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Agenda

1 Introduction
Cryomodule production status
Cryomodule test status

Preparation of tunnel installation activities
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2022-09-01 LINAC 2022 - PRODUCTION, TEST AND INSTALLATION OF ESS SPOKE, MEDIUM AND HIGH BETA CRYOMODULES -




Cryomodule
production and
delivery status

MOTPAOZ2 => Ryoichi Miyamoto for NCL Status
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SPK CM: Scope and Status

13 cryomodules + 1 spare

Cavities & CM by ICJLAB

Tested at FREIA@Uppsala

Delivered to ESS

8 CM at ESS

Fixing NCRs
to achieve RFI (Ready
For Installation) status

Minor:

* LHe gauges

» Swapped sensors
* Fasteners

For followup:

* Loss of CTS action

SM

SM02

SMO3

SMo4

SMO5

SMO6

SMo7

SMO08

SMo8

SM10

SM1

M2

sM13

SM14

IJCLab name

cM

cMmo2

CM03

CMO04

CMO5

CMOE

cMo7

CMmo8

CMO09

CM10

cMn

cMm12

CM13

cM1a

Status

Incoming inspections compleeted
and report released in CHESS

Incoming inspections compleeted
and report released in CHESS

Incoming inspections compleeted
and report released in CHESS

Incoming inspections compleated
and report released in CHESS

Incoming inspections compleated
and report released in CHESS

Incoming inspections compleeted
and report released in CHESS

Incoming inspections compleeted
and report released in CHESS

Incoming inspections compleeted
and report released in CHESS

2nd test planned for Dec 2022
2nd test planned for Nov 2022
under re-test

Waiting for test

Location

Lund - BO2

Lund - BO2

Lund - BO2

Lund - B02

Lund - BO2

Orsay
Lund - BO2
Uppsala
Uppsala
Orsay

Orsay

ESS expected arrival
21 September

21 April 2021

16 Nov 2021*

19 Oct 2021*

25 May 2021

17 Dec 2021

08 Feb 2022

09 Mar 2022

End of Dec 2022
Nov 2022
September 2022
October 2022
Feb 2023 **
March 2023

-

Comments

Coupler accident at Orsay. Repair done.
Stepper motor problem at FREIA, returned to Orsay for repair, test OK at UL

Arrival in Uppsala 23rd of September. (history: Leak detected at Orsay, fixed.
During tests at Uppsala, one motor stuck. Stepper motor repaired by LICLab
and assessed at ULL

Helium leak in BV found during cold test at UU, was reprocessed at Orsay
(ES5-3218927);

Test completed in Uppsala, test completed; minor doubt in field calibration.
Test completed

Test completed

Minor doubt in field calibration

Being fixed at LICLab

at ESS for tuner motor repair: completed

planned UU delivery: Nov 2022

planned UU delivery: Jan 2022

Forecast: All Spokes within Q1/23, before start of installation effort



ELL CM: Scope

9 medium (+1 spare) and 21 high beta cryomodules

Industrial assembly
B&S International Company
in the CEA Saclay infrastructure

under the supervision of CEA

Presently 12 cryomodaules fully assembled (Throughput objective: 1 cryomodule/month).

Tests at high RF power performed at CEA :
* 2 prototypes (medium and high beta)
* 3 medium beta and 2 high beta cryomodules for checking the
quality of the assembly and performances before delivery to ESS
* Only 1 high beta cryomodule to test at CEA (before end 2022)

Main ESS requirements reached:

* M-beta cavities: 17 MV/m, 3.6 ms, 14 Hz ‘ T e
* H-beta cavities: 20 MV/m, 3.6 ms, 14 Hz

5
{
|
1
s
|
{

]

(W,

Plow

. 8 8 8 &8 88 & 8

|
|
|

(




ELL CM: Status

« All 9 cryomodules needed for ESS first beam are already delivered to ESS:
7 Medium Beta + 2 High Beta
5 cryomodules (MB) so far successfully tested at ESS and ready for installation

MB | Status ESS arrival * Comments

CMO1 | RFI 25 SEP 2020 He Level changes not implemented.

CMO02' | Waiting | 01 JUL 2022 Assembly Accident/Reprocessed at CEA
Tested at CEA OK.

CMO03 | RFI 02 JUL 2021 Cold Cathode Gauge damaged/exchanged
at ESS venting the string. Tested two times.
One cavity exchanged at CEA due to

CMO04 | RFI 01 OCT 2021 | vacuum accident.
First CM to reach ESS untested.
Internal heater unfunctional.

CMO5 | RFI 21 0CT 2021 Used for tunnel installation test.

CMO06 | RFI 05 NOV 2021

CMO07 | Waiting | 11 MAR 2022

CMO08 | Delayed | APR 2024
MB Cavity Production issues

CMQ9 | Delayed | MAY 2024

All components for First 9 HB CMs

CEA - Saclay

HB | Status | ESS arrival Comments
CM31 | Waiting | 03 JUN 2022
CM32 | Waiting | 17 JUN 2022
CM33 | Assy TBD delayed due to leak
CM34 | Assy 09 DEC 2022 | 3rd HB module to be tested at CEA
CM35 | Assy 02 SEP 2022
CM36 | Assy 23 SEP 2022
CM37 21 OCT 2022
CM38 25 NOV 2022
CM39 13 JAN 2023 | STFC Cavities already at CEA

(...) Approximat

ely one per month throughput, STFC cavities following

CM50

JAN 2024

CM51

MAR 2024
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SPK CM: FREIA test summary @

Accelerating field and heat loads

Started series module testing in Oct 2020, non-stop during RF power dissipation is almost always within fluctuation of helium gas

flow for heat load estimation

Covid-19 v' QO is above spec, lower field than elliptical cavities, and duty cycle is
only 4.5%
14 cold tests were performed, 8 modules were accepted, other 6 v' The static heat loads might improve at ESS because the thermal

tests are planned to assess total 14 CMs.

Aim is to finish series testing by March 2023 screen temperature is lower (FREIA: 80K, ESS linac: 40K)
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SPK CM: LFD Characterization

Corresponding histogram
900 count
800
700
60
50
40
30
20

10

M Piezol M Piezo2 M Lorentz force detuning @ 9MV/m LN WA NN 0O
'SR RAAR EAAR) RAAA] LALY RARES AAL RARRY AR

| i‘lli‘illlill'i\lll‘ —

CMO01 CM02 CM03CM04CM05CM06 CM07 CM08 CM09 CM10 CM 11

o O O

Detuning [Hz]

o

o

o

[zH] Buumeq

006 008 004 009 00S 00¥ OOE Q02 0Ok

o

v' Piezo tuning performed with unipolar bias (0-200V) in quasi-static condition slower than 50V/1min
v LFD < (single) piezo tuning range is generally true, if both used ample margin
v Note: FREIA tests are performed in open loop conditions.



SPK CM: VT/CM Cross-Calibration @

v Several methods implemented: most satisfactory is stored energy computation from reflected power (cfr
Tom Powers) was deployed only after CM09

v Old data was estimated manually by looking at waveform structure
v" Systematic trend of learning process of the FREIA team must be taken into account
v' Calibration uncertain of power measurement was estimated to be maximum 0.5 dB (12%)
v Standing-wave effect, standard deviation of statistics (twice calibration for all modules), etc
m CM calibration

CM02 CMO03 CMO04 CcM07 CM08 CM09 CM10
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ELL CM: ESS Test Stand @

The workflow is split in phases

At each phase test reports are produced
=> Cryomodule operation

Table 1. Phases of the CM Workflow

' # | Phase Areas
(+ incoming package from CEA) e from 0 e
2 | Cryomodul i CM-IRA
=> Cryomodule Assembly 3| Ciyomole inaliion cvIRA Buner
4 | Cryomodule Warm Validation
=) ﬁ CM Procedures |3_| Cryomodule Cold Validation | TS2 Bunker
' 6 | Cry dule Warm-u;
=7 Step 1 Reception SRF 7 | Cryomodule Di =5 Bunker CM-IRA
© SlepZincoming — 8| Cryomodule Preparation for Dispatch | CM-IRA G02-CXL
{5 Step 3 ToBunker| O 9 | Cryomodule Dispatch GO2-CXL HLB Hall or Storage

+ [ Step 4 WarmOps |
+/ 7 Step 5 ColdOps I".

+ 7 Step 6 Warmup |
+/[ Step 7 Disconnect |

© Master test report
(min 21 docs)

[
+ 7 Step 8 Outgoing | \4
# [ Step 9 Dispatch '.¥ Vacuum

= =C

L]
Figure 2. Flow of cryomodule testing phases in the different areas of the Test Stand 2

Non-stop operation during Covid-19

Mechanical Electrical



ELL CM: Coupler Conditioning @

(1) Warm and cold coupler conditioning

Automated EPICS sequencer script runs through a cycle of Gradual improvements of processing times
steps, as defined at CEA, and monitors vacuum, EPU and AD for each successive module.

signals. Conditioning reports are produced for each CM
Power cannot exceed 300 kW in full reflection for RF pulses (14 h is the cumulative duration of the

longer than 500 ps. Peak power cannot exceed 1.2 MW for uneventful power sweeps of the nominal cycle)
any pulse length ———— = o

—— . C2 Warm . C2 Cold

Min 14 h
(3.5 h each cav)

AD and EPU 119 |
Signal monitoring (L R R




FLL CM: Tuning and Calibration @

(2) Cavity tuning & cavity calibration

» TS2 has redundant RF power monitoring to allow

(kt and Qt) assessment of systematic calibration uncertainties:
y

TS2 allows us to build the High Level Tools and OPIs that are *  Readings from several DC along the RF path

needed later into T&C phase in the Linac Several methods implemented:

« Stored energy from reflection (a la Tom Powers)

* VT calibration coefficients from IK

* Overcoupled calculations from Forward power

» Power reading using LLRF and off-the-shelf SRF
Power Meters

> Agreement generally within10-15%, as expected
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ELL CM: Ramp up to nominal field @

(3) Cavity conditioning — operation & and field emission measurements
Conditioning — open loop- Operation — closed loop-

11 12T

FE
Detuning

~_ EPU/ADs,FE

- FE (details in
back-up slides)

Energy ¥
1 end-point

This process is currently manual, in open loop. Pulse Ien'gth" is set
manually and the power is then ramped to the maximum achievable.

Beam vacuum, arc detector and electron pick-up (*) provide
interlock capabilities and are monitored during the process. Field
emission is also monitored during conditioning.

Cavities so far have mainly been power limited (300 kW coupler limit)

RF pulse width is gradually increased until the operation pulse length
of 3.2 ms is reached.

PJJ—J“—J‘L‘—M B
r
CM Lengih 6. 5 m
s s H: 1L.06m
V130m
[+

ks | Him
Cavities can then be run simultaneously by splitting the power e e | e A gH"‘”‘“’“
evenly from each klystron. ' ' =



ELL CM: Cavity Stud!es | | @
(4) Miscellaneous:, detuning calculations, simulated beam loading

“Simulated” beam (3mA) in Test Stand vs Theoretical

Detuning general (details in back-up slides)

Model__

dv dv o I oy |
le6 = (wa*%q _Vcan*_dE?EL + 2*w1f2*(vfoﬂ*vcauo - VforQ* cav))/2T Hl 3 ] o ”beam"
Detune[Hz] = 5 - I £\ | o~
Vcau! + Vcan T | ' TN G |nJeCted
- eE— D directly into
Gl Wi - = E ! : feedforward
z S : ad Detuning Porameters 1 I H i:I tabl
a : e R - = ! IE | lable
i \; v mm ] ] e || Dt L= N
e Ce ] “Beam”(6mA) off but FF table still on
— Feedback saEeu: e
performance with S

Dynamic Detuning
calculation still not in

core LLRF

functionality. IOC has
been developed in TS2

* Assist in cavity tuning.

beam loading;:

the simulation
shows a reasonable
feedback loop should
suppress beam
loading to +1%, but
so far in TS2 only get
+4~5%




ELL CM: Testing times @

Medium Beta testing time

e fg v g
The prototype CMOO EEE Days in Bunker (All) BN Days in Bunker (Series)

140 4
was used to 600

commiission the
120 -
100 -
........ .
The goal testing time is
ol of 5-6 full weeks in the
test bunker (~40 days).
co-90.days 20 -

testing facility and the
ESS testing procedures
in a staged fashion, with
several cooldowns and
RF test campaign

The module was kept in
the test bunker for
nearly two years before
starting the series test
campaign

cmo3 S

cvos N
cMos
cvos

5 3



ELL CM: VT vs CM Performances @

Vertical test VS Cryomodule Test Calibration constants of the VT are
typically more (up to 20%) optimistic than

A administrative limt - those determined during the CM tests
Em C1VT =W C3VT Eacc mm C1CM ®m C3CM  ( Quench

= C2VT  mmm C4VT W= C2CM  WER C4CM | F: Field Emission (through forward power or stored energy)

We use recalibrated values from CM tests
to assess gradient performances.

o0 ktmw
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1] 500
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VT miCM mDRm
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miVT Wl w0k in

MOPOGE25 Rf Measurement and Characterisation of ESS Cavities at
UKRI-STFC Daresbury Laboratory and DESY

2 3 ) S 4 g a 2 - 4 b TUPOJO15 Commissioning of UKRI-STFC SRF Vertical Test and HPR
g g 5 & g g & & 5 3 Reprocessing Facility
™ # cM

# THPOGEO5 Some Interesting Observations Seen During Vertical
Tests on ESS-HB-704 SRF Cavities at UKRI-STFC Daresbury Laboratory




FLL CM: Administrative CM test limits @

VT-CM Correlation g /
CM Testing frequently stopsat ~ ~ 1 . ﬁ* B 5
the administrative limit of ~300 f .
kW for long pulses in full . 700 Hz LFD
reflection, set by the coupler % 5 @ 19 MV/m
design (and conditioning history) = \\
s 23

Piezo hardware and its ¥ v
integration within the ESS LLRF  ° : ® o * * = T
is not yet ready, so this limit is Cavity Forward - Al5 Cavity Reflected - Al6
reached at approximately 18-20 g ! : I S SR SO N S S S
MV/m due to the large LFD along “ T i
the 3.2 ms RF pulse length and S§ | 55'; |
the FBiperation _ Even predetuning % 8 % 84
/ | i statically, thereis a § ol TSN~/ §3_4 :
2 \! large power " | i i
: overhead required = © e Sl et ot e atad et i o

TR =:‘:_ TR at beg and end for 00 05 1.0 15 .2.0 25 30 35 40 00 05 10 15 .2.0 25 30 35 40
el it Time [ms] Time [ms]

closed loop ops




Cryogenic Operations

OPI overview

T T N S

* TS supply

e TS return
* HSL

* JT circuit
* Filling

+ PCDW cooling
* VLP return

* Purge return
+ Safety relief

* Vent line

Installation/Interconnections
Verification of signals +cryo-control
Purge circuits, Leak Checks
Cool-down of Thermal Shield to
35K

Cool-down to 4.2K

Cool-down to 2K

Stable conditions for SRF
operation

Heat load measurements
Studies of cryo-performance
Warm-up to 4K

Warm-up to Ambient
Disconnection

W

[
i

100
1

il Ceve (9]

Temperature Cavity 4 [K] C75 & (%] 75 [K]

' wn

marbaat

@
Heat Loads statistic ~

DHL 5/7 W
SHL 16/18 W

Measured Heat Loads - MB Cryomodules

= N N w
wv o wv o

Heat Load [W]

—_
o

CM-01
CM-02
CM-03
CM-04
CM-05
CM-06
CM-07
CM-08
CM-09

B Static Heat Load

[9)

® Dynamic Heat Load

Test cycle, cool down & warm up
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Cryomodule
test installation

Due to delays in the finalization of the ! @'ﬂ#;“ . . =
Cryogenic Distribution System, CM installation ! - -~ : —d 4

B
will start only in Q1 2023 ) 4 w
; B I Ca z é =

Several CMs are RFl now, so we performed N
dummy installation tests during finalization of ._ N
CDS Y NS



SPK CM: Installation test @

(2)Alignment

(1)Transport
i) gy == (3)Wave guide test installation

BN\

.........

(6) Connection to
Cabling connection test cryogenic distribution



FLL CM: Installation test @

(1) Transport & Alignment (2) Wave guide test istaIIation

(3) Cabling connection test

to cryogenic
t distribution
system




summary @

Preparing for the RBOT (Ready for Beam on Target) Milestone

All CM for the initial linac configuration at ESS by Q1/2023, when installation starts
= 13 SPK, 7 MB ELL and 2 HB ELL to reach > 570 MeV

Linac will be commissioned for the Beam On Dump phase

9/13 SPK CM tested to specs at FREIA
5/30 ELL CM tested at Lund TS2 (only 9 ELL CM necessary for RBOT, 5 MB + 2 HB)

The start of the beam commissioning to the beam dump is foreseen 2024-07

23
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