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Status of LASA activities on SRF cavities: an
hystorical perspective

INFN LASA has a long experience on cavity design and, in collaboration with
industry, in fabrication of SRF cavities.

e The Past: EUROPEAN XFEL
e 1.3 GHz cavities mass production
e 3.9 GHz third harmonic cavities production and test

* The present tense: the ESS project
e ESS 704.4 MHz [3=0.67 cavity production

e The future: the PIP-Il project
e 650 MHz [3=0.61 cavity production



SRF perspective for the next years
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And even more: Muon collider, FCC,...
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The past European XFEL
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Photon energy 0.24-24 keV
Pulse duration ~ 10-100 fs
Pulse energy: few mJ

SC linac. 17.5 GeV

10 Hz (27 000 b/s)

5 beamlines / 10 instruments

e Start version with 3
beamlines and 6 mstruments
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European XFEL: 1.3 GHz SC cavities
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* Half of the 800 cavities done in Italian Industry under the responsibiiity SASESR :

of INFN-LASA
e Complete treatment cycles at industry, delivered as ready for VT

e Delivery rate at about 8 cavity/week i _ i | =
e Excellent results: i s A\ -
Final Performances 4l i

 Accepted Cavities as Delivered: = 75% (over 800)
 Rejected Cavities (replaced by companies): 8 (1%)

E

usable

 After Additional Treatments: all cavities accepted

E,., = 33.0 £4.8[MV/m]
=29.8 5.1 [MV/m]
Q, (23.6MV/m) = 1.4 0.2 [10°]

Best Performances Cavities (Eacc) bt
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m Cavity recipe(s):
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Goal XFEL:
Epoopre 2 23.6 MV/m
Q, 2 1-10%°
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Still considered a reference baseline for cutting-edge treatments!

* Final EP scheme: 110 um EP+ 800°C 2h annealing+ 40 um final EP+120°C baking
e BCP flash scheme: 140 umEP+800°C 2h annealing+ 10 um final BCP+120°C baking




European XFEL: 3.9 GHz (3" harmonic)
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Crucial component of the XFEL injector: to linearize the longitudinal .S

beam phase space after the first accelerating section.

INFN LASA provided in-kind all steps, from design to commissioning, Energy chirp

by 2015 suppression

— Design, know how transfer, and production at the company of 20
cavities (10 cavities for the spare module payed by XFEL).

10"

— Final preparation with HPR and clean room assembly @ LASA
— Cold tests @ LASA. All cavities well above specs.

— Design and production of cryomodules and cavity ancillaries (Blade
tuners, magnetic shields, etc., just main couplers from the US)

20 of 20 cavities
3.9 GHz system in operation since 2017 produced!
Cavity recipe: SR NE e N
e 120-130 um BCP+20 um external BCP+800°C 2h annealing+20 um final BCP A : W » *
0 20 40 B0 BO 100 120
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The present tense: ESS project

ESS Parameters

Max Energy 2 GeV
Average beam power 5 MW
Peak beam power 125 MW
Peak beam current 62.5 mA
Pulse length 2.86 ms
Repetition rate 14 Hz

Energy from SC sections 96 %
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INFN LASA Contribution to ESS
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HEBT & Contingency Target
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: " INFN-LASA contribution
*INFN LASA In-Kind contribution

* Fabrication of 36 cavities in the industry, including

J RRR 300

treatments, tuning and He tank following a build-to- = eday current Nb Sheets
print strategy Scanning (DESY) INFN
* Cavities delivered ready for the cold test. LASA
* Analogous strategy as for the XFEL successful Alt. line
experience ", more diagn. e Semifinished
% it < t
e Cold test in a qualified infrastructure (DESY). E;It' et ik
e Delivery at CEA ready for the cryomodule assembly.
. . . . Cavity TEST at Cavity TEST at Cryomodule
* Series cavities production at the industry: DESY LASA

testing at ESS
(LUND)

* First cavity cold test in November 2018

* Delivery rate @DESY: 2 cav/3 weeks i -------------

CEA
Assembly of
cavitiesin the
cryomodules




ESS cavity target and recipe

* Acceptance criteria for the cold RF test @2K: Q, 2 5-10° @ 16.7 MV/m
e Given this moderate target value, the baseline treatment recipe has been based on BCP as bulk surface treatment

BCP facility

* Electron Beam Welding

* Inner surface Visual Inspection

 Surface treatment: BULK BCP (200 um removal)
Treatment divided in two steps 100 um each to
harmonize removal

* Heat treatment 8h @600°C for Hydrogen degassing

* Inner surface Visual inspection

* Field flatness tuning

* He-Tank welding

* Final BCP (20 um)

* Cavity is shipped to DESY for vertical test

BCP characteristics:
e Acid mixture is H;PO,#+HNO,;+HF in 2:1:1 ratio
. Inlet temperature=6°C
e  Tipical removal rate: 1 um/min




ESS MB results: Tests at DESY AMTF

vsE.._ @ T=2K 28 cavities at CEA o .
Qo VS Bace e 28 cavities already qualified and

1.0E+11 .
delivered to CEA for cryomodule
integration

* |n most cases, Q0 @16.7MV/m is
ninab W Sn 0 B0 8 % os9sq ’
= mRtEN TR e S R ) B nearly 4 times higher than the
goal, despite the BCP based surface
1.0E+10
of treatment
./".’- - //O/ ,-—"'Q'.—.—' . . .
7 * Max gradient is in the 20-25 MV/m
el range. A Q-slope is always present
1/4 x ERP 1/24x ERP' ESS ReferencelP:wer(ERP) o ERP.’ Sta rtlng at 20 MV/m
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ESS Acceptance Goal
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Q= 5-10°
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The future: the PIP-II project

An 800-MeV superconducting H-
Linac; CW-compatible

Beam transport of 800-MeV H-from
the SRF Linac to the Booster

Modifications to the Booster, Main B Main Inj/Recycle

Injector, and Recycler Ring to ) _ = —_————
enable >1MW power on LBNF target S

=5 s g Transfer Line
Associated conventional facilities s i oF, S R S (A

=

s SRF Linac
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INFN contribution to PIP-II

INFN firstly provided a novel RF design for the LB650 cavities, fully plug compatible
with the Fermilab technical interfaces and performances specifications.

* Cavity design meets the CW RF performance requirements PIP-II LB650 Project Specifications
Acc. Gradient 16.9 MV/m
INFN contribution aims to cover the needs of LB650 section, and this includes: Qo (VT-naked) 2.9 10%°
Q, (jacketed) 2.4 1010
e 38 SC cavities required to equip 9 cryomodules with 2 spares, delivered as
] RF rep rate 20 Hz to CW
ready for string assembly. Beta 0.61

e Qualification via vertical cold-test provided by INFN through a qualified cold-
testing infrastructure acting as a subcontractor

 Compliance to the PIP-Il technical management plans and interfaces: System
Engineering, Project Review, Quality Assurance and Risk Management.

Beam dump and
furure extensions

11 MeV 177 MeV 800 MeV

| HWR SSR1 | SSR2 LB650 HB6&50
™ p-011 | p=0.22 [T| B=0.47 B=0.61 p=0.92

2.1 MeV 38 MeV 480 MeV

| / gl_ow Beta (LB650, b=0.61)
cryomodule

l ‘ Cryomodule picture is a courtesy of Nicolas Bazin, CEA, France

To Booster

=047 P=0.61 P=0.92
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PIP-11 LB650 prototypes strategy

A total of 7 PIP-1l LB650 cavities produced (single and multi cell), 2 of them shared with Fermilab for
the joint development effort.

INFN LB650 single-cell cavities:

e B61S-EZ-001: treated and tested at FNAL with baseline treatment and high-Q recipe (N2
doping+900°C)
* Next: re-test at LASA toward harmonization of testing infrastructure
e B61S-EZ-002 treated with XFEL-like recipe (800°C+120°C), then qualified at LASA
e Next: retreat with «mid-T bake» (300°C), then VT at LASA
 B61S-EZ-003: to be treated for high-Q (doping-based), then VT at LASA

INFN LB650 5-cell cavities:

e B61-EZ-001 treated at FNAL (baseline recipe with 800°C), tested at VTS both naked and jacketed,
then horizontally tested in STC with all ancillaries

e B61-EZ-002 treated at 800° C, mid-T baked, and then VT at LASA




Cavity received a Baseline recipe:

150 pum bulk EP + 800 °C 2h HT+25 um final EP (15 pm
warm+10 um cold)+ 120°C 48h bake

Tested @LASA INFN with slow cooldown (1K/min)
across critical temperature (9.2K)

8mG measured by fluxgate at the transition
assuming 0.3 nQ/mG for baked niobium @650
MHz and 82% trapped flux: R4=2 nQ

Q0 @17 MV/m=2E10

Max field=30.5 MV/M, limited by FE

30 min RF processing session at the end of 1° test
Radiation level increased when the Cold test was
repeated, with a slight degradation of QO
Radiation onset moved from 20 mV/m to 12 MV/m
Dose rate of 100 uSv/h (10mR/h) at the target
gradient

Cavity test: B61S-EZ-002 (baseline recipe) single cell

Eace [MV/m]

1011
@ Test#1 Qg V¥V Test #1 rad.
@ Test #2 Qo V Test #2 rad.
v
% v
.O.(%. ® v
o o
O’O 1010 1
v v
v
M v
YWaw "V V7 Vyhyvvvy "
109 ! 1 T T T T T
0 5 10 15 20 25 30

L 102

radiation [mSv/h]




Cavity test: B61-EZ-002 (mid-T bake recipe) — 5-cell

« Cavity received a mid-T bake recipe:
150 um bulk EP + 800°C 2h HT + final EP (5 um cold)+ 300°C
3h bake

o Tested @LASA INF with slow cooldown (1K/min)
across critical temperature (9.2K)

 8mG measured by fluxgate at the transition

e assuming 0.3 nQ2/mG for baked niobium @650 MHz
and 82% trapped flux: R4=2 nQ

 1°test: some MP with radiation, then sudden rise
of radiation at 20.8 MV/m and Q degradation

o Test repeated from low fields

o 2°test: same behavior as the 1° test up until 14
MV/m....

 ...then, sudden rise of radiation and drop of Q,

 Cavity quench at 23 MV/m with FE

 Irreversible activation of a field emitter!

 Dose rate of 100 uSv/h (10mR/h) at the target
gradient
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Cavity test: B61S-EZ-001 (baseline\N-doped) single cell

Cavity tested @FNAL with high T-rate and active 1011
compensation of residual field with Helmoltz ]

coils mio

: : : : | oo ®e
* First, cavity received a baseline treatment: _ ®00 oo 00 ¢
......
_ ®e o

160 um EP + 800°C 3h + 30 um final EP+120°C

bake O
e QO0=3.7E10 @low field @
e Q0=2.6E10 @16.9 MV/m S 10%0- ®
e Cavity quenched at 27.9 MV/m with no ; O

radiation : \

* Then, cavity received N-doping:
900°C 3h+2/0 N-doping@800°C+ 10 um cold EP

* QO0=5.5E10 @low field | @ B61-EZ-001 baseline
e Q0=4.1E10 @16.9 MV/m @ B61-EZ-001 doped
e Cavity quenched at 25.8 MV/m with no 10° . . l . |
0 5 10 15 20 25 30

radiation
Eacc [MV/mM]




Cavity test: B61-EZ-001 (baseline recipe) — 5-cell

Cavity tested @FNAL with high T-rate and 1o1

active compensation of residual field with @ B61-EZ-001 bare V B61-EZ-001 jacketed top Rad.
Helmoltz coils @ B61-EZ-001 Jacketed A B61-EZ-001 jacketed bottom Rad. F1E+05

e Cavity received a baseline treatment: e Solocs o5l CD?lOo
160 um EP + 800°C 2h + >60 um final %M F1E+03
EP+120°C bake ® o
e Asecond PLL was used to
suppress mode mixing
e QO0=3.8E10 @low field
e Q0=2.5E10 @16.9 MV/m
e Cavity quenched at 20.3 MV/m
with no radiation

A L 1E+01
O’G 1010 4

Av -1E-01

v

-1E-03
e The cavity has been then jacketed:

A

e QO0=3.E10 @low field R 00000000000 00 40000 ¢ T 7

e QO0=2.5E10 @16.9 MV/m 109 . | | | 1E-05

e Cavity quenched at 18.8 MV/m 0 5 10 15 20 25
with radiation (10 uSv/h max) Eacc [MV/m]

radiation [mSv/h]




Performance summary

B61S-EZ-001  baseline FNAL 3.70E+10 2.60E+10

B61S-EZ-001 doped FNAL 1.68 5.50E+10 4.10E+10 25.8 no
B61S-EZ-002  baseline LASA INFN 4.36 3.00E+10 2.00E+10 30.5 yes
B61-EZ-001 baseline FNAL 2.03 3.8/3E10(*)  2.50E+10  20.3/18.8(*) No/yes(*)
B61-EZ-002 mid-T LASA INFN 4.86 3.00E+10 1.9/1.6E10(**) 23 yes

*: before and after jacketing
**. before and after field emitter activation

Increase of residual resistance in cavities tested at LASA is coherent with +2 nQ2 coming from trapped magnetic flux
A slight increase of residual resistance can be noticed in mid-T baked cavity (which was heat treated @800°C)
Decrease of residual resistance in N-doped cavity (which was heat treated @900°C)



Conclusions

e Cavity performance are close to the target value even with the baseline
recipe, and not perfectly optimized EP treatment

e The optimization of EP parameters now in progress (higher voltage; lower
temperature, etc.) looks promising to increase performances while reducing
the complexity of the process

e The critical point for LB 650 MHz cavities to reach even more outstanding
results is the eventual feasibility of T>900°C annealing, needed for any kind of
doping treatment (nitrogen or oxygen)

e «Oxygen doping» by means of mid-Temperature baking could be preferable
because of its semplicity.
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