and &, here A is a field penetration depth, and §
coherent length of a superconductor [5, 7. 8].

o

HC - 27'[\/51{, (1)
$o

HCZ = 27-[62 ) (2)

from these equations, A and & are expressed by Hc and Heo

as follows:
H
1= ®o cz’
4mH

T saito@frib.msu.edu
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2nHE

From the theory and expermental data, the temperature
depence of A(T) and He(T) are given as:

§ 4)

4o
4
1-(7)
Tc
T

He(T) = He(0) [1 - (—)2] .

Tc

AT) = )

(6)

From these expressions, the temperature dependence of
Hea (T), & (T), and « (T) can be driven as:

()

He, (T) = He, (0)

~
~
—

2 )
T
“(r—c)

EM=¢0) |————, ®)
_ AT K(0)
k(M) === 22 9)
£(T)
1+ (7)

Figure 1 shows the temperature dependence He with ni-
obium. Hc¢ (0) is 1934.2 Gauss with very high purity Nb
(RRR > 2000). Figure 2 shows the temperature depend-
ence of k with high purity niobium. T? dependence well
hits the experimental data. k (0) is 1.508 for high pure ni-
obium.

00 T T T
_ |'-'I1.- T=193LH T ], Te=tCWiK I
e ) .
FEF.= 1000
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— Twa [
5 130 """'-.
=} -
[:2] o
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"\.
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Figure 1: Temperature dependence of Hc with high purity
niobium. The experimental data is from [9]. The T? de-
pendence fits the experimental data. He (0) is 1900 Gauss.
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EXPLORING THE DYNAMICS OF
TRANSVERSE INTER-PLANAR COUPLING IN
THE SUPERCONDUCTING SECTION OF THE PIP-II LINAC*

Abhishek Pathak’, Fermi National Accelerator Laboratory, Batavia, IL, USA
Eduard Pozdeyev, Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Abstract

This study investigates the crucial role that an accurate un-
derstanding of inter-planar coupling in the transverse plane
plays in regulating charged particle dynamics in a high-
intensity linear accelerator and minimizing foil/septum im-
pacts during injection from the linac to a ring. We performed
an in-depth analysis for the emergence and evolution of trans-
verse inter-planar coupling through multiple active lattice
elements, taking into account space charge and field nonlin-
earities in the superconducting section of the PIP-II linac.
The article compares various analytical, numerical, and ex-
perimental techniques for measuring transverse coupling
using beam and lattice matrices and provides insight into
effective strategies for its mitigation prior to ring injection

INTRODUCTION

The Fermilab PIP-II [1] upgrade aims to support the Deep
Underground Neutrino Experiment (DUNE) at LBNF by
accelerating a high-intensity H~ CW beam to 800 MeV,
with 1.6 MW power output. Ensuring optimal performance
involves careful control of emittance blow-up, halo growth,
and transmission loss. Among various challenges, transverse
inter-planar coupling [2] can cause significant emittance
blow-up and beam loss through the creation of ellipticity [3]
in the transverse particle density distribution.

This article delves into factors such as space charge non-
linearity and off-diagonal terms in the lattice elements that
contribute to the transverse inter-planar coupling. It sub-
sequently juxtaposes different measurement techniques for
quantifying the extent of inter-planar coupling in the high
beta section of the linac beam. Lastly, it advocates for poten-
tial techniques to abate the coupling terms from the beam
matrix prior to injection into the booster.

SPACE CHARGE AND
INTER-PLANAR COUPLING

In the study of non-relativistic charged particle beams’
dynamics in high-intensity accelerators, the nonlinear space-
charge forces are pivotal as they degrade the beam’s quality
and introduce inter-planar coupling. Our Particle-in-Cell
simulations via the TraceWin code, employing Gaussian,
parabolic, water-bag, and KV particle density distributions,
were performed to analyze the impact of these forces on

* This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the US Department of
Energy, Office of Science, Office of High Energy Physics.

* abhishek @fnal.gov
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transverse beam coupling. We utilized a drift of 1.5 m,
devoid of any external fields, to measure the inter-planar
coupling, and introduced a coupling parameter X defined

2 2 2 2
as \/01’3 +0{4+ 053+ 05, where o
terms in the beam’s sigma matrix.
The study reveals a non-linear rise in the coupling parameter,

are off-diagonal

Position (m)

Cument (mA)

Figure 1: (a) Depiction of the variation in the inter-planar
coupling term along a drift, stemming from initial particle
density distributions with varying degrees of space charge
nonlinearity. (b) Display of the fluctuation in the inter-planar
coupling term in relation to beam current, associated with
initial particle density distributions subject to various levels
of space charge nonlinearity.

2, as the beam propagates through the drift space, influenced
by the non-linearity in the space-charge field. Moreover,
linearly grows with the beam current, independent of space-
charge non-linearity, yet the growth rate is influenced by the

initial particle distribution. Figures 1(a) and 2(b) illustrate .

the variation of X across a 1.5 m drift space and its rela-
tion to the beam current, highlighting the significant role
of space-charge effects in high-intensity accelerators. The
correlation of X with beam radius was explored using an
800 MeV, SmA H~ beam. We computed X for particles
within varying transverse radii from the core to the tail. Fig-
ure 2(a) shows y-integrated density along x, while Fig. 2(b)
displays Z variation from the beam’s core to the tail. Within
a 2 mm radius, X remains fairly constant. However, moving
outwards, X nonlinearly decreases - most steeply for the
KV distribution and least for Gaussian. Thus, tail region
particles in a non-linear density distribution significantly
influence x-y beam coupling.

LATTICE ELEMENTS AND
INTRA-PLANAR COUPLING

Utilizing field maps across the PIP-II lattice, we linearized
the motion equations of charged particles in RF fields to
derive transfer matrices. This included the consideration of
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MEDIUM TEMPERATURE FURNACE BAKING OF
LOW-BETA 650 MHz FIVE-CELL CAVITIES*

G. Wu', S. Posen, V. Chouhan, A. Netepenko, F. Furuta, G. Eremeev, K. McGee, H. Park,
S. K. Chandrasekaran, J. Ozelis, A. Murthy, Fermilab, Batavia, USA

Abstract

Medium Temperature baking of low beta 650 MHz cav-
ities was conducted in a UHV furnace. A systematic study
of cavity surface resistance components, residual and BCS,
was conducted, including analyzing surface resistance due
to trapped magnetic flux. Cavities showed an average
4.5 nano-ohm surface resistance at 17 MV/m under 2 K,
which meets PIP-II specifications with a 40% margin. The
results provided helpful information for the PIP-II project
to optimize the cavity processing recipe for cryomodule
application. The results were compared to the 1.3 GHz cav-
ity that received a similar furnace baking.

INTRODUCTION

Mid-T baking of superconducting radio-frequency
(SRF) cavities is a technique that aims to improve the qual-
ity factor (Qy) of these cavities by dissolving the oxides on
the niobium surface. SRF cavities are widely used in parti-
cle accelerators and require high Qy values to reduce the
cryogenic cost and increase the beam energy. Mid-T bak-
ing involves heating the cavity at a temperature range of
250-400 °C under an ultra-high vacuum for several hours.
It was conducted in situ, where the 1.3 GHz cavity was fit-
ted with testing hardware and was actively evacuated dur-
ing the baking process resulting in higher Qy values and
anti-Q-slope behavior [1]. A carefully cleaned and pro-
tected cavity can be placed in a UHV furnace without test-
ing hardware. A naturally formed oxide layer provided the
source of oxygen to diffuse into the niobium bulk. As the
cavity is re-exposed to air after the furnace baking, a new
oxide layer is formed. The cavity can then be cleanly pre-
pared for a cold test without the need for chemical pro-
cessing. The cavity performance was similar to that of the
in-situ baked cavities [2]. Similar baking was conducted
for 650 MHz cavities [3]. Mid-T baking in a furnace is
more convenient and easier than other techniques, such as
nitrogen doping [4] or infusion [5], and can also simplify
the surface processing of SRF cavities.

The PIP-II linac is a high-power proton accelerator un-
der construction, enabling the world's most intense neu-
trino beam for the DUNE experiment [6]. It consists of an
833 MeV superconducting linear accelerator. An important
linac section includes 23 cryomodules operating at 2 K
with continuous wave (CW) mode [7]. Nine cryomodules
use the 650 MHz 5-cell cavities with £ values of 0.61,
known as LB650.

* Work supported by Fermi Research Alliance, LLC, under Contract No.
DE-AC02-07CH11359 with the U.S. Department of Energy, Office of
Science, Office of High Energy Physics

1 genfa@fnal.gov
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The LB650 cavities will be operated at a comparatively
higher Eu. of 16.9 MV/m and a high Qyp= 2.4x10'. To
achieve such high-performance specifications, high Q pro-
cessing of N-doping [4], N-infusion [5], and Mid-T baking
[1] were evaluated. With the successful electropolishing
(EP) optimization [8], the mid-T baked cavity showed
promising results during the LB650 preproduction cavity
qualification. Two different baking temperatures were
studied. The impact of the temperature on the flux trapping
was evaluated and could guide further studies of the tem-
perature dependence of cavity Oy in a real-world cryomod-
ule.

In addition, some benefits of mid-T baking related to
cavity testing will be discussed.

EXPERIMENT

Cavity Processing

Bare cavities were fabricated by a commercial vendor,
who used the niobium and NbTi material procured by Fer-
milab. The cavity’s inner surface received 40 um BCP be-
fore the final welding during bare cavity fabrication. There
were no following chemistry or heat treatments after the
final welding at the vendor’s facilities.

Once the cavity arrived at Fermilab, the incoming in-
spection was conducted, and cavity wall thickness was
measured. Cavities received 120 pm bulk EP, followed by
UHYV furnace treatment to reduce hydrogen concentration
in niobium bulk. The heat treatment temperature was either
800 °C or 900 °C for three hours. Cavities then were tuned
to achieve 98% field flatness before 40 pm EP, where the
final 20 pm was performed at a cold temperature (12 °C).
The cavities were high-pressure water rinsed and assem-
bled in a clean room for cold tests.
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Figure 1: Cavity temperature and furnace pressure during
the mid-T baking.
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THE COLLABORATIVE EFFECTS OF INTRINSIC AND EXTRINSIC
IMPURITIES IN LOW RRR SRF CAVITIES*

K. Howard', Y.-K. Kim, University of Chicago, Chicago, IL, USA
D. Bafia, A. Grassellino, Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract

The SRF community has shown that introducing certain
impurities into high-purity niobium can improve quality fac-
tors and accelerating gradients. We question why some im-
purities improve RF performance while others hinder it. The
purpose of this study is to characterize the impurity profile of
niobium coupons with a low residual resistance ratio (RRR)
and correlate these impurities with the RF performance of
low RRR cavities so that the mechanism of impurity-based
improvements can be better understood and improved upon.
The combination of RF testing and material analysis reveals
a microscopic picture of why low RRR cavities experience
low BCS resistance behavior more prominently than their
high RRR counterparts. We performed surface treatments,
low temperature baking and nitrogen-doping, on low RRR
cavities to evaluate how the intentional addition of oxygen
and nitrogen to the RF layer further improves performance
through changes in the mean free path and impurity pro-
file. The results of this study have the potential to unlock
a new understanding on SRF materials and enable the next
generation of high Q/high gradient surface treatments.

INTRODUCTION

As we approach the theoretical limit of niobium for super-
conducting radio-frequency (SRF) cavities, the last decade
has brought immense improvements in quality factor (Qg)
and accelerating gradients though intentionally added im-
purities into the niobium surface [1,2]. Many SRF studies
follow a “clean bulk dirty surface” technique to optimize the
BCS resistance (Rpcg) by adding extrinsic impurities to the
surface layer of high purity niobium [3-5]. Advancements
have been made with nitrogen through N-doping, where cav-
ities experience an anti-Q, slope and record breaking Q,’s at
mid fields [6-8]. Oxygen added through a low temperature
bake (LTB) has also provided high Q,’s and mitigation of
the high field Q slope typically seen in electropolished (EP)
niobium cavities [9, 10]. The performance of these surface
treatments is shown in Fig. 1.

The success of intentionally added impurities to the nio-
bium surface has drawn deeper questions about how these
impurities affect cavity behavior, and has prompted an in-
vestigation of cavities with a low residual resistance ratio
(RRR). Low purity niobium has been studied in the past
for the purpose of cost reduction and possible high Q, [11].

* This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the U.S. Department of
Energy, Office of Science, Office of High Energy Physics. This work was
supported by the University of Chicago.
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Figure 1: Comparison of quality factor versus gradient for
surface treatments, adapted from Ref. [6].

In this study, we look to use the intrinsic impurities as a
resource to optimize the Rgcg and understand the mecha-
nism of impurity-based improvements. RRR and mean free
path (mfp) have a direct relationship, so we might expect
experience low Rpcg behavior at low RRR, as seen in Fig. 2.
We ask if the intrinsic impurities can improve performance,
as we observe in extrinsic impurities.
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Figure 2: BCS resistance versus mean free path shows an

optimization in BCS resistance for moderately dirty surface,
adapted from Ref. [12].

In this study, we investigate a single-cell TESLA-shaped
1.3 GHz cavity with RRR 61. First, the cavity receives EP
treatment to make the surface layer and bulk uniform [13].
We measure Q versus gradient at 2 K and low temperature
(< 1.5K) in the vertical test stand [2]. The surface resis-
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EFFORTS TO SUPPRESS FIELD EMISSION IN SRF CAVITIES AT KEK

Mathieu Omet’, Hayato Araki, Takeshi Dohmae, Hayato Ito, Ryo Katayama,
Kensei Umemori, Yasuchika Yamamoto
High Energy Accelerator Research Organization, Tsukuba, Japan

Abstract

Our main objective is to achieve as high as possible
quality factors QO and maximal accelerating voltages Eacc
within superconducting radio frequency (SRF) cavities.
Beside an adequate surface treatment, key to achieve good
performance is a proper assembly in the clean room prior
cavity testing or operation. In this contribution we present
the methods and results of our efforts to get a better
understanding of our clean room environment and the
particulate generation caused during the assembly work.
Furthermore, we present the measures taken to suppress
filed emission, followed by an analysis of vertical test
results of the last six years.

INTRODUCTION

Superconducting radio frequency (SRF) cavities [1] are
state-of-the-art technological components utilized in accel-
erators worldwide. The primary parameters that determine
their performance are the unloaded quality factor Q0 and
the acceleration gradient Eacc. Field emission (FE) [2] can
have detrimental effects on both parameters. Particulate
contaminations can act as potent field emitters. Therefore,
it is imperative to prevent the deposition of particulates on
the inner surface of the cavity. Particulate contaminations
can originate from two sources: the environment, such as
particulates present in the clean room, and the generation
during the assembly process. Understanding the cleanli-
ness of the environment is crucial to identify areas for im-
provement. Similarly, comprehending the mechanisms of
particulate generation and their movement during the as-
sembly process is essential. In this proceeding, we discuss
the efforts undertaken to address these issues. We also pro-
vide information on additional measures employed to sup-
press FE, as well as statistics on FE over the last six years.

CAVITY PREPARATION AND TEST
CYCLE

Upon the production or receipt of a new cavity, the initial
action involves conducting an optical examination of the
inner surface using the Kyoto camera [3]. Subsequently,
bulk electro polishing (EP), known as EP1, is applied,
where a 100 um layer is removed from the cavity's surface
[4]. Afterwards, a high-pressure rinsing (HPR) with ultra-
pure water is carried out. This is succeeded by annealing,
e.g. at a temperature of 900 °C for a duration of 3 hours.

The typical cycle for cavity preparation and testing
proceeds as follows: The cavity undergoes optical
inspection using the Kyoto camera. If any defects are
detected, localized grinding is performed. The cavity is

+ mathieu.omet@kek.jp
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then transferred to the tuning machine, where frequency,
field flatness, and straightness are measured and, if
necessary, adjusted. In the subsequent step, EP2 and HPR
processes are employed. After the HPR, the cavity is
directly transferred to the clean room for assembly.
Subsequently, the cavity is connected to a pumping station
and leak checked. If the cavity passes this test, it is baked,
e.g. at a temperature of 120 °C for 48 hours [5]. Finally,
the cavity is moved to the vertical test (VT) stand, where it
is tested at temperatures of 4 K and 2 K.

CLEAN ROOM SURVEY

To assess the level of cleanliness within a clean room,
commonly a particle counter is set up at various positions
and heights. Particle counts are then recorded over specific
time intervals. However, in the studies detailed below, a
novel approach was adopted by utilizing two different light
sources (spot light and ViEST D Light Type F, provided
by Shin Nippon Air Technologies (SNK) [6]), enabling the
inspection of surfaces. In preparation for the subsequent
studies, the ambient lights within the clean room were
turned off. Due to the presence of large windows in most
of the clean room walls, a certain amount of ambient light
persisted.

In the direct comparison of the spot light and the D Light
the latter one proved to be more versitle. With its light
specturm primarily centered around violet, extending into
the ultraviolet range, it enables the observation of
contaminants and stains containing  fluorescent
components.

Using the D Light we investigated a total of 564 different
surfaces within the following areas were investigated:
changing room at the Center of Innovation (COI), COI
class 1000 clean room, COI class 10 clean room, the
changing room at the Superconducting RF Test Facility
(STF), STF class 1000 clean room, and STF class 10 clean
room.

In the changing rooms at both facilities, a substantial
amount of dust and stains were discovered. Additionally,
the walls of the air locks equipped with air showers
exhibited dust accumulation. Furthermore, dust particles
were visible on the majority of surfaces in both clean
rooms, with notable areas of concern being tools and tool
trays. Beside this, dust particulates were present on
surfaces where items were stored on shelves, as well as on
devices such as pumping stations and ultrasonic baths.

Based on the findings of this study, it was concluded that
cleaning of certain surfaces was necessary. Following the
cleaning procedures involving alcohol wiping and dry
blowing, windows within the STF class 1000 clean room
exhibited no visible dust particles.
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MAGNETIC FIELD MAPPING OF
A LARGE-GRAIN 1.3 GHz SINGLE-CELL CAVITY*

I. P. Parajuli’, G. Ciovati!, J. Delayen, A. Gurevich, Old Dominion University, Norfolk, VA, USA
lalso at Jefferson Lab, Newport News, VA, USA

Abstract

A new magnetic field mapping system for 1.3 GHz single-
cell cavities was developed in order to reveal the impact of
ambient magnetic field and temperature gradients during

> cool-down on the flux trapping phenomenon. Measurements

were done at 2K for different cool-down conditions of a
large-grain cavity before and after 120 °C bake. The fraction
of applied magnetic field trapped in the cavity walls was
~ 50% after slow cool-down and ~ 20% after fast cool-down.
The results showed a weak correlation between between
trapped flux locations and hot-spots causing the high-field
Q-slope. The results also showed an increase of the trapped
flux at the quench location, after quenching, and a local
redistribution of trapped flux with increasing RF field.

INTRODUCTION

Pinning of magnetic vortices in superconducting radio-
frequency (SRF) cavities upon cooling below the critical
temperature is a well-known cause of residual RF losses [1].
The quest towards ever increasing quality factor, Qy), of bulk
Nb cavities at 2 K requires achieving residual resistance
values of the order of 1 nQ.

As a result, understanding the flux trapping mechanisms
in Nb cavities has become a growing research topic in re-
cent years [2—18]. The ability to measure the magnitude
and distribution of trapped vortices in an SRF cavity is par-
ticularly challenging due to the size and shape of a typical
cavity. We have developed a magnetic field scanning system
(MFSS) which allows mapping of the local magnetic field
at the surface of 1.3 GHz single-cell cavities in liquid He
(LHe) [19]. Initial results were reported in Ref. [20]. In this
contribution we report the results of a systematic study of
trapped flux in a 1.3 GHz single-cell cavity before and after
baking at 120 °C for 48 h. The location of hot-spots on the
cavity outer surface caused by excessive RF heating of the
inner surface during the high-power RF test at 2 K was also
determined by a temperature mapping system.

EXPERIMENTAL RESULTS

Experimental Setup and Test Procedure

The 1.3 GHz single-cell cavity used for this study, la-
beled PJ1-1, was fabricated from high-purity, large-grain Nb
from OTIC, China, and it had the same shape as that of the
TESLA/XFEL cavity [21].

* This work was supported by the National Science Foundation under
Grant No. PHY 100614-010. G. C. is supported by Jefterson Science
Associates, LLC under U.S. DOE Contract No. DE-AC05-060R23177.

* ipara001 @odu.edu
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The MFSS has two arms, 180° apart, matching the con-
tour of the cavity. One arm has 8 cryogenic Hall probes,
measuring the magnetic field component perpendicular to
the cavity surface, B;, whereas the other arm has 8 pairs
of anisotropic magnetoresistance (AMR) sensors. The first
AMR sensor in a pair measures the B.-component while
the second sensor measures the magnetic field component
tangential to the cavity surface, B;, within ~ 3 mm of the
first one. Details of the characteristics of the two type of
sensors can be found in Ref. [22]. The sensors are pushed
in contact with the cavity outer surface by soft springs. The
two arms with the magnetic field sensors are mounted on a
large gear, driven by a stepper motor on the top plate of the
cryogenic vertical test stand, allowing a full rotation of the
arms around the cavity. Further details about the MFSS and
the data acquisition system can be found in Ref. [19].

A static temperature mapping system consisting of 576
thermometers based on 100 € carbon resistors was also used
to measure the local temperature of the outer surface of the
cavity, during the high-power RF test in LHe [23]. The test
procedure with the thermometry system assembled onto the
cavity consists of:

* cooldown below 9.2K in a fixed axial dc magnetic
field, B,, while applying a temperature gradient along
the cavity axis.

* Fill the cryostat with LHe at 4.3 K and measure Q(7)
at low RF field as well as the resistance of each ther-
mometer during LHe pump-down to 1.6 K.

* Measure Q as a function of the peak surface RF mag-
netic field, B, at 2K up to the cavity limit and back to
B, ~ 10 mT, acquiring temperature maps.

After a sequence of tests with the T-mapping system, the
cavity was disassembled, high-pressure rinsed (HPRed) with
ultra-pure water, re-assembled, evacuated, leak checked and
hang on the test stand under static vacuum. The MFSS is
assembled onto the cavity and the entire setup is inserted
into a vertical cryostat. The typical test procedure of the
cavity with the MFSS can be summarized as follows:

* reset of the AMR sensors’ magnetization by applying
a current pulse at room temperature, in low ambient
field, B, ~ 0.5 uT.

* Cooldown to ~ 10 K and measure the offset voltages
of the magnetic field sensors.

» Set B, and the cooldown rate as the cavity is cooled
below T..

* Fill the cryostat with LHe at 4.3 K, reduce B, to ~
0.1 uT and measure Qy(T') at low RF field during LHe
pump-down to 1.6 K.
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THAT AFFECT HIGH FIELD Q-SLOPE*
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Abstract

The onset of high field Q-slope (HFQS) around 25 MV/m
prevents cavities in electropolished (EP) condition from
reaching high quality factors at high gradients due to the

> precipitation of niobium hydrides during cooldown. These

hydrides are non-superconducting at 2 K, and contribute to
losses such as Q disease and HFQS. We are interested in ex-
ploring the parameters that affect the behavior of HFQS. We
study a high RRR cavity that received an 800 °C by 3 hour
bake and EP treatment to observe HFQS. First, we explore
the effect of trapped magnetic flux. The cavity is tested after
cooling slowly through 7. while applying various levels of
ambient field. We observe the onset of the HFQS and corre-
late this behavior with the amount of trapped flux. Next, we
investigate the effect of the size/concentration of hydrides.
The cavity is tested after holding the temperature at 100 K
for 14 hours during the cooldown to promote the growth of
hydrides. We can correlate the behavior of the HFQS with
the increased hydride concentration. Our results will help
further the understanding of the mechanism of HFQS.

INTRODUCTION

The high field Q-slope (HFQS) observed in electropol-
ished (EP) cavities has a typical onset around 25 MV/m.
This effect is from the precipitation of niobium hydrides dur-
ing cooldown and prevents EP cavities from reaching high
Qp’s at high gradients [1,2]. Hydrogen is an unavoidable
impurity, even in high RRR niobium. Niobium hydrides
are non-superconducting at 2 K, and contribute to losses
such at “Q disease” and HFQS. A 800 °C bake mitigates
the Q disease, and LTB mitigates the growth of hydrides,
preventing the HFQS.

In this study, we investigate a high RRR single-cell
TESLA-shaped 1.3 GHz cavity. The cavity receives a 800 °C
by 3 hour bake to isolate the HFQS without Q disease. Then,
the cavity receives EP treatment to make the surface layer
and bulk uniform [3]. Before testing, we hold the cavity at
100K to promote the growth of hydrides. Then we perform
a fast cooldown. During RF testing, we observe the behavior
of the HFQS. Because the morphology of hydrides grown
at these temperatures is understood [2], we can correlate the
behavior of the HFQS to the hydride size/concentration.

During cavity testing, a fast cooldown is typically per-
formed to prevent trapped magnetic flux, which is known to

* This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the U.S. Department of
Energy, Office of Science, Office of High Energy Physics. This work was
supported by the University of Chicago.
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harm performance by increasing the residual resistance [4—
9]. By not following the fast cooldown procedure, flux may
be trapped through the incomplete Meissner effect, where
there are normal conducting vortices within the supercon-
ducting lattice [10]. The oscillation of such normal con-
ducting vortices in niobium during RF operation introduces
significant dissipation, limiting the Q [11, 12]. The sensi-
tivity to trapped flux of surface treatments such as LTB and
N-doping has been studied [6,7,9], but its effect, if any, on
hydrides is not well understood. The cavity will be tested
after cooling slowly through the superconducting transition
while applying various levels of ambient field. Then, we
observe the onset and slope of the HFQS and correlate this
behavior with the amount of flux trapped.
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Figure 1: Measurements from flux gates and temperature
sensors during testing.

The test procedure is shown in Fig. 1. In real time, the
flux testing occurred before the hydride testing so that we
could complete the testing in one session. We started with
a fast cooldown followed by the baseline test. We measure
Qg versus gradient at 2 K and low temperature (< 1.5 K) in
the vertical test stand [13]. We measure the Q, at a given
gradient by maintaining the cavity at its resonant frequency,
inputting power via antenna, and then measuring the re-
flected and transmitted power [14]. The Q is the ratio of
the energy gain per RF period and dissipated power. The
surface resistance is the geometry factor of the cavity di-
vided by the Q,; this can be broken down into the residual
resistance (R.) and Rgcg. The residual resistance (Re)
taken at low temperature is temperature-independent, and
comes from impurities in the superconducting lattice as well
as any trapped flux from cooldown or quench. The Rpcg is
calculated by taking the difference between the total surface
resistance at 2K and low T. This temperature-dependent
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TEMPERATURE MAPPING FOR COAXIAL CAVITIES AT TRIUMF
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Abstract

Temperature mapping (T-map) on superconducting radio-
frequency (SRF) cavities has been shown as a useful tool to
identify defects and other abnormal sources of losses. So far
T-map systems have only been realized for elliptical cavities
that have an easily accessible outer surfaces. TEM mode
cavities such as quarterwave and halfwave resonators (QWR,
HWR) dissipate most of their power on the inner conductor
of the coaxial structure. The limited access and constrained
space are a challenge for the design of a temperature mapping
system. This paper describes the mechanical and electrical
design including the data acquisition of a T-map system for
the TRIUMF multi-mode coaxial cavities, and prototyping
of the system will be shown.

INTRODUCTION

Temperature mapping has been a reliable tool to detect
defects in SRF cavities since the late 90s [1]. Defects or
other sources of abnormal power dissipation have a strong
negative effect on the unloaded quality factor:

wU

Qo = P

ey
with @ as resonant frequency, U as stored energy in the
RF fields and P as dissipated power in the cavity walls. A
decrease in Q results in a higher power requirement for the
cryoplant.

Temperature-mapping systems have been developed in
the past for elliptical cavities operating in a TM010 mode.
Elliptical cavities are a widely used cavity and dissipate their
heat in easily accessible areas of the cavity body. Coaxial
cavities such as QWRs and HWRs on the other hand have the
majority of their magnetic field distributed on the inner con-
ductor of the coaxial structure as can be seen in Fig. 1. This
poses a challenge for the T-map system as space and access
is limited to the relevant surface of the cavity. The T-Map
system described here is designed to fit into the TRIUMF
Coaxial Multi-mode cavities [2]. In the discussed design,
eight boards are used with each board hosting 19 sensors in a
vertical array down the inner conductor shown in Fig. 2. The
goal for the Data Acquisition (DAQ) is a sampling frequency
for all 152 sensors of 1 Hz or lower.

MECHANICAL DESIGN

The QWR and HWR share a large number of dimensions.
This includes the inner diameter of the inner conductor. This
allows the design of a common Tmap system used for both
cavities. An early design choice was to make one T-map

* kolb@triumf.ca
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Figure 1: Field Distribution of QWR and HWR.

Figure 2: Conceptual setup of the coaxial Tmap system: 8
boards with each 19 sensors are arranged in a 45deg pattern
to cover the inner conductor surface of the QWR. An actua-
tion mechanism expands the system and presses the sensors
against the cavity wall.
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COMPARING THE EFFECTIVENESS OF
LOW TEMPERATURE BAKE IN EP AND BCP CAVITIES*

H. Hu', Y.-K. Kim, University of Chicago, Chicago, IL, USA
D. Bafia, Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract

Electropolishing (EP) and buffered chemical polishing
(BCP) are conventional surface preparation techniques for su-
perconducting radiofrequency (SRF) cavities. Both EP and
BCP treated SRF cavities display high field Q-slope (HFQS)
which degrades performance at high gradients. While high
gradient performance in EP cavities can be improved by in-
troducing oxygen via a low temperature bake (LTB) of 120°C
by 48 hours, LTB does not consistently remove HFQS in
BCP cavities. There is no consensus as to why LTB is not
effective on BCP prepared cavities. We examine quench in
EP, BCP, EP+LTB, and BCP+LTB treated 1.3 GHz single-
cell Nb cavities by studying the heating behavior with field
using a temperature mapping system. Cavity performance
is correlated to characterizations of surface impurity profile
obtained via time of flight secondary ion mass spectrometry
studies. We observe a difference in near surface hydrogen
concentration following BCP compared to EP that may sug-
gest that the causes of quench in EP and BCP cavities are
different.

INTRODUCTION

Superconducting radiofrequency (SRF) cavities are res-
onators with extremely low resistivity that enable high per-
formance accelerators. For the realization of the next gener-
ation SRF accelerator, we need to push the limits of achiev-
able quality factor (Qg) and quench field. Recent work has
demonstrated the importance of the profile of impurities
in the first 100 nm of the surface in achieving high Q, and
high accelerating gradients (E,..). Introducing a uniform
concentration of nitrogen via nitrogen doping has yielded
high Q, of > 4 x 100 [1]. Introducing oxygen via in-situ
baking has been shown to achieve similar effects as nitrogen
in the high Q regime [2,3]. However, the path to reliably
reaching high E, .. is less clear. Nitrogen infusion, which
introduces a sharp inhomogeneous surface disorder, has re-
peatedly displayed E, .. of 45 MV/m, but other cavity treat-
ments have not had much success with consistently reaching
such high quench fields [4-7]. The 75/120 °C modified LTB
has achieved record high quench fields of 50 MV/m, but this
treatment has displayed a bifurcation in performance that is
not fully understood [7].

There are two main types of limiting factors to achiev-
ing high quench fields. First, the thermal breakdown of

* Work supported by the Fermi National Accelerator Laboratory, managed
and operated by Fermi Research Alliance, LLC under Contract No. DE-
ACO02-07CH11359 with the U.S. Department of Energy; the University
of Chicago

 hannahhu @uchicago.edu

Fundamental SRF research and development

High quality factors/high gradients

superconductivity may occur when inclusions or defects
in the cavity drive significant heating and raise the local
temperature above the transition temperature. An exam-
ple of this is the precipitation of dissolved hydrogen within
the niobium surface as non-superconducting niobium hy-
drides [8]. These hydrides cause the proximity breakdown
of superconductivity, leading to the phenomena of high field
Q-slope (HFQS) [8,9]. Secondly, quenches of magnetic
origin occur when the intrinsic superheating field of Nb is
reached [10]. Surface defects and impurities may drive local
magnetic field enhancement above the superheating field and
cause premature breakdown of superconductivity [10, 11].
Increased surface roughness and the precipitation of impu-
rities at grain boundaries have also been shown to lower
quench fields through local field enhancements [4, 11, 12].
In this work, we will be exploring these limiting factors
by studying the two conventional surface preparation tech-
niques: electropolishing (EP) and buffered chemical pol-
ishing (BCP). In the late 1990s, EP replaced BCP for its
superiority at reaching high gradients > 30 MV /m [12-14].
More recent studies have proven that introducing oxygen via
low temperature baking (LTB) reliably cures HFQS by sup-
pressing the precipitation of hydrides in EP cavities [15, 16].
However, LTB is not effective at curing HFQS for BCP
treated cavities [12, 13]. We study the role of impurities and
surface roughness in the performance of EP, BCP, EP+LTB
and BCP+LTB treated SRF cavities to better understand the
origins of and limiting factors to quench for these treatments.

EXPERIMENTAL METHOD

Two single-cell TESLA shaped Nb cavities with reso-
nant frequency of 1.3 GHz were first degassed at 800 °C for
3 hours. The first cavity received 40 um EP removal while
the second cavity received 40 um BCP removal with the pa-
rameters described in Ref. [17]. Both cavities were then low
temperature baked at 120 °C for 48 hours. The BCP cavity
underwent an additional 200 °C x 1 hour in-situ bake to fur-
ther diffuse oxygen into the surface. After the initial EP and
BCP, the cavities were fully assembled and never reopened
to maintain vacuum in between and during treatments.

Following each treatment set, the two cavities were tested
at the Fermilab vertical test stand (VTS) to find Qg vs. E,..
at both 2K and low T (< 1.5 K) in continuous wave (CW)
operation for the decomposition of surface resistance into
BCS and residual resistances [18]. Cooling followed the fast
cool down protocol to minimize the possibility of trapping
magnetic flux [2]. We also investigated how the cavity heated
with increasing fields with temperature mapping (TMAP) [7].
576 carbon resistiance temperature detectors (RTDs) were
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Abstract

Bulk Nb for TESLA shaped SRF cavities is a mature tech-
nology, with high gradient (>35 MV/m) and high Q cavities
(10910, T= 2 K) routinely fabricated. Significant advances
are necessary to push Qg’s to 1010-11(T= 2 K), and involve
modifications to the sub-surface Nb layers by impurity dop-
ing. In order to achieve the lowest surface resistance any
trapped flux needs to be expelled for cavities to reach high
Qq’s. There is clear evidence that cavities fabricated from
polycrystalline sheets meeting current specifications require
higher temperatures beyond 800 °C for better flux expulsion.
Recently, cavities fabricated with a non-traditional Nb sheet
with initial cold work due to cold rolling expelled flux bet-
ter after 800 °C/3 h heat treatment than cavities fabricated
using fine-grain polycrystalline Nb sheets. Here, we ana-
lyze the microstructural development of Nb from the vendor
supplied cold work non-annealed sheet that was fabricated
into an SRF cavity as a function of heat treatment building
upon the methodology development to analyze microstruc-
ture being developed by the FSU-MSU-UT, Austin-JLAB
collaboration. The results indicate correlation between full
recrystallization and better flux expulsion.

INTRODUCTION

Superconducting radio frequency (SRF) Nb cavities have
been the workhorse for delivering high-quality, high energy
beams for high-energy physics, nuclear physics, and mi-
croscopy applications [1]. The main driver for current Nb
cavity technology is to decrease the footprint by pushing
towards the maximum possible gradients and high efficiency
defined by high quality factor (Q, > 1010, T=2 K) [2]. Inter-
stitial additions through surface diffusion of N [3,4], O [5-7]
have shown that carefully tuning the surface layers leads to
high Qy’s, presently in the gradient range of 10-20 MV/m.
The pursuit of high O, has led to uncovering the influence of
trapped flux on the surface resistance which scales linearly in
the range of 1-2 nQ2/mG [8,9] in Nb cavities thus limiting the
highest Q, attainable. It is widely accepted that the trapped
flux, and flux expulsion is a bulk phenomena and dominated
by bulk Nb microstructure [10, 11], whereas surface modifi-
cations increase the propensity to trap flux [12, 13]. Work

* Work supported by U.S. DOE, Office of Science, Office of HEP under
Award No. DE-SC0009960. NHMFL- NSF Cooperative Agreement No.
NSF DMR-1644779 (-2022) DMR-2128556 (2023-), the State of Florida,
and JSA, LLC U.S. DOE Contract No. DE-AC05- 060R23177.

T shreyas @jlab.org
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around to improve flux expulsion have typically involved
increase in final heat treatment temperatures in the range of
900-1000 °C [14] and faster cool-down by using a higher
temperature differential through the superconducting transi-
tion of Nb (T.= 9.2 K) [15].

Improved flux expulsion with increase in heat treatment
temperature has led us to the following driving questions:
Would an improved recrystallized microstructure lead to bet-
ter flux expulsion? Can we promote full recrystallization by
adopting a newer fabrication strategy of starting with a cold-
worked sheet and fabricating a cavity and then performing
an 800 °C/3 h heat treatment? Our preliminary results indi-
cate that a sheet with initial cold work can be fabricated into
an SRF Nb cavity, and heat treatment at 800 °C/3 h shows a
much improved flux expulsion performance than a tradition-
ally fabricated SRF Nb cavity as shown in Fig. 1 [16] [and
this conference]. In a traditionally fabricated Nb cavity with
fine grain size sheet or large grain Nb, surface damage, strain
path and location in SRF Nb cavities have an influence on
recrystallization and temperatures as high as 1000 °C may
not be sufficient to remove all defects contributing to flux
trapping [17, 18]. Hence, changes in processing path applied
to SRF Nb sheets fabricated into cavities need to be evalu-
ated in terms of microstructure development with respect to
heat treatments.

In the following paper we track the microstructure develop-
ment in the cold work/non-annealed (NA) sheet as supplied
from Vendor A, that was used to make the cavity that expels
flux better than a standard cavity even after 800 °C/3 h. To
track the recrystallization behavior we use cross-sectional
micro-texture data collected from heat treated SRF Nb sheet
at 700 °C/3 h - 900 °C/3 h and extend the approach of deter-
mining recrystallization through the analysis of geometri-
cally necessary dislocations (GND) that is being currently
developed for Nb [19,20]. Our results indicate high levels
of recrystallization at 800 °C/3 h in the sheet that was used
in the fabrication of the better flux expelling SRF Nb cavity.

MATERIALS AND METHODS

The starting material is the as-received sheet from an SRF
Nb supplier, Vendor A, with unknown percent cold work
and no heat treatments. Since the sheet was requested in
an off-specification condition (without a final anneal), the
residual resistivity ratio (RRR), hardness and mechanical
strength is not certified. However, the initial composition
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Abstract

The main source of RF losses leading to lower quality
factor of superconducting radio-frequency cavities is due to
the residual magnetic flux trapped during cool-down. The
loss due to flux trapping is more pronounced for cavities sub-
jected to impurities doping. The flux trapping and its sensi-
tivity to rf losses are related to several intrinsic and extrinsic
phenomena. To elucidate the effect of re-crystallization by
high temperature heat treatment on the flux trapping sensitiv-
ity, we have fabricated two 1.3 GHz single cell cavities from
cold-worked Nb sheets and compared with cavities made
from standard fine-grain Nb. Flux expulsion ratio and flux
trapping sensitivity were measured after successive high tem-
perature heat treatments. The cavity made from cold worked
Nb showed better flux expulsion after 800 °C/3 h heat treat-
ment and similar behavior when heat treated with additional
900 °C/3 h and 1000 °C/3 h. In this contribution, we present
the summary of flux expulsion, trapping sensitivity, and RF
results.

INTRODUCTION

Niobium has been the material of choice for supercon-
ducting radio-frequency (SRF) cavities not only because of
low power loss at the inner surface of the cavities’ inner wall
but also its high ductility which makes easier to fabricate
the complex structures [1].The niobium is elemental super-
conductor with highest critical temperature, 7, ~ 9.25 K
and highest critical field, H. ~ 200 mT. The performance
is measured in terms of the quality factor (Q,) which de-
fined as the ratio of stored energy inside the cavities to the
power dissipation on the inner wall of the cavities per radio
frequency (RF) cycle as a function of accelerating gradi-
ent (E,..). The ambient magnetic flux trapping during the
cooldown is one of the prominent factors causing the degra-
dation of quality factor in cavities. The trapped flux in the
form of vortices oscillates in the presence of RF field and
dissipate energy. The field dependence of RF losses due
to trapped vortices is much stronger than the ohmic-type
loss [2,3]. The ambient flux trapping and the flux trapping
sensitivity to rf losses are related to several extrinsic and
intrinsic phenomena. The primary host sites of flux trapping
are the materials defects, dislocations, impurities, normal

* Work supported by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics under contract DE-AC05-060R23177 and
U.S.Department of Energy, Office of Science, Office of High Energy
Physics under Awards No. DE-SC 0009960.
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conducting precipitates. For instance, the RF loss due to flux
trapping can be minimized by maximizing the flux expulsion
when the cavity transition to the superconducting state from
normal conducting during the cavity cool-down by creating
a large thermal gradient across the cavity surface. Intrinsi-
cally, we can minimize the flux trapping by minimizing the
defects, dislocations, impurities with different temperature
heat treatments followed by chemical and mechanical pol-
ishing and by high pressure rinse with de-ionized water. It
has been demonstrated that several different pinning mecha-
nism plays a role to the rf losses due to vortices [4]. Studies
showed that doped cavities are more vulnerable to the vortex
dissipation loss due to the presence of the dopant on cavi-
ties rf surface [5—7]. The flux expulsion can be maximized
by increasing the annealing temperature [8]. The increase
in annealing temperature minimizes the pinning centers by
removing the clusters of dislocations and impurities. In
addition, the metallurgical state with larger grain size is ex-
pected as the annealing temperature is increased. Fine-grain
recrystallized microstructure with an average grain size of
10-50 um leads to flux trapping even with a lack of dislo-
cation structures in grain interiors [9]. Thus, it is important
to consider the crystallize structure of the niobium before
the fabrications and during the cavity processing [10]. In
this contribution, we have fabricated two single cell cavity,
one from cavity grade SRF Nb with grain size specified to
ASTM 4-6 and other from the cold worked sheet with no

specified grain size. The cavity were processed together .

for chemical polishing with electropolishing and successive
annealing at 800, 900 and 1000 °C/3 h heat treatment. The
flux expulsion ratio, flux trapping sensitivity and Q¢ (B,,) at
2.0 K were measured.

FABRICATION AND
SURFACE PREPARATION

The SRF grade and cold-worked Nb sheets with residual
resistivity ratio > 300 were purchased from Ningxia OTIC,
China and 1.3 GHz TESLA shaped cavities were fabricated
at Zanon Research & Innovation Stl, Italy using standard
practice of deep drawing to half cells, trimming, machin-
ing of the iris and equator of the half-cells, electron beam
welding of the beam tubes (made from low purity niobium).
The cavity labeled TE1-05 was made from SRF grade Nb
and TE1-06 was made from cold-worked sheet. The cavi-
ties’ inner surface of ~ 150 um was removed in horizontal
electropolishing setup using a mixture of electronic grade
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CHARACTERIZATION OF DISSIPATIVE REGIONS OF
AN N-DOPED SRF CAVITY*

E. M. Lechner"", B. D. Oli, M. lavarone, Temple University, Philadelphia, PA, USA
J. Makita, A. Gurevich, Old Dominion University, Norfolk, VA, USA
G. Ciovati?, Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
lalso at Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
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Abstract

We report scanning tunneling microscopy measurements
on N-doped cavity hot and cold spot cutouts. Analysis of the
electron tunneling spectra using a proximity effect theory
shows that hot spots have a reduced superconducting gap
and a wider distribution of the contact resistance. Alone,
these degraded superconducting properties account for a
much weaker excess dissipation as compared with the vortex
contribution. Based on the correlation between the quasipar-
ticle density of states and temperature mapping, we suggest
that degraded superconducting properties may facilitate vor-
tex nucleation or settling of trapped flux during cooling the
cavity through the critical temperature.

INTRODUCTION

Doping SRF cavities with impurities has been an effective
method of producing Nb resonators with very high quality
factors at moderate accelerating fields [1-8]. Performance
of SRF cavities is inherently multifaceted. Towards gain-
ing a deeper understanding of the mechanisms by which
N-doping affects RF performance, accessing the quasiparti-
cle density of states (DOS) is of great interest [9]. The DOS
of surface of a superconductor can be examined in a straight-
forward manner by measuring the differential conductance
via electron tunneling, dI/dV. In tunneling experiments
that utilize a normal metal counter electrode the differential
conductance reflects the DOS of the sample by Eq. (1) [10]

N(€)d€, (1)

B foo af (6 + eV
where f is the Fermi-Dirac distribution function, ¢ is the
quasiparticle energy, V is the electric potential and N is the
DOS of the sample. In the low temperature limit the differ-
ential conductance probes directly the density of states in the
material of interest. Point contact spectroscopy and low tem-
perature scanning tunneling microscopy and spectroscopy
(STM/STS) have been used recently to investigate Nb cavity
cutouts [11, 12]. These studies have revealed changes in
N (¢) in the first few nm at the surface of Nb cavities after
N-doping [11, 12]. It was shown that N-doping shrinks the
metallic suboxide layer and reduces lateral inhomogeneities
of the superconducting gap A and the contact resistance Rg
between the suboxide and the Nb matrix, making Rp closer

* Work supported by DE-AC05- 060R23177
T lechner@jlab.org
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to an optimum value which minimizes R, [12, 13]. At the
same time, N-doping slightly reduces A at the surface [11,
12]. Here we identify hot and cold spots via temperature
mapping of an SRF cavity and study their DOS via scanning
tunneling microscopy.

EXPERIMENTAL

The cavity measured in this work was fabricated from
ingot Nb from Tokyo Denkai, Japan, with residual resis-
tivity ratio (RRR) of ~ 300 and large grains with size of
a few cm?. The cavity shape is that of the center cell of
TESLA/EXFEL cavities [14]. Prior to N-doping, the cav-
ity underwent standard buffered chemical polishing (BCP)
and high pressure rinsing (HPR) with ultra-pure water. The
cavity was N-doped by heating to 800 °C and exposing the
cavity to a 25 mTorr nitrogen atmosphere for 30 minutes.
After, the nitrogen was pumped-out and the cavity remained
at 800 °C for 30 minutes, after which the furnace cooled nat-
urally back to room temperature. Ultimately, ~ 10 pm were
removed from the cavity’s inner surface by electropolishing,
followed by HPR, assembly in a clean room and evacuation
on a vertical test stand. The temperature mapping system
was attached to the outer cavity surface prior to insertion
into a vertical test cryostat at Jefferson Lab [15].

The cavity performance, shown in Fig. 1, was limited
in both tests by a quench at B, ~ 88 mT, without any field
emission. The first test was performed after cooling with
liquid He with a cool-down rate of ~1.5 K/min when the
temperature at the bottom of the cavity crossed the critical
temperature. The second test was performed after warming
up the cavity to 80 K followed by a cool-down at a faster
rate of ~5 K/min. The higher Q in Test 2 compared to
that of Test 1 is due to a lower residual resistance, decreas-
ing from 3.4 nQ to 2.4 nQ. This reduction of R, resulting
from a faster cooling rate is related to better expulsion of
the residual ambient magnetic field inside the cryostat [16],
B,, which was ~0.2 pT during the experiments. Taking the
difference of 1/Q(B,) curves for these two tests we extract
the additional surface resistance AR caused by the slower
cooling rate. As shown in the inset in Fig. 1, AR, is prac-
tically independent of B, thus extra vortices trapped at a
lower cooling rate do not produce additional nonlinearity
in Ry (B,) in this field range. O, (T},) was also measured be-
tween 1.6 —2.1 K and 1 — 15 mT after the second cool-down.
The temperature maps measured just below the quench field
are shown in Fig. 2. The quench location was the same in
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TOPOGRAPHIC EVOLUTION OF NITROGEN DOPED Nb
SUBJECTED TO ELECTROPOLISHING*

E. M. Lechner"", J. W. Angle?, C. Baxley!, M. J. Kelley!*, C. E. Reece!
'Thomas Jefferson National Accelerator Facility, Newport News, VA, USA
2Virginia Polytechnic Institute and State University, Blacksburg, VA, USA

Abstract

Surface quality is paramount in facilitating high perfor-
mance SRF cavity operation. Here, we investigate the
topographic evolution of samples subjected to N-doping
and 600 °C vacuum anneal. We show that in N-doped Nb,
niobium nitrides may grow continuously along grain
boundaries. Upon electropolishing high slope angle
grooves are revealed which sets up a condition that may
facilitate a suppression of the superheating field.

INTRODUCTION

The N doping process [1] of thermally diffusing N at 800
°C in a low pressure N, environment has resulted in sub-
stantial decreases of the surface resistance at moderate ac-
celerating gradients. Based on the reproducibility of the in-
tended performance N doping was chosen for production
cavities in the LCLS-II and LCLS-II HE upgrades. The
LCLS-II HE research and development program investi-
gated the performance of three N doping protocols [2]. It
was shown that the process of N doping Nb cavities at
800 °C for two minutes in an N, atmosphere with no post-
dope anneal (referred to as “2N0”) was superior to cavities
doped for 2 minutes and annealed for 6 minutes or doped
for 3 minutes and annealed for 60 minutes. After N doping,
a 7 pum electropolish is performed to recover performance.
The N doping process is known to leave behind topo-
graphic defects due to the removal of nitrides during the
electropolishing process [3]. Topographic defects are one
vector that may reduce superheating fields either by mag-
netic field enhancement [4-6] or by nanoscale de-
fects [7, 8]. Another source of degradation may be from
impurities [9]. To investigate the possible topographic con-
tribution we examine the topographic evolution of 2NO N-
doped and vacuum annealed Nb samples subjected to elec-
tropolishing using an atomic force microscope (AFM).

RESULTS

Here, we examine nitrogen doped and vacuum annealed
(600 °C/10 hr) samples using atomic force microscopy af-
ter sequential electropolishing. Electropolishing (EP) was
performed using a 1 to 10 by volume mixture of HF(49%)
to HS04(98%). Samples of 6 x 10 x ~3 mm3 were
wrapped in PTFE tape, mounted in a sample holder and
immersed in the EP electrolyte allowing only the polished
face to be exposed to the electrolyte. Samples were elec-
tropolished at 13 °C and 9 V. Tapping-mode AFM topogra-
phies were made using a Digital Instruments Nanoscope [V

* Work supported by U.S. DOE contract DE-AC05-060R23177
1 lechner@jlab.org
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atomic force microscope. The AFM probe tip used was a
Si tip with a tip radius less than 10 nm.

The N doping process precipitates nitrides within grains
and can precipitate nitrides along grain boundaries. During
the electropolishing process nitrides are preferentially re-
moved as shown in Fig. 1. Smaller holes are formed within
grains while relatively deep grooves may be produced
along grain boundaries. Electropolishing leaves behind
long grooves along grain boundaries and reveals high slope
angle areas. To study the evolution of topographic features
we examined two 2NO N doped samples and

2NO N doped

7z (nm)
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Figure 1: Before (left) and after (right) electropolishing at
a triple-junction.

two electropolished samples for comparison. Representa-
tive intragrain tapping-mode atomic force microscope to-
pographies are shown in Fig. 2 which shows the evolution
of surface upon electropolishing. Some holes of approxi-
mately 1 um in width are introduced into the 600 °C heat
treated samples which are suspected to be due to growth of
an unidentified Nb compound. With increasing elec-
tropolishing depth the holes tend to become more rounded
and shallower. The evolution of average surface roughness
Sais shown in Fig. 3 for the 2N0 samples compared with
600 °C, 10 hour vacuum annealed samples.

Along some grain boundaries, grooves are present which
also become more rounded and shallower with elec-
tropolishing depth. The evolution of topography at triple
junctions is shown in Fig. 4. A common defect observed at
the grain boundary is a deeper removal of material around
the triple-junction likely due to enhanced diffusion be-
tween grains. The geometry of the groove topographic de-
fect is reminiscent of the triangular groove defect studied
by Kubo [8]. Kubo’s model predicts a superheating field
suppression from nanoscale features of the surface and the
superconductor’s coherence length. The suppression of the
superheating field is dependent on the triangular groove
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QUENCH DETECTION IN
A SUPERCONDUCTING RADIO FREQUENCY CAVITY WITH
COMBINED TEMPERATURE AND MAGNETIC FIELD MAPPING*

B. D. Khanal'*, P. Dhakal?, G. Ciovati'?
'Department of Physics, Old Dominion University, Norfolk, VA, USA
2Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Abstract

Local dissipation of RF power in superconducting radio
frequency cavities create so called “hot-spots”, primary pre-
cursors of cavity quench driven by either thermal or magnetic
instability. These hot-spots are detected by a temperature
mapping system, and a large increase in temperature on the
outer surface is detected during cavity quench events. Here,
we have used combined magnetic and temperature mapping
systems using anisotropic magneto-resistance (AMR) sen-
sors and carbon resisters to locate the hot spots and areas
with high trapped flux on a 3.0 GHz single-cell Nb cavity
during the RF tests at 2.0 K. The quench location and hot
spots were detected near the equator when the residual mag-
netic field in the Dewar is kept < 1 mG. The hot spots and
quench locations moved when the magnetic field is trapped
locally, as detected by T-mapping system. No significant dy-
namics of trapped flux is detected by AMR sensors, however
change in magnetic flux during cavity quench is detected by
a flux gate magnetometer, close to the quench location. The
result provide the direct evidence of hot spots and quench
events due to localized trapped vortices.

INTRODUCTION

Superconducting radio frequency (SRF) cavities made
from elemental niobium are the building blocks of mod-
ern particle accelerators, superconducting electronics and
quantum computers because of their formability in complex
structures and lithographic thin films. Recent advances in
surface engineering by doping and annealing led to an un-
precedented quality factor [1-3], however the process is vul-
nerable to residual flux trapping when the cavity transitions
to superconducting state during cooldown [4]. The trapped
vortices within the RF penetration depth oscillates under the
RF field and lowers the quality factor with additional RF
dissipation.

The temperature mapping technique is able to detect the
regions of large RF power dissipation, referred as “hot-
spots” [5]. The source of hot-spots could be due to the
normal conducting inclusion or segregation of impurities
in dislocations sites or grain boundaries. If the origin of
hot spot is due to trapped vortices, those could be moved

* The work is partially supported by the U.S.Department of Energy, Office
of Science, Office of High Energy Physics under Awards No. DE-SC
0009960, NSF Grant 100614-010, and by the U.S. Department of Energy,
Office of Science, Office of Nuclear Physics under contract DE-AC05-
060R23177.

 bkhan001@odu.edu
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or change their intensity an application of a thermal gradi-
ent [6,7]. The combined temperature and magnetic field
mapping system used in 1.3 GHz cavity showed an enhance-
ment of magnetic field trapping due to quench events either
by trapping of thermo current induced flux or trapping to
additional residual flux [8,9] . Here, we present the results of
RF measurements done on a 3.0 GHz single cell cavity with
combined temperature and magnetic field mapping where
the hot-spots are created on the cavity surface by trapping
magnetic field locally.

EXPERIMENTAL SETUP

The 3 GHz single cell cavity used in this study was made
from high purity large grain Nb and scaled down from the
TESLA end-cell cavity shape [10, 11]. After previous mea-
surements reported in Ref. [12] the cavity was subjected to
~ 25 um electropolishing followed by high pressure rinse
with deionized water. The cavity was assembled with input
and pick up antennas. A cavity vacuum of < 10~8 mbar was
maintained with active pumping during the cooldown and
RF tests.

(2) (b)

AR SR AVIRS

Figure 1: (a) and (b) AMR sensors and (c) temperature
sensors board, (d) assembled on the surface of cavity [13].

The combined temperature and magnetic field mapping
system relies on 100 Q Allen-Bradely carbon resistors to
measure the temperature and AMR sensors to measure the
magnetic field. The details of set up, sensors calibration,
sensitivity and measurement can be found in Refs. [13-15].
The AMR sensors boards and temperature sensors boards are
place alternatively on every 22.5° around the cavity. There
are 10 AMR sensors on each board measure the radial and
tangential component of the magnetic field in the vicinity of

MOPMBO045
21

@©=22 Content from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

21" Int. Conf. RF Supercond.
ISBN: 978-3-95450-234-9

SRF2023, Grand Rapids, MI, USA
ISSN: 2673-5504

JACoW Publishing
doi:10.18429/JACoW-SRF2023-MOPMBO47

COMMISSIONING OF DEDICATED FURNACE FOR
Nb;Sn COATINGS OF 2.6 GHz SINGLE CELL CAVITIES

P. A. Kulyavtsev'-2, G. Eremeev!-*, S. Posen!, B. Tennis', J. Zasadzinski?
I'Fermi National Accelerator Laboratory, Batavia, IL, USA
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Abstract

We present the results of commissioning a dedicated fur-
nace for Nb3Sn coatings of 2.6 GHz single cell cavities.
NbsSn is a desired coating due to its high critical temper-
ature and smaller surface resistance compared to bulk Nb.
Usage of Nb;Sn coated cavities will greatly reduce operat-
ing costs due to decreased dependance on cryo cooling. Tin
is deposited by use of a tin chloride nucleation agent and
tin vapor diffusion. Analysis of the resultant coating was
performed using SEM/EDS to verify successful formation
of Nb;3Sn. Witness samples in line of sight of the source
were used in order to understand the coating efficacy.

INTRODUCTION

Nb;Sn-coated cavities achieve accelerating gradients E ;...
above 10 MV/m and quality factors in excess of 1010 at
4K [1-5]. High quality factors of NbySn-coated cavities at
4 K are the enabling technology for compact cryomodules
for industrial accelerators [6]. Several projects look to ex-
ploit this technology for various industrial applications [7,8].
Given that the superheating critical field and superconduct-
ing transition temperature of Nb3Sn is higher than that of
niobium, Nb3Sn superconducting material has the poten-
tial to sustain accelerating gradients twice that of niobium
cavities and quality factors close to 5-10'°, which will sig-
nificantly reduce the operating and capital cost of future
accelerators. Research and development efforts are ongoing
to understand and improve vapor diffusion deposition tech-
niques to realize they potential of Nb;Sn material.

Several institutions are pursuing Nb;Sn coatings and re-
search is ongoing to understand material limitations and to
optimize coating process [9—12]. Nb3Sn coatings at Fermi-
lab are done in the large coating system designed to coat
multicell cavities. The coating system is constantly used to
coat cavities for various projects. In order to enable Nb;Sn
coating research on small cavities and samples in parallel
with multicell cavity coating, we refurbish and commission
for Nb3Sn coating an old furnace. Unlike the larger Nb;Sn
system, which is routinely used for coating of Nb3Sn films
on single and multi-cell cavities [4], the new system will
be used to coat smaller single-cell cavities and for samples
studies. This contribution presents the results from the com-
missioning of the new coating system.

*
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EXPERIMENTAL SETUP

For these Nb3Sn studies, the old IVI Model 3312-1212-
120V furnace was adopted. This is the horizontal front
loading furnace that features 12” x 12” x 15” hot zone. The
furnace heaters as well as the inner shields are made out of
molybdenum. The furnace is controlled by PLC connected
to a computer and can reach up to 1200 °C. The furnace
is evacuated with an oil-free mechanical pump and a cry-
opump and can reach down to 10~8 Torr range cold. The
temperature is monitored with four molybdenum-sheathed
type C thermocouples.

Figure 1: Experimental setup for Nb3Sn coating. [a] As-
sembled experimental setup in the hot zone of the furnace.
Note niobium foil covering the assembly and thermocouples
at the top. [b,c] Niobium samples (b) and niobium cavity
(c) prepared for the coating. Note that the blue color is due
to 30 V anodizing. [d] Niobium cavity assembled for the
coating inside niobium box on the niobium support fixture.

For Nb3Sn coating, a cavity is placed inside a niobium box
onto niobium supports, fig. 1. Two samples, one on each end
of the cavity, are mounted with niobium wires. One end of
the cavity is then assembled with a molybdenum cup, which
holds Sn and SnCl,. The other end is left open. For the first
coating of 2.6 GHz cavity, 2 g of Sn and 0.5 g of SnCl, were
used. The assembly is then covered with niobium foil. As
part of the preparation for the first Nb;Sn coating on SRF
cavity, both the cavity and the samples were anodized for
30 V. The coating was done at 1150 °C for 3 hours preceded
by the nucleation step at 500 °C. 1.6 g of Sn was consumed
in the coating.
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Physics Division, Argonne National Laboratory, Lemont, IL, USA

Abstract

Maintenance and cleaning of superconducting rf cavities
is labor intensive task that involves disassembling the
cryostat holding the resonators and removing them to be
cleaned. At the Argonne Tandem Linac Accelerator
System (ATLAS) at Argonne National Laboratory, a
project is underway to research cleaning the cavities in-situ
by plasma processing. Previous plasma processing
research by SNS, MSU, FNAL, IJCLab, and JLab has been
successful in improving field emissions post processing. It
is advantageous to pursue research in this method,
allowing for possible use on modern ATLAS cryomodules,
A-tank and G-tank quarter-wave resonators (QWR). The
results presented show initial plasma ignition testing and
plasma simulations for the coupled E and B fields, both
done on a 172 MHz HWR cavity previously designed as
early R&D for FRIB. Future plans are also included, laying
out next steps to test plasma processing on the same HWR
cavity and eventually a QWR.

INTRODUCTION

The first rf superconducting accelerator for heavy ion
acceleration, ATLAS, has been in operation since the
1970’s with the first successful acceleration of an ion beam
in 1978 [1]. Significant upgrades have occurred over the
years, including installing and upgrading quarter-wave
resonator cavities (QWR) to replace the original split-ring
resonator design. In 2009 a major upgrade took place,
installing G-Tank, a cryostat containing seven 109 MHz
B=0.15 QWR cavities, increasing the deliverable energy
of ATLAS by providing 15 MV additional voltage [2].
These were removed, upgraded, and re-installed in 2022
(Fig. 1). In 2014, A-Tank, a cryostat containing seven
72 MHz QWR B = 0.077 cavities, was installed, further
increasing the accelerating potential of ATLAS [3]. A-tank
has since yet to be removed for cleaning.

Figure 1: G-Tank upgrade work performed in clean room.

The design of G-tank and A-tank QWR resonators
included specific attention to reducing the particulates on

SRF Facilities

Ongoing projects

the rf surfaces, therefore reducing field emissions from the
resonators and improving their efficiency [2]. For these
resonators to be of peak performance, the rf surface must
remain clean, only allowing a low number of particulates.
At this point (i.e., 2023), the A-tank resonators are showing
a degradation in performance characterized by higher field
emissions and an increased heat load on the cryogenics
system. Investigations are underway to identify where the
particulates have developed inside the cryostat indicating
which resonators have been contaminated and possibly the
cause. Unfortunately, pulse conditioning and thermal
cycling are no longer adequate to reduce field emissions
and recover performance. Cleaning these resonators and
returning them to their prior performance, would require
removal for six months to a year to be Electropolished
(EP), rinsed, baked, and re-installed. This would severely
impact the facility’s current yearly goal of delivering
~6000 beam hours.

Figure 2: A-Tank cryostat in ATLAS beamline.

Cavity removal is not only time consuming and
cumbersome but also exposes equipment to the risk of
damage, owing to the cramped quarters in which the
cryostats sit (Fig. 2) [4]. In recent years, a solution has been
investigated in a collaborative effort by FNAL, SLAC,
MSU/FRIB, JLab, and IJCLab for plasma processing of the
resonators in-situ of the cryomodules. Proven to reduce
field emissions (FE), this process could be applied to A-
tank and possibly future work on G-tank [5, 6]. This
technique utilizes the vacuum and rf coupling system
already installed to the cryomodule in addition to the
cavity's fundamental and higher order modes (HOM), so
no additional upgrades or significant installation of new
equipment is required. The plasma is created by injecting a
Ne-O; or Ar-O, gas mixture into the cavity, maintaining
around 100-200 mTorr pressure and 10% O, and then
delivering rf power via the fundamental coupler [5 ,7]
Results have found this method effective for removing
hydrocarbons from the internal srf surface of the cavity,
thereby reducing FE. Hydrocarbon removal is observed via
a Residual Gas Analyzer (RGA) showing the peak material
removed. This process is cycled in specific time intervals
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THERMAL FEEDBACK IN COAXIAL SRF CAVITIES*

M. W. McMullin®!, T. Junginger!, P. Kolb, R. E. Laxdal, Z. Yao, TRIUMF, Vancouver, BC, Canada
lalso at Department of Physics & Astronomy, University of Victoria, Victoria, BC, Canada

Abstract

The phenomenon of Q-slope in SRF cavities is caused
by a combination of thermal feedback and field-dependent
surface resistance. There is currently no commonly accepted
model of field-dependent surface resistance, and studies of
QO-slope generally treat thermal feedback as a correction to
= whichever surface resistance model is being used. In the
present study, we treat thermal feedback as a distinct physical
effect whose effect on Q-slope is calculated using a novel
finite-element code. We performed direct measurements of
liquid helium pool boiling from niobium surfaces to obtain
input parameters for the finite-element code. This code was
used to analyze data from TRIUMF’s coaxial test cavity
program, which has provided a rich dataset of Q-curves
at temperatures between 1.7K and 4.4 K at five different
frequencies. Preliminary results show that thermal feedback
makes only a small contribution to Q-slope at temperatures
near 4.2 K, but has stronger effects as the bath temperature
is lowered.

THERMAL FEEDBACK (TFB) ABOVE T

During operation, the walls of an SRF cavity are con-
stantly heated by the RF power density

1
q= §RSH2

on the inner surface of the cavity. Because of the finite ther-
mal conductivity of niobium and imperfect cooling by the
helium bath, the RF surface of the cavity is always warmer
than the helium bath, and the difference in temperature in-
creases with g (see Fig. 1). This heating in turn increases the
temperature-dependent part of the surface resistance, further
increasing ¢ to create a feedback loop. The feedback loop
results either in unbounded heating, quenching the cavity,
or in steady-state operation with an increased dynamic heat
load.

Because of thermal feedback (TFB), the total power P
dissipated in the cavity increases faster than the square of
the field strength, quantified by the peak surface magnetic
field B,,. Since the energy U stored in the cavity fields is
proportional to BIZ,, the quality factor

0= M

decreases with an increase in Bp. Therefore, TFB impacts
measured O-slope whether or not R, is itself dependent on
the applied field. The thermal conductivity of the cavity

* Work supported by the National Research Council Canada
T mmemullin@triumf.ca
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Figure 1: Cross section showing the temperature gradient
across the wall of an SRF cavity.

walls and efficiency of heat transfer to the helium bath de-
termine the amount of Q-slope that comes from TFB as
opposed to intrinsic field dependence of R;.

Measurements on a quarter-wave and half-wave resonator
(QWR and HWR) in TRIUMF’s coaxial test cavity program
(detailed in Ref. [1], HWR shown in Fig. 2) show signs that
TFB is a non-negligible effect. These measurements are
separated into sets of Oy vs. B, curves taken repeatedly in
a single cavity mode while cooling the helium bath from
about 4.4 K to 2.0-1.7 K. Below T; = 2.177K, the surface
resistance drops abruptly, as shown in Fig. 3, and the size
of the drop grows with B,,. This drop is believed to occur
because the helium bath enters a superfluid state and cooling
is significantly enhanced, mitigating TFB. Measurements of
niobium cooling in superfluid helium have previously been
conducted and integrated into studies of Q-slope [2—4], but
TFB above T, has not been extensively studied because of
the lack of data on cooling at the niobium-helium interface
in the normal fluid regime.

Figure 2: Model (left) and field distribution in the funda-
mental 389 MHz mode (right) for the HWR in Ref. [1].
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THEORETICAL STUDY OF THIN NOBLE-METAL FILMS
ON THE NIOBIUM SURFACE*

C. A. Méndez', N. S. Sitaraman, M. U. Liepe, T. A. Arias
Cornell University Department of Physics, Ithaca, NY, USA

Abstract

Recent experiments suggest that noble-metal deposition
on niobium metal surfaces can remove the surface oxide
and ultimately improve superconducting radio-frequency
(SRF) cavities performance. In this preliminary study, we
use density-functional theory to investigate the potential for
noble-metal passivation of realistic, polycrystalline niobium
surfaces for SRF. Specifically, we investigate the stability of
gold and palladium monolayers on niobium surfaces with
different crystal orientations and evaluate the impact of these
impurities on superconducting properties. In particular, our
results suggest that gold can grow in thin layers on the nio-
bium surface, whereas palladium rather tends to dissolve
into the niobium cavity. These results will help inform on-
going experimental efforts to passivate niobium surfaces of
SRF cavities.

INTRODUCTION

Recent experiments suggest that modifications to the nio-
bium native oxide can substantially improve RF performance
by reducing the thickness of the oxide. In particular, it has
been found that noble-metal deposition can passivate the
surface and completely remove the oxide. However, experi-
ments on noble-metal layers have only been performed so far
on small single-crystal samples under highly controlled con-
ditions [1]. To shed further light on the potential for noble-
metal layers, here we use first principles density-functional
theory electronic structure software [2] to investigate the
potential for noble-metal passivation of realistic, polycrys-
talline niobium surfaces for SRF. Specifically, we investigate
the stability of gold and palladium monolayers on niobium
surfaces with the most common, low-index crystal orien-
tations. The preliminary results that we present here help
inform and extend ongoing experimental efforts, which so
far have shown a modest but significant benefit from sub-
monolayer gold deposition on niobium.

BACKGROUND

Density-Functional Theory

Density Functional Theory (DFT) is a highly adaptable
tool that can compute and predict a diverse array of funda-
mental material properties, ranging from electronic struc-
tures to formation energies to superconducting characteris-
tics, with an accuracy within a few percent and without the
necessity of experimental input. This positions DFT as an

* This work was supported by the US National Science Foundation under
award PHY-1549132,the Center for Bright Beams.
cam559 @cornell.edu
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immensely beneficial complement to experimental investi-
gations of advanced materials, like those utilized in SRF
cavities. In this paper, we employ DFT to predict the effects
of thin noble-metal films of Au and Pd on the Nb surface. In
particular, we estimate the number of monolayers that can
form a coherent interface, study the stability of these atoms
on the surface, and calculate the effects of impurities on the
superconducting transition temperature 7. [2].

Coherent Interfaces with Nb

In nature, niobium forms a body-centered cubic structure
(bece), with a lattice constant of approximately ayp, = 3.30 A,
whereas Au and Pd typically form face-centered cubic
structures (fcc), with lattice constants a,, = 4.16 A and
apg = 3.95 A respectively (values obtained from our ab ini-
tio relaxation calculations). Nevertheless, for a small number
of monolayers (ML), we expect the noble metal to occupy
bec lattice sites. As the number of MLs grows, we expect
the formation of misfit dislocations, and finally a transition
of the material to its preferred fcc geometry. Our goal is to
estimate how many MLs it is possible to deposit on the Nb
surface before this final phase transition occurs.

It is not straightforward to directly predict the lattice con-
stant of an element in its bce phase given its lattice constant in
the fcc phase, as the change in the structure can involve phys-
ical changes due to different atomic packing, bonding char-
acteristics, and potential energy minima. We can roughly
estimate the lattice constant by relating it to the atomic ra-

dius r through the equations ay.. = V2-2rand Apee = V3-2r.
Using these relations and the above fcc lattice constants,
we estimate day pee = 3.39 A and Apdpec = 3.22 A. The
proximity of these values to the niobium lattice constant
of anp = 3.30 A make Au and Pd potential candidates for
having a smooth coherent interface with Nb.

Given that the above lattice constants are not perfect
matches, to compensate for the resulting interfacial strain
energy, the material must lower the total energy by replacing
the surface energy of niobium with an energetically favor-
able interface. We call this energy difference Eg;,, and it
is given by the sum of the energy of the interface and the
surface of the film, minus the energy of the original niobium
surface,

E

gain (1)

= Linterface T Esurface film — Esurface Nb-

On the other hand, for a coherent interface (which we
assume for a low number of MLs), there is a strain energy
cost per atom per ML due to the lattice-constant mismatch,
of
2
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CEA CONTRIBUTION TO THE PIP-II LINEAR ACCELERATOR

N. Bazin®, J. Belorgey, S. Berry, Q. Bertrand, P. Bredy, E. Cenni, C. Cloue, R. Cubizolles, J. Drant,

M. Fontaine,P. Garin, H. Jenhani, S. Ladegaillerie, A. Le Baut, A. Moreau, O. Piquet, J. Plouin, A.

Raut, P. Sahuquet, C. Simon, Université Paris-Saclay, CEA, Département des Accélérateurs, de la
Cryogénie et du Magnétisme, Gif-sur-Yvette, France.

Abstract

The Proton Improvement Plan II (PIP-II) that will be
in-stalled at Fermilab is the first U.S. accelerator project

> that will have significant contributions from international

part-ners. CEA joined the international collaboration in
2018, and will deliver 10 low-beta cryomodules as In-
Kind Con-tributions to the PIP-II project, with cavities
supplied by LASA-INFN (Italy) and VECC-DAE
(India) and power couplers and tuning systems supplied
by Fermilab. An im-portant milestone was reach in April
2023 with the Final Design Review of the cryomodule,
launching the pre-pro-duction phase. This paper presents
the status of CEA activ-ities that includes the design,
manufacturing, assembly and tests of the cryomodules
and the upgrade of the existing infrastructures to the
PIP-II requirements.

INTRODUCTION

The PIP-II project is an upgrade of the accelerator com-
plex of Fermilab to enable the world's most intense
neu-trino beam for the Long Baseline Neutrino Facility
(LBNF) and the Deep-Underground Neutrino Experiment
(DUNE) located in South Dakota, 1200 km from the
neutrino pro-duction in Illinois.

PIP-II will deliver 1.2 MW of proton beam power from
the injector, upgradeable to multi-MW capability. The
cen-tral element of PIP-Il is an 800 MeV linear
accelerator, which comprises a room temperature front
end followed by a superconducting section. The
superconducting section consists of five different types of
cavities and cryomodules, including Half Wave
Resonators (HWR), Single Spoke and elliptical
resonators operating at state-of-the-art parameters.

PIP-II is the first U.S. accelerator project that will be
constructed with significant contributions from interna-
tional partners, including India, Italy, France, United
King-dom and Poland [1, 2].

OVERVIEW OF THE CEA
CONTRIBUTION TO THE PIP-11

PROJECT

CEA is designing, building, testing, installing and com-
missioning superconducting linear accelerators (or part
of them) for others labs since 20 years. It includes the
devel-opment of a wide range of cryomodules with
different fre-quencies, different types of cavities (low
beta ones — half-wave and quarter-wave resonators — and
high beta ones — elliptical cavities), different types of

T nicolas.bazin@cea.fr
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supports and insertion modes of the cold mass:

352 MHz cryomodule for SO-LEIL, 88 MHz QWR
cryomodules for Spiral2, 1.3 GHz cryomodules for
XFEL, 175 MHz HWR cryomodules for IFMIF/EVEDA,
IFMIF-DONES and SARAF, 704 MHz cryomodules for
ESS [3, 4].

Thanks to this expertise, CEA joined the PIP-II
collabo-ration in 2018. The involvement of CEA in the
PIP-II Linac construction was formally approved by the
French Minis-try of Research in July 2020 with the
definition of the scope of work and the budget envelope.

CEA contribution focuses on the 650 MHz
supercon-ducting accelerating section, with the design,
fabrication, assembly and test of 1 pre-production and
9 production low-beta 650 MHz cryomodules (called
“LB650” hereaf-ter) according to the PIP-II project
specified requirements. This includes:

e The design of the LB650 cryomodule.

®  The procurement of most of the components of
the cryostat (i.e. the cryomodule without the
cavities, the tuning systems, the power couplers
and some standard components provided by the
PIP-II collaboration).

e The assembly and cold RF tests of the 10
LB650 cryomodules.

e  The design of the transport frame for the LB650
cryomodules, fabrication of 3 units and road
test of the pre-production cryomodule.

e  The preparation for shipment before the trans-
fer title from CEA to the U.S Department of En-
ergy (DOE) and the overseas transportation
from France to the USA.

DESIGN OF THE LB650 CRYOMODULE

The LB650 cryomodule houses four 5-cell =0.61 cavi-
ties (developed by Fermilab, INFN, and VECC for the pre-
production cryomodule and series cryomodules). The fre-
quency tuning systems and the power couplers for the low
beta and high beta cavities are identical. They are under the
responsibility of Fermilab, with CEA contribution on the
design studies of the power couplers. Each cavity is con-
nected to the a supporting system that stays at room tem-
perature , the strongback, using two support posts made of
low thermal conductivity material to limit the thermal load
between the room temperature strongback and the helium
temperature devices. The posts have two thermal inter-
cepts, one connected to the thermal shield (cooled around
40 K) and the 5 K line where liquid helium flows inside.

SRF Facilities
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SARAF-PHASE II: TEST OF THE SRF CAVITIES
WITH THE FIRST CRYOMODULE*

Guillaume Ferrand®, Stéphane Berry, David Darde, Gabriel Desmarchelier, Florian Hassane,
Tom Joannem, Sébastien Monnereau, Nicolas Pichoff, Olivier Piquet, Thomas Plaisant
Commissariat a I’Energie Atomique et aux Energies Alternatives (CEA-Irfu) Institut de Recherche
sur les lois Fondamentales de 1’Univers, Gif-sur-Yvette, France

Abstract

CEA is committed to delivering a Medium Energy Beam
Transfer line and a superconducting linac (SCL) for
SARAF accelerator in order to accelerate 5 mA beam of
either protons from 1.3 MeV to 35 MeV or deuterons from
2.6 MeV to 40 MeV. The SCL consists in four cryomod-
ules. The first cryomodule hosts 6 half-wave resonator
(HWR) low beta cavities (beta= 0.09) at 176 MHz. The
low-beta cavities were qualified in 2021, as well as the
power couplers and frequency tuners. The Low-Level RF
(LLRF) system was qualified in 2022 with a dedicated test
stand. This contribution will present the results of the RF
tests of the first SARAF cryomodule at Saclay.

INTRODUCTION

In 2014, CEA (Commissariat a 1I’Energie Atomique et
aux Energies Alternatives, Saclay, France) was committed
to delivering a Medium Energy Beam Transfer line and a
superconducting linac (SCL) for SNRC (Soreq Nuclear
Research Center, Yavne, Israel), on the SARAF (Soreq Ap-
plied Research Accelerator Facility) site. CEA is currently
driving the manufacturing of this new accelerator [1]. CEA
planned the end of the commissioning of the last cryomod-
ule for 2023.

The frequency of the entire accelerator was fixed to
176 MHz. The beam dynamics fixed the optimal “geomet-
ric betas” to 0.09 and 0.18. The SARAF-Phase II accelera-
tor contains 13 superconducting cavities with ,,, = 0.09,
called low-beta (LB) cavities, and 14 superconducting cav-
ities for By, = 0.18, called high-beta (HB) cavities [2].
The first two cryomodules contain the LB cavities (6 and 7
cavities each), and the last two cryomodule the HB cavities
(7 cavities each).

A full description and details about the design and the
tests of the LB cavities can be found in [3]. All of them
were successfully tested up to an accelerating gradient of
10 MV/m, the requirement being 7 MV/m. Considering the
accelerating length of 155 mm @ £ = 0.091, this corre-
sponds to an accelerating voltage of 1.085 MV.

The couplers were already conditioned and tested with a
dedicated test stand in 2019 and 2020. See [4] for more de-
tails about the coupler design and the test stand.

The equipped cavity, with couplers and tuners was tested
with a dedicated test stand, called ECTS [5].

* Work supported by the Commissariat a I’Energie Atomique et aux En-
ergies Alternatives (CEA, France) and by Soreq Nuclear Research Center
(SNRC, Israel)
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The qualification of the electronics included the Low-
Level RF (LLRF) systems and the detection of arcs with
photomultipliers and electron pick-up. The LLRF and most
of the electronics were already tested with the ECTS test
stand [6]. However, they were never tested in “operation”
mode, that is, at the nominal frequency, with tuners com-
pensating variations of He bath pressure and Lorentz de-
tuning.

The first cryomodule was prepared for test in December
2022 (see Figure 1), and tests began in February 2023. This
paper presents the RF tests of the first cryomodule, includ-
ing warm and cold conditioning, tests at nominal field and
in operation mode. These tests concluded the Saclay ac-
ceptance tests of the equipped cavities before shipment to
SNRC and tests with beam in Israel.

Figure 1: Preparation of the first cryomodule for tests.

REQUIREMENTS

1. Warm conditioning

The first step was the warm conditioning of the RF cou-
plers. All of them were conditioned on the cryomodule
again after having been stored under vacuum during
3 years.

The pressure inside of the coupler is measured with a
cold cathode gauge. The target (software threshold) was
2.10°% mbar at room temperature for input power from 0 to
1 kW. Most of the multipactor effect is observed from 150
to 400 W. Conditioning was done with a repetition fre-
quency of 1 Hz, with pulses from 20 ps to 1 s by factor 2
steps. The RF signal is increased by steps of 10 mV on the
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IMPLEMENTATION OF THE TEST BENCH FOR THE
PIP-11 LB650 CRYOMODULES AT CEA

H. Jenhani, N. Bazin, Q. Bertrand, P. Bredy, L. Maurice, O. Piquet, P. Sahuquet, C. Simon
Université Paris-Saclay, CEA, IRFU, Gif-sur-Yvette, France

Abstract

The Proton Improvement Plan II at Fermilab is the first
U.S. accelerator project that will have significant contribu-
tions from international partners. As a part of the French
In-Kind Contributions to this project, CEA will provide ten
650 MHz low-beta cryomodules (LB650) equipped with
LASA-INFN (Italy), Fermilab (USA) and VECC-DAE
(India) cavities and Fermilab power couplers and RF tun-
ing systems. CEA is accordingly in charge of the design,
manufacturing, assembly and testing of these cryomodules.
This paper presents the future implementation of the test
stand dedicated to the cryogenic and RF power testing of
the LB650 cryomodules. The choice of the equipment and
the current status will be detailed, as well.

INTRODUCTION

The Proton Improvement Plan II (PIP-II) project is an
upgrade of the accelerator complex of Fermilab, in Illinois,
with significant in-kind contributions from international
partners. It will enable the world's most intense neutrino
beam for the Long Baseline Neutrino Facility (LBNF) and
the Deep-Underground Neutrino Experiment (DUNE) lo-
cated in South Dakota. The central element of PIP-II is an
800 MeV linear accelerator that will deliver 1.2 MW of
proton beam power from the main injector. The supercon-
ducting Linac section consists of five different types of
cavities and cryomodules, including Half-Wave Resona-
tors, Single Spoke and Elliptical Resonators operating at
state-of-the-art parameters [1].

The CEA major contribution is the design [2], fabrica-
tion, assembly [3], and cryogenic and RF performances
testing of one preproduction and nine production LB650
cryomodules. The scope of the CEA covers other collabo-
ration aspects related to the design harmonisation efforts
and the collaborative design activities such as for the
650 MHz power couplers [4] and the HB650 cryomod-
ules [5]. An overview of the CEA contribution to the PIP-
II project is given in references [6].

Each LB650 cryomodule will undergo a comprehensive
cryogenic and RF test at CEA in order to compare its per-
formances with respect to a defined Acceptance Criteria
List (ACL). The cryomodules are expected to be directly
operational on accelerator after their validation. Only the
first three LB650 cryomodules will be retested after their
transportation to Fermilab.

Details about the expected tests for the LB650 cryomod-
ules at CEA, the Test Bench status and the equipment
choices will be presented in this paper.

T hassen.jenhani@cea.fr
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LB650 CRYOMODULE

The LB650 cryomodule activities at CEA use lessons
learned from the cryomodules previously developed for the
PIP-II project as a result of the design standardization
choice adopted by the PIP-II project [7]. The HB650 pro-
totype cryomodule [5], currently under the cold RF testing
and validation process at Fermilab, has the most similar de-
sign to the LB650 cryomodule [8]. HB650 cryomodules
house six 5-cells high-beta cavities [9], while the LB650
cryomodules only include four 5-cells low-beta cavi-
ties [10]. Furthermore, the power couplers [11] and the fre-
quency tuning systems [12] are identical for both cryomod-
ule types. The procurement of these three main cryomod-
ules subparts are under Fermilab responsibilities.

The design of the LB650 is detailed in the [2] and par-
tially presented on Figs. 1 and 2.

Length 5.52m
Diameter 1.22 m
Height 234 m
Weight ~7500kg .

LE

Power Coupler
Cavity

40 K Thermal Shield
Figure 1: LB650 cryomodule layout.

Figure 2 shows schematics of the cryogenic lines of the
LB650 cryomodules. It has a High Temperature Thermal
Shield (HTTS) and a Low Temperature Thermal Source
(LTTS) both cooled using pressurised GHe at ~ 40 K and
~5 K, respectively. The cool down piping shall balance the
He flow to each cavity so that it is within 5% of the average
cavity flow during the 175 to 90 K and the 45to 4.5 K
phases of the cool down. The cryocircuits associated with
cavity cool down must support a “fast cool down” (FCD)
of the cavities, at a rate of 20 K /min from 45 K to 4.5 K.
This typically requires a LHe flowrate of 50 g/sec. To im-
plement this operation mode, new cryogenic equipment are
procured by CEA. Their main technical requirements are
detailed later in this paper.
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SUMMARY OF THE SUPERCONDUCTING RF MEASUREMENTS
IN AMTF HALL AT DESY

M. Wiencek, K. Kasprzak, D. Kostin, D. Reschke, L. Steder
Deutsches Elektronen-Synchrotron, Hamburg, Germany

Abstract

The AMTF (Accelerator Module Test Facility) at DESY
was built for the tests of all superconducting cavities and
cryomodules for the EuXFEL linac. After successful com-
missioning of the EuXFEL, the AMTF has been adapted in
order to perform SRF (super conducting radio frequency)
measurements of cavities and accelerating modules for dif-
ferent projects. Several SRF cavities related projects are
still ongoing, while others were just finished. Some of
those projects are dedicated to test components for the in-
frastructure of accelerators which are under construction,
while other ones are devoted to new R&D paths aiming for
cavities and modules with high performance which are un-
der investigation at DESY. This paper describes present ac-
tivities performed at AMTF with special emphasis on per-
forming SRF measurements for the ongoing cavity produc-
tions. Most of the presented data is related to vertical cry-
ostat cavity testing. However, some data about cryomod-
ules and a new coupler test stand will be shown as well.
Detailed statistics about the number of vertical tests per-
formed within the last two years are also presented.

INTRODUCTION

After successful commissioning of EuXFEL, several
modifications of the AMTF test stands and inserts were in-
troduced. Currently, AMTF consists of the following test
benches (cf. Fig .1):

e Vertical test stand with possibility of changing the

operating frequencies (424 MHz, 704 MHz, 852 MHz,
1.3 GHz)

e Vertical test stand for 1.3 GHz elliptical cavity tests

o Horizontal test stand for tests of 3.9 GHz cryomodules

o Horizontal test stand for tests of 1.3 GHz cryomodules

e Coupler test stand

Six vertical cryostats inserts are available in AMTF
preparation area. For the EuXFEL purposes all of them
could house up to four 1.3 GHz cavities. Nowadays, after
rebuilding, following insert configurations are available:

e 2 x R&D inserts with different instrumentation, both

for a single 1.3 GHz cavity (single or nine cell)
e 2 x 704 MHz inserts for two ESS cavities at once
(shown in Fig 2)

e linsert for up to four 1.3 GHz cavities

e linsert for up to three 1.3 GHz cavities and one QPR
(quadrupole resonator) cavity (cf. Fig 3)

3.9 GHz Module test

Vertical test stands \& e zaun i3 e 1.3 GHz Module test
:§o|~‘ S ._—"1 _ stand
:ES7| p A ! | 1©
N . E% ‘ -3 & | @ FutureSRF
Cavities preparation __i7=1 ——=<———_Photoinjector Test
‘e\ § = I
area EH ,: 5 b © stand
3y | & S ‘\‘\‘ ®
] — = =
‘ | | Storage area T Coupler test stand
— || |for madules =
| | : )
| L '-H‘('rrr- =" '”' . o il e : 2 a i’D
F—3 - - - - ¥ (
©® © @ II} @ O © (f ® ©@ ©® ® ® @ O
\\ Control building
Figure 1: Diagram of the AMTF.
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OPTIMISATION OF NIOBIUM THIN FILM DEPOSITION PARAMETERS
FOR SRF CAVITIES *
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Abstract

In order to accelerate the progression of thin film (TF) de-
velopment for future SRF cavities, it is desirable to optimise
material properties on small flat samples. Most importantly,
this requires the ability to measure their superconducting
properties. At Daresbury Laboratory, it has been possible for
many years to characterise these films under DC conditions;
however, it is not yet fully understood whether this correlates
with RF measurements. Recently, a high-throughput RF fa-
cility was commissioned that uses a novel 7.8 GHz choke
cavity. The facility is able to evaluate the RF performance of
planar-coated TF samples at low peak magnetic fields with
a high throughput rate of 2-3 samples per week. Using this
facility, an optimisation study of the deposition parameters
of TF Nb samples deposited by HiPIMS has begun. The
ultimate aim is to optimise TF Nb as a base layer for multi-
layer studies and replicate planar magnetron depositions on
split 6 GHz cavities. The initial focus of this study was to
investigate the effect of substrate temperature during depo-
sition. A review of the RF facility used and results of this
study will be presented.

INTRODUCTION

Superconducting radio frequency (SRF) cavities are typ-
ically made from niobium (Nb) because it has the highest
critical temperature (7,) and the highest superheating field
(Hg,) of any element. These cavities are usually made of
bulk Nb. However, given the increasing cost of liquid helium
(LHe), electricity and accelerator infrastructure, copper (Cu)
cavities coated with thin film (TF) superconductors (SC) is
an area of growing attention for the SRF community. One
focus of this research is on Nb TFs, because they provide
an attractive and economical alternative to bulk Nb cavities.
Nb on Cu in comparison to bulk Nb benefits from improved
thermal stability as a result of a higher thermal conductivity
of Cu. It is also less sensitive to trapped magnetic flux dur-
ing cooldown, and allows for operation at 4.2 K with lower
BCS resistance (Rgcg) than bulk Nb.

Nb TF cavities have been used successfully at CERN
since the early 1980s having first been installed in the Large
Electron-Positron (LEP) collider [1] and most recently on
the High Intensity and Energy Isotope mass Separator On-
Line facility (HIE-ISOLDE) [2]. Typically, these cavities

* This work has been supported by: the IFAST collaboration which has
received funding from the European Union’s Horizon 2020 Research and
Innovation programme under Grant Agreement No 101004730.

¥ daniel.seal @cockcroft.ac.uk
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Film coated copper cavities; multi-layer films

have exhibited high quality (Q) factors at low fields compa-
rable with bulk Nb, however they have suffered from high
RF losses in medium to high field operation, known as Q-
slope. Recent improvements to deposition techniques have
produced Nb TFs with RF properties comparable to bulk
Nb [3], resulting in improved accelerating gradients (E,..)
and significant reduction of the Q-slope. However, more
studies are needed to understand the relationship between
deposition parameters and RF performance to achieve Q fac-
tors comparable to bulk Nb at high field. This demonstrates
the importance of mastering TF Nb depositions if Nb on Cu
cavities are to be used in facilities requiring high E,..

The simplest way of develop coating technology is to
begin with planar samples prior to full cavity depositions.
This allows the use of simple deposition facilities, a low-
cost sample design, easy visual inspections before and after,
and analysis with surface characterisation instruments. Af-
ter deposition, the samples have mainly been used for DC
superconducting property evaluation. At Daresbury Labo-
ratory, facilities for quick DC analysis of TF samples have
existed for many years [4]. These are used to measure, 7,
the residual resistance ratio (RRR), [5] and the field of full
flux penetration (pr) [6, 7]. However, these facilities are
unable to analyse the behaviour of films under RF condi-
tions, which is arguably the most important measurement.
As a result, a custom facility was developed to measure the
average RF surface resistance (R,) of TF SC samples. Most

importantly, the facility has a very high sample throughput -

of up to 3 per week, allowing for quick optimisation of RF
performance [8, 9].

With an RF facility now available for quick sample analy-
sis, optimisation studies of the deposition parameters of Nb
TFs can be performed. The coating technique for these TFs
has been high-power impulse magnetron sputtering (HiP-
IMS). This technique can produce higher density plasmas
and denser films compared with conventional pulsed DC
magnetron sputtering [10]. The ultimate aim is to develop
the best parameters to be used as a Nb TF baseline for mul-
tilayer studies. After planar sample depositon, these param-
eters can be repeated on split 6 GHz, also designed and
tested in-house, to analyse TF performance on a cavity-like
geometry [11, 12].

The first step to Nb TF optimisation has been the effect of
substrate temperature during deposition on RF performance.
Previous studies have shown effects on DC properties [10,
13], however limited RF measurements were possible. Ex-
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Abstract

Multipacting (MP) is a phenomenon which can affect
stability in particle accelerators and limit performance in
superconducting radio frequency cavities. In the TESLA
shaped, 1.3 GHz, 9-cell cavities used in the LCLS-II (L2)
and LCLS-II-HE (HE) projects, the MP-band
(~17-24 MV/m) lies within the required accelerating gra-
dients. For HE, the operating gradient of 20.8 MV/m lies
well within the MP-band and cryomodule testing has con-
firmed that this is an issue. As such, MP processing for the
HE cryomodule test program will be discussed. Early re-
sults on MP processing in cryomodules installed in the L2
linac will also be presented, demonstrating that the meth-
ods used in cryomodule acceptance testing are also suc-
cessful at conditioning MP in the accelerator and that this
processing is preserved in the mid-term.

MULTIPACTING IN
LCSL-II AND LCLS-II-HE CAVITIES

The phenomenon of multipacting (MP) in SRF cavities
has been described in many places and one such treatment
can be found in Ref. [1]

In the TESLA shaped, 1.3 GHz, 9-cell cavities of the
type used in LCSL-II (L2) and LCSL-II-HE (HE) cry-
omodules (CM), the MP-band is in the range of
17-24 MV/m. This poses a particular challenge to the two
projects as cavities will operate at gradients within the MP-
band. For HE in particular, the nominal gradient of
20.8 MV/m lies well within this range.

Fermilab has built, tested, and delivered 22 CM for the
L2 project and 14 CM are slated for HE. As of this confer-
ence, 5 CM, including a prototype, the vCM, have been
successfully tested. Details of the vCM testing and the Fer-
milab CM testing scheme can be found in Ref. [2, 3].

MP IN THE FERMILAB TEST STAND

Of the 40 cavities within the 5 HE CM tested at the Fer-
milab Cryomodule Test Facility so far, 35 have exhibited
MP. It should be noted that of the 5 cavities which did not
exhibit MP, 1 of these was limited to well below the MP-
band due to field emission (FE). Table 1 shows any occur-
rence of MP in the 5 CM tested so far: the vCM, the first
article CM (F21), and the 3 production CM tested to so far
(F22-F24).

*This manuscript has been authored by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the U.S. Department of

Energy, Office of Science, Office of High Energy Physics.
+ cravatta@fnal.gov
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Table 1: Occurrence of MP During HE CM Testing

caviy | vew | F21 | faz | 723 | 24 |
1 YES YES YES YES YES

2 YES NO YES YES YES
3 YES YES YES YES VYES
4 YES NO NO YES YES
5 YES YES YES YES VYES
6 YES YES NO YES NO*
7 YES YES YES YES YES
8 YES YES YES YES VYES

A common signature of MP in the test stand is sporadic
quenching in the MP-band and associated radiation spikes
as seen in Fig. 3. A quench interlock in the EPICS controls
system inhibits RF and produces a fault waveform, with
traces of the forward (red), reverse (orange), and transmit-
ted powers (blue) along with a trace of the calculated decay
of the transmitted power signal (light blue) to verify a
‘true’ quench (Fig. 1) and not a false signal (Fig. 2).

Fault Waveforms - Cryomodule ACCL:L1B:H100 - Cavity 1 cayity 1 ©
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Figure 1: Waveforms showing a ‘true’ quench.
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Figure 2: Waveforms showing a ‘false’ quench.
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Abstract

A Buncher or Capture Cavity (BCC) Cryomodule is cur-
rently in development at Fermilab for use in a second injector
for LCLS-II-HE. The BCC Cryomodule is designed to con-
tain one 1.3 GHz cavity and one solenoid magnet as part of a
100 MeV low emittance injector. The design considerations
for the Cryomodule are similar to the LCLS-II cryomod-
ule with additional requirements to account for additional
vacuum loading at the end of this vessel due to the termina-
tion of the insulating vacuum. To accomplish this design,
the cryomodule is being developed using the experience
gained during the development of the LCLS-II cryomodule.
The design, analysis, and status of the Cryomodule will be
discussed.

PROJECT OVERVIEW

A Buncher or Capture Cavity (BCC) Cryomodule is cur-
rently in development at Fermilab for use in a second injector
for the High Energy upgrade of the Linac Coherent Light
Source (LCLS-II HE). The BCC Cryomodule is designed to
contain one 1.3 GHz cavity and one solenoid magnet as part
of a 100 MeV low emittance injector. The current design of
the vessel can be seen in Fig. 1 and a cross sectional view
can be seen in Fig. 2. There are five general regions of the
design of the assembly; the cavity, the magnet, internal pip-
ing, cryostat shell, and the support stands. The cavity will
be the same 1.3 GHz cavity that is used in the LCLS-II HE
cryomodules. The magnet that will be used is a combined
solenoid, dipole, and quadruple design. The internal piping,
cryostat shell, and support stands will all be designed to be
compatible and reuse design aspects of the other LCLS-II
HE Cryomodules. The BCC Cryomodule is located at the
end of the assembly, it will be required to adapt to some
additional loading/design requirements. The piping system
is required to be terminated or be recirculated at the end of
the vessel. Due to the insulating vacuum, a pressure load
will be present at the end of the assembly which will require
additional strength in the supports and consideration of load
paths. The Cryomodule will also need to be supported on a
adjustable stand to for alignment.

SAFTEY REQUIREMENTS

The BCC cryomodule will be installed and be designed
to be the saftey requirements of Stanford Linear Accelerator
Center [1,2]. Equipment built and tested at Fermilab are
also required to meet the Fermilab Environment, Safety and
Health Manual [3]. The saftey requirements for both lab-
oratories require components to be designed using design
codes. The internal piping system will be designed to meet

* Work supported by Fermi Research Alliance, CONF-
SRF Facilities
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Figure 2: BCC cryomodule cross sectional view.

the requirements of the American Society of Mechanical
Engineers (ASME) B31.9 Piping requirements. The main
components of the Cryomodule will be designed to meet the
ASME Boiler and Pressure Vessel Code (BPVC) Section
VIII Division 1 [4] with additional methods used from the
ASME BPVC Section VIII Division 2 [5]. The cryomodule
stand is be designed to meet Americian Institute of Steel
Construction (AISC) Specification for Structural Steel Build-
ings [6] while using design by analysis methods to verify
components that are outside of the scope of the specifica-
tion. The cryomodule will also meet the requirements of the
American Society of Civil Engineers (ASCE) Minimum De-
sign Loads and Associated Criteria for Buildings and Other
Structures [7].

ANALYSIS PERFORMED

In the design of the BCC Cryomodule four sets of analysis
that have been performed; a magnet design, a piping analy-
sis for the cryogenic system, a transportation analysis, and
structural analysis for the shell and supporting components.
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