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Abstract

The first double spoke cavity for ESS project was tested with high power in the HNOSS cryostat
at FREIA Laboratory. This cavity is designed for 325.21MHz, a pulse mode with 14 Hz
repetition rate, up to peak power of 360 kW. The qualification of the cavity package in a high
power test, involved a spoke superconducting cavity, a fundamental power coupler, LLRF
system and a RF station, represented an important verification before the module assembly. This
report presents the test configuration, RF conditioning history and first high power performance
of this cavity package.
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1. Introduction

ESS, the European Spallation Source, will be an accelerator-driven facility contributing for academia and
industry scientific research topic using neutron beams. The project started construction in 2013 aims to
deliver first neutrons in 2020 [1].The linear accelerator shown in Figure 1, or linac, is thus a critical
component. The superconducting spoke section of the linac accelerates the beam from the normal
conducting section to the first family of the elliptical superconducting cavities. This section adopts a
single family of bulk niobium spoke cavities, a total of 26 spoke cavities, grouped by 2 in 13
cryomodules [2]. The choice of the spoke resonator is driven by the potential for high performance at
low/middle energy part and intrinsic mechanical advantages. As a new resonator structure, only about 15
spoke prototypes of different types and ’s have been fabricated and tested worldwide. However, many
high power proton accelerator facilities are currently considering adopting spoke technology. The ESS
linac will probably be the first to be constructed with double spoke cavities. Therefore, developing of
spoke cavities becomes one of the most important parts of the whole project.

—_— 3522 Mz = 70442 MHi—

€«25m-> €46m-> €«40m-> €389m>

75 keV 3.6 MeV 90 MeV 216 MeV 571 MeV 2000 MeV

Source

LEBT MEBT

Figure 1: The layout of ESS linac

The FREIA laboratory (Facility for Research Instrumentation and Accelerator Development) at
Uppsala University is established in order to support the development of instrumentation and
accelerator technology [3]. The key project of FREIA is developing the ESS superconducting spoke
linac. This project contains three phases: (1) the first RF source, (2) the prototype cavity and the
prototype cryomodule (3) series cryomodule [4].

In 2015, low power tests of a dressed spoke cavity Germain had been done at FREIA to verify the
hardware and test procedure [5]. A good agreement of test result from IPN Orsay and FREIA means
that the calibration and test procedure is valid for a further step. Followed step was a qualification of the
cavity package in a horizontal high power test, involved a spoke superconducting cavity, a fundamental
power coupler (FPC), LLRF system and RF station, which represented an important verification before
the module assembly. A double spoke cavity (Romea) had been fabricated and selected for the high
power test. It completed its vertical test at IPN Orsay, with an excellent performance of maximum Facc
of 15 MV/m @ Q,= 4x10’ that was a determinate of a successful cavity design and processing [6].
Equipped with the FPC and cold tuning system (CTS), this cavity package was shipped to FREIA and
installed in HNOSS cryostat.

A power conditioning stand and a RF test system were commissioned in this test. An optimal
procedure for power coupler conditioning was primarily developed, with the purpose of addressing
challenges at ESS with respect to high efficiency, high availability, as well as to reduce the time and effort
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of overall power coupler conditioning. The object of this test thus became the validation of the complete
chain of high power RF amplifier, high power RF distribution, FPC, spoke cavity package and LLRF
system. All these infrastructures provided a mechanical environment similar to its operation in linac.

2. Design of the ESS spoke cavity

ESS linac will include a single family of 3=0.5 bulk niobium double spoke cavities, operating at a
temperature of 2 K, and at a frequency of 352.21 MHz. A total of 26 spoke cavities, grouped in pairs in
13 cryomodules, will take up 56 m of length. The chosen operating accelerating field is 9 MV /m, where
the accelerating length is defined to be (n+1) 8A/2, and n is the number of spoke bars. The required
peak RF power to supply one cavity is about 250 kW for the 62.5 mA beam intensity, corresponding to
10 kW of average power at a duty factor of 5% [7]. According to the design of cryogenic, this double
spoke cavity should have a dynamic heat load less than 2.5 W with respect to a goal of quality factor of
1.5%10” at nominal gradient of 9 MV /m.

Table 1: Main RF parameters of ESS double spoke cavity

Frequency [MHz] 352.21
Beta_optimum 0.50
Operating gradient [MV/m] 9.0
Temperature [K] 2
Bpk [mT] 61
Epk [MV/m] 38
G [Ohm] 133
R/Q [Ohm] 427
Lacc (=beta optimal x nb of gaps x A /2) [m] 0.639
Bpk/Eacc [mT/MV/m] 6.8
Epk/Eacc 4.3
P max [kW] 335

The ESS spoke cavities were designed at IPN Orsay. A numerical simulation analysis of the behavior
of the cavity and helium vessel had been conducted, permitting the development of a mechanical design
of the cavity with its stiffeners and the helium tank. The main parameters of the spoke cavities are
shown in Table 1 and Table 2 [8]. Since March of 2013, three prototypes had been launched in
production: one was manufactured by SDMS (France) and two others by ZANON (Italy), as shown in
Figure 2 [9].
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Table 2: Mechanical parameters of ESS double spoke cavity

Stiffness of the cavity [kN/mm|] 20
Tuning sensitivity f/z [kHz/mm] 135
Sensitivity to helium pressure KP

[Hz/mbat] 165
Without CTS 26
With CTS
Lorentz detuning factor KL
[Hz/(MV/m)?] 513
Without CTS i 4 4
With CTS '

Figure 2: left #1 (Romea); middle #2 (Giulietta); right #3 (Germaine)

3. Test stand

3.1.Test stand

The high power test stand at FREIA for ESS spoke cavities consists of a high power RF station running
with TH595 tetrode tubes, an AFT circulator protection device, water cooling system, load, HNOSS
horizontal cryostat [10] and LLRF based on either self-excited loop (SEL) or signal generator. All these
infrastructures provide a mechanical environment similar to its operation in the ESS linac. Note that the
dressed cavity had no cold magnetic shield and relied on the HNOSS magnetic shield which is located at
room temperature in the vacuum vessel. Figure 3 shows the Romea cavity installed in HNOSS cryostat
[11].
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Figure 3: Romea installed in HONSS cryostat

Since the tuner feedback controller is still under development, SEL naturally becomes a substitute for
following the cavity resonant frequency without feedback [12]. This SEL includes a digital phase shifter
and gain-controller, based on NI FlexRIO FPGA and NI 5782R data acquisition modules. With this
digital system, one can vary the loop delay with high-precision, where the loop delay is tightly related to
loop frequency. Thus all high power tests for Romea were done by this pulse SEL with a help of the
Lund LLRF system.

The LLRF control system, had been installed and integrated into the EPICS control system at FREIA,
was developed at Lund University and it will be used to regulate the superconducting spoke cavities, and
the cryomodules that contain them [13]. The LLRF system for controlling the field of the accelerating
cavities both in phase and amplitude is still under development. The timing reference for this LLRF
system comes from two sources. There is a global timing which gives the triggers when the beam pulse is
coming. Another is a well-controlled phase reference system which is used to measure the phase of the
cavities [14]. During the high power test at FREIA, the Lund LLRF system worked for triple functions:
(1) The high power RF station (DB station) used in this test was designed for producing RF powers
within 4 ms with 14 Hz repetition rate. In order to synchronize the FPGA data acquisition system and
the RF power station, a blanking signal of 4 ms pulse length @ 14 Hz was provided from the Lund
LLRF timing system. (2) Another programmable trigger signal with a pulse length of 2.86 ms @ 14 Hz,
so-called pulse control signal in the diagram block, was produced by the Lund LLRF system with a
purpose of switching on/off a RF switch which controls the SEL in a pulse mode. This control signal
was also used as an external trigger for all power meters which monitors RF power to/from the cavity.
Note that the pulse length of 2.86 ms was limited by the FPC and could be improved up to 3.26 ms in
the future, as reported in the ESS technical design. (3) The Lund system integrated all interlock signals
from the FPC and the loop and sent out an overall interlock control during RF on.

The block diagram of the pulse SEL at FREIA is shown in Figure 4 and some key parameters of this
SEL are listed below:
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e The maximum peak power is around 400 kW by using a DB station;

e The maximum loop gain can reach up to 160 dB ;

e A control voltage attenuation with range of 3 to 40 dB;
High-precision loop delay and loop gain control can be obtained by a digital phase shifter.

[ ]
20dB 20dB
— _ imi Pre. Pre. s
beb Limiter Amplifier Amplifier Limiter Real time phase shifter
]
f \ -10dB
77N FPGA
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N '/.'
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_ 2
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Figure 4: Diagram of SEL block at FREIA

3.2. Test software
In order to reach high efficiency and high accuracy of measurement, several LabView interfaces were

fully developed at FREIA. There were a cavity monitoring interface during cooldown and warm up, an
automatic coupler conditioning system and a RF measurement interface. The RF measurement interface,
consists of a data acquisition system, a data analyzing system, a digital phase shifter and gain controller
based on FPGA, functioned both in the cavity package conditioning and high power test. Figure 5

shows one example of this LabView interface.
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Figure 5: The FREIA high power test interface

3.3.Test programme

Pr_per_pube avelW) 17,8041
e awe (MV] 4, SE3ES

9,10348 9,09757

By using above hardware and software, following typical measurements for Romea had been conducted:

e RF behaviour of cavity during cool down;

e Coupler conditioning and cavity package conditioning;
e Achieve nominal gradient;

e Cryogenic heat loads,

e Loaded Q factor, eigen and external Q, Q, = £(E) curve,
e Dynamic Lorentz detuning and mechanical modes,

e Field emission onset and multipacting barriers,

e Sensitivity to helium pressure fluctuations,

e Tuning sensitivity.

4. Coupler conditioning

Prior to the high power test, the FPC went through RF power processing both at room temperature and

2K. The warm and first cold coupler conditioning were done by using IPN Orsay’s system, followed by

changing to the new FREIA conditioning system to verify its performance. All coupler conditioning

used a traditional signal generator driven loop. In order to reduce damage from destructive factors, the

coupler vacuum was chosen as a leading preventive indicator. The main idea of a RF-vacuum feedback
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system is to regulate RF power as a function of vacuum pressure around the coupler. In this way,
vacuum limits avoid local overheating or electrical arcing within the vacuum side, which otherwise would
damage the fragile ceramic window in the coupler.

4.1.Warm and first cold conditioning
The warm conditioning and first cold conditioning was completed by the IPN Orsay’s system (Figure 06),
in which the procedure and all key parameters followed IPN Orsay’s instruction. This RF power

conditioning was done in a standing wave regime at 14Hz repetition rate with different pulse lengths
from 20 to 2860 us.

Figure 6: IPN Orsay’s RF conditioning system

This IPN Orsay’s system mainly consists of the following hardware and software [15]:
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e A hardware track, including a DC power supply, a RF signal generator, an electron activity security
box, a main security box, an arc detector security box, data acquisition boxes, two PC, and RF
power meters;

e Different sensors around the ceramic window on the FPC such as vacuum, arcing, temperature
and electron activity as well as corresponding cabling;

e A RF-vacuum feedback conditioning program based on LabView.

Three vacuum thresholds functioned in this conditioning procedure. The RF power from the RF
generator decreased one step once the coupler vacuum was higher or equal to the first threshold Ps1*.
When the vacuum increased over the second threshold (Ps2), the LabView program decreased the
level of RF power applied to the RF generator by two steps. This program kept waiting and would not
continue normally until the vacuum was below Psl. If the vacuum increased beyond the third
threshold (Ps3) then the RF signal was cut off. If the vacuum level didn’t recover and was not below

Ps3 after a certain time, this program would be totally stopped. Some key parameters are listed in
Table 3 [16].

Table 3: Main Parameters of Spoke Cavity Conditioning

Parameter value
Loop control time [s] 1
Pulse repeat rate [Hz] 14
First Vacuum threshold Ps1 [mbar] 5e-6
Second Vacuum threshold Ps2 [mbar] le-5
Third Vacuum threshold Ps3 [mbar] 8e-5
Hardware Vacuum threshold [mbar] S5e-4
Initial pulse length [us] 20
pulse length step 20 ps, 250 ps,
500ps, 800 us,
1.1 ms, 1.35 ms, 1.6 ms,
2 ms, 2.25 ms, 2. 5 ms,
2.7ms 2.86 ms

*One step of power applied to the RF generator in this software is defined as 0.1 dBm .
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TT305
(outside
HNOSS)

Figure 7: Romea FPC Sensors

During the cooling and measurement, the FPC was checked with three temperature sensors: TT303,
TT305 and TT147. Figure 7 shows their corresponding position on the FPC: TT303 and TT305 were at
the inlet and outlet of the supercritical helium circuit respectively and TT147 was connected to the
midsection of the FPC. Here only TT147 is a Pt100 while the other two are Cernox sensors.

The total warm RF processing at FREIA before cooldown took about 30 hours, as shown in Figure
8. Outgassing started from 20 kW and a considerable load occurred through the forward power region
of 40-60 kW at short pulses. At the first phase, this coupler conditioning finished when forward power
of 120 kW was reached with 2.86 ms pulse duration.

HNOSS was followed being cooled by LN2 for quite some days and the 4 K tank was also cooled
with LHe. By conduction the cavity got to be at 200 K before starting its cooling. The cavity package in
HNOSS was then cooled down from 200 K to 4 K within an hour. The first cold conditioning of the
FPC by the same system was completed and the history of this conditioning is shown in Figure 9. Only
few outgassing happened and the first cold conditioning was smoothly finished within 14 hours.
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Figure 8: Warm conditioning history of coupler
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Figure 9: First cold conditioning of coupler
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4.2.Second cold conditioning

In order to reach high efficiency and high availability by reducing the time and effort of the overall
conditioning process, an automatic conditioning system, which consists of an acquisition system, a
control system based on LabView software and feedback was developed at FREIA [17]. Figure 10 shows
a typical interface of FREIA’s automatic RF conditioning control program. The drive power level to the
RF station could be controlled either manually or by this automatic conditioning system, while all
essential safety interlocks were implemented in hardware. Some sensors and interlock signal came from
IPN Orsay’s system in this test, while the conditioning program and other hardware used were FREIA’s

] Ly

own.

T g |
 — © gm

wrpuseWigh et o fioo oo o fow Joo P o fae o o fo ]

Figure 10: The control screen of the FREIA automatic RF conditioning system.

RF power conditioning with the FREIA system was done in standing wave with the same pulse
lengths regime from 20 to 2860 ps. During each phase of selected pulse length, the power started from a
low value and then ramped up step by step depending on various operating parameters. Finally, the
maximum power of 120 kW was reached. Two software vacuum thresholds were adopted in this
conditioning procedure: as long as the coupler vacuum kept below the first software threshold of 5e-7
mbar, RF power increased, and once above the first software threshold, the controller held the RF
output until the vacuum was recovered. Otherwise, RF power was decreased by 1dB if the vacuum got
worse than the second threshold of le-6 mbar. Note that this 1 dB power drop only applied once in
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each outgassing above the second threshold. Based on the conditioning experience from worldwide
laboratories, the coupler vacuum usually recovers in most of the cases while a few harsh outgassing
becomes worse fast and triggers the hardware interlock. Once the current phase reached the targeted
power, the system kept the maximum forward power for a soaking time before the input signal was cut
off. The next phase should not be executed until the vacuum recovered below the first threshold. In
parallel, an interlock system protected the RF components independently. Essential detective activities
employed in the interlocks were arc, electronic events, temperature and vacuum. The main software
control parameters are shown in Table 4.

Table 4: Main Parameters of Spoke Cavity Conditioning

Parameter value
Loop control time [s] 1
Pulse repeat rate [Hz] 14
Vacuum upper limit [mbar] le-6
Vacuum lower limit [mbat] 5e-7
Initial pulse length [us] 20
20 ps, 50 ps,
pulse length step 100 ps, 200 ps,
500 ps, 1ms, 1.5 ms, 2 ms,
2.5 ms, 2.86 ms

The main devices for the RFF conditioning process are:

e Signal Generator

e Power Meter

e Vacuum Gauge

e Arc Detector

e Electron Detector

e Fast RF Interlock Switch

e Vacuum Pumping System

The FREIA automatic RF conditioning control program is based on LabView platform, with
functions reading or publishing data from/to EPICS system. The whole program consists of several
modules to make debugging easier and future upgrading more flexible. This conditioning system was
then tested with the ESS cavity package to verify the logic and related hardware. The overall FREIA
system worked as expected: with little vacuum activity the forward power quickly ramped up to 120 kW
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with 2.86 ms. The well performance of FREIA’s automatic conditioning system implies that it is ready
for future conditioning missions.

5. Cavity package conditioning
A major difference, compared to the FPC conditioning, is that the cavity RF conditioning was done by
the pulsed self-excited loop as describe in chapter 3.

The cavity conditioning had been implemented above operational power level in two phases. The
first phase introduced a frequency modulation (FM) around the resonant frequency at a very low power
level in order to sweep the field distribution forth and back along the coupler walls in a controlled
manner. The FM modulation was completed by a digital phase shifter based on NI FlexRIO FPGA and
NI 5782R data acquisition modules. With this digital system, the loop delay could be varied with high-
precision, where the loop delay is tightly related to loop frequency. The subsequent phase was also
completed with the SEL but only by ramping up the RF power with a fixed pulse length of 2.86 ms,
which gave a higher efficiency for conditioning.

Figure 11 shows the cavity package conditioning history. Three major multipacting (MP) regions have
been found during the cavity package conditioning, with key parameters shown in Table 5. The first MP
happened during the forward power from 22 to 30 kW, corresponding to a flattop accelerating gradient
from 4.5 to 4.8 MV/m. This MP was accompanied with a degrading coupler vacuum and higher electron
current, which most likely happened at the area close to the interface between the cavity and coupler.
The second MP bartier encountered was from 35 to 48kW with a flattop gradient from 5.2 to 5.7 MV /m.
While going through the third region from 67 to 76 kW, which was roughly from 7 to 7.5 MV/m, the
performance of the cavity was stable. High X-ray activity was detected during the heavy MP, which
caused an increase of the coupler temperature. Radiation was swapping between very high and low levels.
After about 30 houts of conditioning, the cavity package reached and was stably kept at IMV/m flattop
accelerating gradient for more than 3 hours. The corresponding forward power was 110 kW. During
further measurements, all these three MP regions were repeatable but much easier to go through and
with less radiation.

Table 5: Major MP region during Spoke Cavity Conditioning

MP barrier Flattop gradient [MV/m] RF input power [kW]
1 4.5-4.8 22-30
2 52-5.7 35-48
3 7-75 67-76
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6. Quality factor measurement and dynamic heat load
0.1.Cool down procedure

The time it takes to cool down HNOSS' shield from room temperature depends on the chosen final
value. Initially, the cooldown went fast (especially for the ICB) but below 120 K the cooling rate was
much lower. If one considers the shield to be cold when all sensors placed around the N2 shield (both
in the VB and the cryostat) is less than 120 K, then the time it took to cool down from room
temperature to 120 K was 21.5 hrs. Afterwards, the cavity package in HNOSS was cooled down from
200K to 4K within an hour. Figure 12 shows the cooldown history, from which an average cooling rate,

bigger than 1 K/min was kept in the temperatutre region from 150 to 75 K, to avoid Q-disease in the
cavity.

The cooldown rates for this run for Romea were considered from the start temperature of 205 K.
Different cooldown rates based on different calculation conditions are:

e 4.1 K/min:ifall TTs (except TT125) < 20 K
e 325K/min:if 150 K < all TTs (except TT125) <20 K
[ ]

4.48 K/min: if 150 K < all TTs (except TT125 and TT104) < 20 K

Note that the starting temperature of Romea (ca. 200K) for cooldown was achieved by first cooling
the cryostat shield with LN2 for four days after the conditioning of the FPC at room temperature (end

temperature 250 K) and the last 50 K decrease came when the sequence for cooling the 4K tank was
started. More details about the cooldown can be seen in [18].
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Figure 12: Cooldown history of Romea cavity package
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During cooldown, the resonant frequency of Romea was checked via an S parameter measurement to
study the cavity behavior. These measurements will help with the frequency control during the cavity
fabrication and post-processing. The cavity resonant frequency shifts as a function of temperature are
shown in Figure 13 and Figure 14. Table 6 lists the key frequencies of Romea at three different
temperatures, from which the frequency increment due to cryo-constriction was about 500 kHz from
300 K to 4 K, while a frequency decreasing of 27 kHz happened from 4 K to 2 K since the helium
pressure decrease from 1 atmosphere to 30 mbar.

Table 6: Resonant frequency of Romea

Temperature Resonance frequency Frequency shift [MHz] Frequency shift [%]
300 K 351.8939% 0.0005MHz - -
4K 352.4004 £ 0.0005MHz -0.507 £ 0.001 0.144
2K 352.3725 £ 0.0005MHz -0.479 £ 0.001 0.136
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Figure 13: Cavity frequency checking during cooldown from 200 K to 4 K. Here, the red curve is
temperature of the cavity, blue curve is the cavity frequency and the black curve the pressure in the
helium tank.
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Figure 14: Cavity frequency checking during cooldown from 4 K to 2 K. Here, the red curve is
temperature of the cavity, blue curve is the cavity frequency and the black curve the pressure in the
helium tank.

0.2.Quality factor measurement

The quality factor measurement of the cavity package was based on the calorimetrical method. The
cavity package was operated at a pulse mode with 14 Hz repetition rate and 2.86 ms duration. Limited by
the FPC, peak power was 120 kW, which still adequately built a field with a flattop gradient of 9 MV/m.
The preliminary result of the quality factor of the cavity package vs. gradient curve is shown in Figure 15.
The high power test of the spoke cavity package started in April 2017 and lasted until shipping it back to
IPN Orsay in May 2017.

In general, the measurements could be divided into three runs. The major difference among the test
runs is the use of different test methods and condition controls for the heat load measurement. In the
first run, the heat load was only measured by the helium gas flowmeter at room temperature and
pressure. The second and third runs used both the pressure rise method and the flowmeter method but
under different conditions. During the second run, the heat load was determined once parameters such
as helium flow, coupler temperature and helium pressure were stable. During the third run the system
was left to stabilize only in cavity pressure (See section 6.3 for more information).
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Figure 15: Cavity package performance as a function of accelerating gradient

From values from the third run, the Romea cavity package had a Q factor of 1.3x10” at low field and
2.6x10% at 9 MV/m. An unexpected high heat load and several MP regions were found during the test.
All MP regions were consistent with those encountered during the conditioning process but much easier

to go through after conditioning.

6.3.Dynamic loss estimation

Two different methods of dynamic heat load measurements, liquid helium evaporation (measured via
the flowmeter placed after the sub-atmospheric pumps) and the pressure rise method, had been used in
otrder to cross check the system performance. From the measurement results shown in Figure 16 and
Table 7, an unexpected high heat load for the Romea cavity package is seen. The cavity package dynamic
dissipated power at 9 MV /m was about 12 W with 4% duty cycle, which is far higher than the expected
value of 2.5 W. It can be seen that some regions had a higher heat load than others, which might be
explained by the presence of multipacting barriers.

-23 /60 -



FREIA Report 2017/10

(4/asn) uoneipey

01

000T -

000z

000€

ooov -

000Ss

0009 -

0ooL

(w/AW) yead 22e3
S 14 € [4 ! 0
00's
0001
uni pig-uogelpes  ©
UnJ puz-Ia}3WMojj-uoiielpey ¢ N 8.m.n
uni puz-adojs-uonelpey o
uni jsp-uopelpey  ©
uni pig~ado|s peo| 1eay JNweudg —=—
UnJ puz " J313WMO}Jpeo| 183y AWeUA] - =& =
uni puz—adojs”peoj 183y JweuAg —+— N 8.QN
uni 1T JS1awMmoly~peoj 1eay Jweuhqg —u—

ju10d 3U3J331 B SEB 1B3Y J1Je)S JUIWIINSe3aW peo| 1eay dlweulq

00'sz

(M) peoj jeay siweuig

Figure 16: Dynamic loss vs. accelerating gradient
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Table 7: Dynamic heat load of Romea cavity package at 9 MV/m

Eacc [MV/m] dynamic RF load [W] Test run Test method
1* run Flowmeter
9 10.71 2017-4-13
2" run Flowmeter
8.98 13.16 2017-4-25
2™ run Pressure rise
8.98 13.35 2017-4-25
3" run Pressure rise
9.1 11.74 2017-4-26

Firstly, the helium inlet was kept close when applying RF power into the cavity. An absolute heat load

of the whole cavity package was calculated from the readout value of the helium gas flow at the outlet. A
heat load measurement of 10.7 W from the flowmeter at 9 MV/m was determined in the first run while
13.16 W came from the second run, shown as the orange line and the blue dotted line in Figure 16. A
higher accuracy heat load measurement based on pressure rise was completed right afterwards [19]. The
helium level in the 2K tank was kept between 60% and 80% during the whole test. A known amount of
resistive heat was applied to the cavity via heaters placed on the helium tank. Once the system stabilized

both inlet and outlet valves of the cryostat were closed (Figure 17) and the pressure rise was recorded as

a function of time for 3 minutes, as shown in Figure 18. The choice of 3 minutes is driven by recording

as much data as possible without inducing a significant temperature change on the coupler.

Subatmospheric
pumps

Level Probe

Reheater

O KX

- @ & & production

ScHe

M Valve

@ Flow meter
@ Pressure gauge
=  Heater

Figure 17: Layout while implement a pressure slope measurement (Both the inlet and outlet of 2 K tank,

the red valves shown in the picture, were kept closed during measurement)
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Figure 18: Different pressure rise as a function of time by a known resistance for 3 minutes (the step-
wise graph recorded from the EPIC system, the reason for where the steps came from is still under
study)

A heat load calibration curve was built by repetition of the relative pressure rise measurements. The
pressure gradient as a function of heat power fulfills the equation

Slopegr = Slopeyw X Paynamic + Slopestatic (6.1)
Where Slopegg is the measured pressutre gradient for a certain heat load,
Paynamic is the corresponding dynamic heat load with respect to a certain Slopegg, in [W],
Slopey is the dynamic heat load coefficient in [1/W],
Slopegtatic is a pressure gradient offset depends on the static heat load.
Through the calibration curve shown in Figure 19, the dynamic heat load calculation of Romea is,
Slopegr = 0.00155 X Pyynamic + 0.015 (6.2)

Finally, RF power was loaded in the cavity and the dynamic load was calculated by using this
calibration curve. The dynamic heat load of Romea’s cavity package as a function of the accelerating
gradient during the second run is shown as a solid blue line in Figure 16. A dynamic heat load of 13.35
W was found at 8.98 MV /m.
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Figure 19: Calibration pressure gradient as a function of heat power

The heat load measurement based on the pressure rise method had been implemented in the second
and third runs. Fach measured point was determined once all parameters got stable in the second run,
and the waiting time for each point, mainly due to a slow recovery of the coupler temperature, was
roughly 30 mins. Here, the coupler temperature was considered to be good enough when TT147 was
below 40 K. In this way, to obtain a whole measured curve of the dynamic heat load as a function of
gradient needs almost a working day. Two different methods, both flowmeter method and pressure rise
method were used to crosscheck the result and showed a good agreement with each other in the second
run. Considering the cryo-parameters were relatively slow changing compared to the helium tank
pressure, the system was left to stabilize only in pressure and recorded the pressure rise in the third run.
The test efficiency was thus improved by a shorter measurement time with more measurement points.
All measurement points of dynamic heat load during the third run are listed in Table 8.
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Table 8: Dynamic heat load of Romea cavity package in the third run

Eacc [MV/m] pressure rise slop dynamic RF load [W]
200 0.0152 013
)52 0.0153 019
270 0.0156 0.39
203 0.0158 0.52
3.2 0.0161 0.71
3.50 0.0162 0.77
Lol 0.0187 2.39
30 0.0227 497
51 0.0359 13.48
507 0.0191 2.64
630 0.0185 226
.50 0.0195 290
o1 0.0245 6.13
. 0.0413 16.97
- 0.0432 18.19
007 0.0237 5.61
031 0.0252 6.580
066 0.028 8.39
0.10 0.0332 11.74
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0.4.Hypothesis for the high heat loads measured

When the cavity was operating at its design field, a high radiation of 6 mSv/h at 90 degree angle of
beam direction was observed. High radiation implies that MP or field emission happened in the cavity
package, and it leads to high heat load and low Q factor. Possible causes have been considered and
corresponding improvements are being studied. Considerations are focusing on the following five
hypotheses: a contaminated FPC, debris generated during conditioning cryopumped on the cavity’s
surface, FPC is not fully conditioned, a bigger impact on heat load than expected from the FPC into the

cavity or a combination of all these.

Firstly, the FPC might have been polluted either during assembly or during its conditioning. There
were two FPC installed back-to-back during the conditioning at IPN Orsay. The ceramic window of the
neighbouring FPC was broken and a pressure of a few mbar was reached. Particles from the ceramic
window and air may have reached Romea's FPC, and since there was no processing of Romea's FPC
after this incident they might have remained, although before the assembly of the coupler, the particles
on the coupler smaller than 0.3 um were counted by blowing filtered nitrogen and no problems were
found. This could still mean that the coupler could have been polluted not in surface but deeper, which
might be probably true for the double-wall tube, where the particles may have been trapped into the
coated layer of copper. After returning the cavity back to IPN Orsay, the FPC was detached and they
could see that the ceramic window was completely sputtered with copper. This must have happened
during the conditioning or RF tests at FREIA since before assembly IPN Orsay saw that the ceramic
window was white before assembly. The situation of ceramic reinforces the theory that the FPC might

have been contaminated.

Secondly, during the cold conditioning of the coupler and the cavity package, the cavity was cold and
worked as a cryo pump. The particles released during the conditioning could have contaminated the
cavity’s surface. This hypothesis is reinforced by the poor vacuum (10° mbar) reached in the cavity
during warm up (Figure 20). At the beginning of the warm up, both FPC and cavity had a significant
outgassing at around 5-10 K, which implies that hydrogen could be the major trapped gas. A second
outgassing point of the coupler started from around 40 K with a vacuum in the order of 10 mbar. In
this step, oxygen became the dominating vapor element. During warm up, only an ion pump was used at
the beginning and it stopped running due to the high vacuum levels reached. A turbo pump was then
started so the vacuum system recovered quickly and afterwards the ion pump could be restarted. Both
the cavity’s and the FPC’s vacuum got better and was below 10 mbar in a short time.
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With respect to the vapor pressure data table shown in Figure 21[20], hydrogen is fully vaporized and
released above 20 K. The easiest and most efficient solution for avoiding hydrogen trapping is warming
up the whole package up to 30-40 K with both turbo pump and ion pump for a certain time, 30 minutes
as an example in PLS facility and around 40-60 minutes in SOLEIL accelerator [21]. To fully release the
oxygen a temperature above 90 K is needed, at which point a cavity also has a risk of getting QQ-disease.
In Romea’s case, a new post processing of 650 °C baking has been done. No more risk of Q-disease
effect was verified at the vertical test at IPN Orsay. Therefore, a warm up after cavity package
conditioning up to 40 K or 90 K would be highly recommended for the ESS double spoke cavity to
improve the cavity performance as well as to reduce the system’s dynamic heat load. With the help of a
mass spectrometer, the outgassing components could be thoroughly studied. Also, installing one extra
pump at the coupler side would significantly improve the pumping efficiency and would be very helpful
in avoiding contamination in the cavity wall. To this end, one “I” type pipe could be added at the
position of the current vacuum sensor near the ceramic window, which would allow one to connect an
extra pumping system. In the case of Romea though (and all double spoke cavities for ESS), the
pumping efficiency might not be so high since the available port is 6 mm in diameter and the space
around the window is already quite tight. Placing this tee would mean moving the vacuum gauge further
away from the ceramic. Note also that the installation of piping needs an exposure of the coupler
vacuum to air, which should be completed in a clean room.

Another hypothesis is that due to the tight time schedule, with a 4% duty pulse conditioning, the FPC
might be still not fully conditioned. The residual contamination on the FPC can lead to the stubborn MP
barriers that have been seen in the test. To reduce the impact of MP in the coupler, adding a high
voltage bias would be highly recommended. This DC bias is currently being added by IPN Orsay to the
design of the FPC.

Last but not least, the coupler temperature was higher than expected with RF on. The temperature
sensot, TT147 attached between helium gas inlet and outlet, was around 40 K when no MP happened
and increased rapidly up to 105K during MP. The heat from the coupler transferred to the cavity could
cause a higher heat load if cooling of the FPC's has a great impact on the total heat load. According to
the further study result from cryogenic measurement, the coupler at 90 K in the midsection (TT147)
would only increase 1 W heat load [22]. Therefore, this point is not likely to be the dominating cause for
the high heat load. Note that no solid study of temperature at the interface of coupler and cavity wall has
been done since no temperature sensor was installed there. In next runs, more temperature sensors will

be attached to the locations of interest for monitoring the cavity wall temperature.
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Figure 21: Vapor pressure data for use with CTI-CRYOGENIVS high vacuum pumps
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6.5.Error estimation

6.5.1. Gradient measurement uncertainty

Equation (6.3) gives the definition of accelerating gradient. In practice, the flattop gradient can be
obtained either through the transmitted or the forward power. In this test run, the results from two
independent methods were used to cross-check the flattop accelerating gradient, with the related formula
given in Equation (6.4) and (6.5).

Eqee =7— (6'3)

\/R/Q ><Ptf_max X Qt

Lery

(6.4)

Eacc_peak_Pt =

Eacc_peak_Pf = \/4‘ X R/Q X Qp X Pf_max (6.5)

Where V, is the cavity voltage, in [V],
Lesy is the effective accelerating length, in [m],
Pt 1max 1s the maximum transmitted power at the flattop gradient, in [W],

Q¢ is the external quality factor of the pick-up antenna,

R / Q is the shunt impedance of the cavity, in [€)],

Eqcc peak_pt is the flattop gradient calculated via Py may, in [MV/m],
Qy is the loaded quality factor of the cavity,
Pf max is the maximum forward power during the pulse, in [W],
Eqcc peak_py is the the flattop gradient calculated via Py pay, in [MV/m].
Most of the error propagation of an equation of the type x= f{#,) can be done by using the

following fundamental equation[23]

dx ox dx\ /0x
0t = oi() + ) + 208 (5) () (6.6)

If u and v are uncorrelated, then o2, = 0.

In the case of Egcc peak_pt measurement, @, and Py gy come from independent measurement. The
propagation of errors of the flattop gradient thus can be simplified as
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A Eacc_peak_Pt _ 1 AQt APt

5 (Q_t)z + (?t)z (6.7)

Eacc_peak_Pt
e Uncertainty of Q; measurement

Q¢ value came from the latest vertical test at IPN Orsay. Since there was no adjustment of the

. . AQ: .
pick-up antenna before the high power test, % is assumed to be not worse than 10%.
t

e Uncertainty of transmitted power measurement
The uncertainty of the transmitted power measurement usually is given by

AP, APy,
- = [(6C)* + (5)? (6.8)
P Pim
Pf == Ptm X Ct (6.9)
APtm - Ptm X 6PCal + Pmln (6.10)

Where Py, is the sensitivity limit of the power sensor, in [W],
0P, is the fractional uncertainty in the absolute power measurement,
OCt is the fractional uncertainty in cable calibration,
APy, is the error in Py, in [W].

Keysight N1912A power meters were adopted for all power measurements in this test run,
which aim for accurate power reading with low measurement noise. 2 uW of sensitivity limit for
the power sensor was negligible in the error calculation. Therefore the measurement uncertainty
of the transmitted power is recalculated as

AT? =V (8C.)? + (8Pcar)? (6.11)

e Uncertainty of an absolute power measurement

The fractional uncertainty in an absolute power measurement depends on the significant
uncertainties throughout the measurement. Table 9 summarizes the statistical characteristics of
each source of uncertainty [24]. All items, except mismatch uncertainty, come from the
specifications of E9322A sensor and Keysight N1912A power meter over a temperature range
of 25 £ 10 °C. Mismatch uncertainty is however dependent on the local loop setting, which is
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calculated from the specified standing wave ration (SWR) of the device and the sensor, as shown
in Equation (6.12). In the pulsed SEL (shown in Figure 4), both the 4-way splitter and the power
sensor contributed to the mismatch uncertainty. The SWR of the 4-way splitter and the power
@350 MHz sensor were about 1.2.

SWRsplitter -1 SWRsensor -1

Ui = + X X 1009 6.12
mismateh N SWRsplitter +1 SWRsensor +1 % ( )

Table 9: Significant uncertainty in an absolute power measurement

Identify significant uncertainty Value
Meter uncertainty +0.8%

Zero uncertainty £0.015%
Sensor calibration uncertainty +4.2%
Standard uncertainty of mismatch +0.8%

Two methods are commonly used to combine power measurement uncertainties: worst-case
and Root Sum of the Squares (RSS) [24]. The RSS method is considered as a more realistic
approach to combine uncertainties and can be calculated by Equation (6.13). It is based on the
fact that most of the errors, although systematic, are independent and therefore could be
combined as random variables. This allows to apply the RSS method in the statistical
combination. In this way, only the RSS uncertainty was considered in our case.

Umismatch)z + (Sysrss)2

Us= [( NG} 2

(6.13)

Where SyS,gs is the RSS of the meter uncertainty, the zero uncertainty and the sensor
calibration uncertainty.

With the significant uncertainty values of the power measurement at FREIA, the combined
standard uncertainty was * 2.2% and the expanded uncertainty was * 4.4% [24]. Note that only
the expanded uncertainty was used as the uncertainty of an absolute power measurement from a
power meter in all following calculations.

e Uncertainty of cable calibration

The cable calibration for the transmitted power included two parts: S11 measurement of the
cryo-cable (from the pick-up antenna to the feedthrough in the cryostat) and the absolute power
measurement of the cable from cryostat to the control room at warm. For the warm path
calibration, a signal generator was first calibrated against a power meter for an absolute power
measurement and later used as a power source and reference. Another absolute power
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measurement was completed by the on-site power meter. The difference between these two
power readings was the losses on the path. The fractional uncertainty in cable calibration was

calculated as

AS,, AP; AP,
)2+ (—)?% + (/)2 (6.14
Sll P1 ( P2 )

6Ct = (

With the uncertainty of £2.3% of the S;; measurement using a VNA (N5221) and the
expanded uncertainty * 4.4% of the absolute power measurement, the fractional uncertainty in
cable calibration of 6.6% was obtained.

e Uncertainty of accelerating gradient

Considering that the sensor calibration uncertainty did not drift significantly within the power
range, one substituted Equations (6.11) in Equation (6.7) and obtained the accelerating gradient
uncertainty of 6.4%.

6.5.2. Heat load measurement uncertainty

Two different methods had been applied to the heat load measurement. The measurement accuracy of
liquid helium evaporation method mainly relied on the flowmeter measurement placed after the sub-
atmospheric pumps. It had a better accuracy at higher heat load, more details and error estimation can
be found in [18]. This section will only discuss the measurement uncertainty of the pressure rise method

calculated by

Slopegr = Slopeyy, X denamic + Slopestqatic (6.1)

e Uncertainty of pressure gradient measurement

The linear regression was applied to every pressure gradient measurement. With a given set of
time measurement x and corresponding instantaneous helium pressure j, the pressure gradient is
given by a least-square fitting [25]

y=ax+b

The uncertainty 0; associated with each pressure measurement y; was known, and that of the
time measurement done by a data acquisition system was so small therefore that it was neglected.

The best-fit model parameters a, b and corresponding uncertainties are calculated as
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xSy — SiSay
A
5S4y — SxSy

A
2 _ Sxx
A

of =— (6.15)
Namely, a is the pressure gradient Slopegp at a certain applied power and o0 is its
uncertainty.

Where according to the fundamental error estimation of a least-square fitting, following sums

are defines as

i=1 ! i=1 ! i=1
N x2 N X
See= ) 25 S= ) B
; 0i 0i
i=1 =1
A= SS, — (S,)? (6.16)

e Uncertainty of Slopeyy, and Slopegqtic

The heat load calibration curve consisted of pressure gradients at different heater power. The
pressure gradient offset due to the static heat load (Slopesiqric ) and the pressure gradient
increment per dynamic heat load (Slopeqy ) were calculated by linear fitting of pressure
gradients and heater powers. The pressure at each certain power was measured for 3 minutes and
the corresponding pressure gradient was given by the linear regression. The uncertainty of each
linear regression calculated by Equation (6.15) was therefore re-used for the calculation of the
uncertainty of the calibration curve as given in Equation (6.2) and graphically in Figure 19.
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Figure 22 : Pressure gradient calibration data at different heater power

Table 10: Uncertainty of each pressure measurement at different power level

Uncertainty of each
pressure
Heater power [W] measurement [mbar] Pressure gradient uncertainty
0 0.25 5.17x10*
1 0.25 5.17x10"
2 0.29 6x10"*
4 0.35 7.42x10"
5 0.4 8.27x10"
8 0.5 1.03x10°
10 0.5 1.03x10°
15 0.6 0.0012

Because of a conversion bug in the pressure data acquisition system, the pressure reading in
the system did not refresh at each sampling time. The pressure as function of time was a
stepwise display instead of a smooth curve, where the steps, no doubt, became the main source

of error in the pressure reading. As shown in Figure 22, the step had a trend to become bigger
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when the heater power increased. Table 10 illustrates the uncertainty of each pressure
measurement at different heater power.

With a known heater power range from 0 to 15 W, the calibration curve was established with
the following parameters

Slopeyyy = 0.00155 + 4 x 1075

Slopegraric = 0.0150 £ 2 x 1074

e Using static heat load as the reference point

If Equation (6.1) used in the pressure rise method is rewritten, the dynamic heat load is
usually given by

_ Sloperr — Slopesiqtic
denamic -

A7
Slopeiw (617)

Here, Slopegr, Slopesiqric and Slopegy are obtained from independent measurements and
the fractional uncertainty in a dynamic heat load measurement is

APyynamic _ ASlopeRFZ + ASlopestatic2 ASlope,w

= 2 6.18
denamic (SlopeRF - Slopestatic> z SlopelW ) ( )

The second part in the right hand side of Equation (6.18) represents the uncertainty of the
pressure gradient increment per dynamic heat load, which comes from the calibration and is a
constant over the whole measurement. The numerator of the first part consists of the square
sum of two pressure gradients, each in a range from 10" to 107 in this test run. Hence, it is
obvious that the denominator of the first part is the dominating part of the uncertainty of the
dynamic heat load.

When the cavity has a decent performance at low field, the RF loss is very small with respect

to the high quality factor, which means Slopegp is close to Slopes;atic and leads to
(SlopeRF - Slopestatic)z =0

The fractional uncertainty of the dynamic heat load measurement at low field is thus huge. In
the case of Romea package test, as shown in Figure 23, the uncertainties for dynamic heat loads
less than 0.8 W, which corresponds to accelerating gradients lower than 4 MV/m, are higher
than 50%. On the other hand, the dynamic heat load is relatively higher when increasing the field,
so the denominator is further away from zero and the measurement uncertainty is reduced
significantly. In short, using the static heat load as a reference point has a better accuracy at
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higher heat loads. An uncertainty of about 7% at 9 MV/m for the Romea package test was

Dynamic heat load (W)
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Dynamic heat load measurement (reference point used static heat load)
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Figure 23: Uncertainty of the dynamic heat load by using static heat load as reference point. Note that

error bars in the graph are given in absolute value.

Using high heat load point as the reference point

The pressure gradient offset caused by the static heat load is dependent on an absolute
measurement. An alternative method using a reference point at high applied power was also

considered because, in general, a relative measurement and gives a higher accuracy than the

absolute one. The cavity package is a passive system and gives the same system characteristics for

different incident power, each two measurements of the pressure gradient fulfill

{Sloperef = Slopeyy * Preater + Slopesiatic
Slopegr = Slopeyy, * denamic + Slopestatic

(6.19)

Where Slope,.y is the measured pressure gradient for a reference heat load,

Pheqter is the corresponding heat load with respect to Slopeyf, in [W].

Solving Equation (6.19) for Pyynamic gives
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Slopegr — Slopeyr

Pheater (6-20)

dynamic — SlopelW

A relative high power reference point should be chosen for two reasons: (1) higher accuracy
for the heater power measurement and (2) higher accuracy for the pressure gradient fitting with
reference power. Heaters rated for a max applied power of 100 W were used in the test.
Therefore, a better linearity is obtained with a relative higher heater power. Also, with a constant
high applied power the helium pressure changes more significantly, which gives a better accuracy
in the pressure gradient measurement. In this run, a 15 W heater power was chosen as the

reference point.

The fractional uncertainty in a relative dynamic heat load measurement is

APgynamic | ASlopegs” + ASlope,os®  ASlopeyy

APheater
= )2+ (——)? (6.21)
denamic (SlopeRF - Sloperef )2 SlopelW Pheater

Compared to the absolute method, the denominator of the first part in the right hand side of
Equation (6.21) becomes the pressure gradient difference between the RF power and the
reference point. With a chosen high power reference point, the denominator can be well kept
away from zero. Therefore, lower heat losses in more accurate measurements can be obtained.
The third part represents the uncertainty of the heater power measurement at the reference
point. With the current set up, about 5% accuracy of the heater power measurement was
considered and used in the overall calculation.

In general, a superconducting cavity provides a good performance with very low dynamic
heat load. For example, one of the acceptance criteria of each ESS spoke cavities equipped with
FPC and CTS is < 2.5 W at 9 MV/m. In this way, this method provides accurate dynamic heat
load measurements in the whole gradient curve. Unfortunately, in Romea’s case some
contamination might have happened in the cavity leading to a high heat load in the MP regions
as well as at the high field. Heat loads around 15 W were close to the reference point of 15 W
heater power and therefore caused high uncertainty, as shown in Figure 24. From the result, the
heat load of 11.74 W at the nominal gradient gives an uncertainty of 45%.
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Figure 24: Uncertainty of dynamic heat load by using 15 W power point as reference point. Note that
error bars in the graph are given in absolute value.

6.5.3. Unloaded Q measurement uncertainty

The unloaded quality factor Q, of the cavity package running in a pulsed mode is calculated through

2
Vc_ave

(6.22)

Where, V. 4, is the average cavity voltage built during the pulse and can be obtained via
Equation (6.27), Pgy is the continuous wave heat load with respect to the dynamic heat load
measured in the RF time, unit in [W], and can be obtained through Equation (6.24).

The uncertainty of an unloaded Q measurement at a certain gradient is given by

AQO AVC ave APcw
—= |2Q——)%2+¢( )? (6.23)
QO \/ Vc_ave Pcw
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e Uncertainty of Pey,

1

Py = denamic X TRF/
Rrep

(6.24)

Dividing the dynamic heat load by the duty factor of pulse can easily give the continuous wave
heat load at a certain gradient. Here, Tgp is the pulse duration (2.86 ms) and Ry, is repetition
rate (14 Hz).

Note that both the pulse duration and repetition rate were fixed during the measurement and
the minor error of the timing system in the LLRF was not considered in the calculation.
Therefore, the uncertainty of the continuous wave heat load was the same as the value of the
uncertainty of the dynamic heat load.

e Uncertainty of cavity voltage measurement

During a pulsed mode measurement, the total RF power dissipated at the cavity wall
contributed to the heat load and was impossible to distinguish the fraction due only to the flattop
gradient. So the average cavity voltage is defined as the integration of the cavity voltage during
the pulse divided by the pulse duration.

At the FREIA high power test stand, the cavity voltage profile was recorded by the FPGA-
based program, in which the measured signal needed to be multiplied by a calibration factor to
convert to the true signal. A peak measurement of the transmitted power during a pulse was
continually done by the power meter. With the max transmitted power, the corresponding square

of max cavity voltage can be obtained by

Vc_max_Pt2 = R/Q X Q; X Pt_max (6'25)

The integration of the cavity voltage profile then can be normalized

2
2 X Ve rpea” X At

2
Vc_m ax _FPGA

(6.26)

c_norm

And used in

2 _ Vc_max_PtzXV(:_nor'm2 (6 27)

|74
c_ave TrF

Here, V. ppga is the cavity voltage at the certain stage during RF on,
Ve max_Fpga 1s the maximum voltage during RF on,

At is the sampling time of 1 us in the FPGA program.
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Table 11: Maximum voltage measured by FPGA during the pulse in the third test run

Eacc [MV/m] Ve max_rpGalV]
2:00 0.149
2.52 0.187
2.70 0.201
3.03 0.223
3.29 0.242
3.59 0.265
4.01 0.295
4.32 0318
5.32 0.393
5.97 0.439
6.30 0.464
6.59 0.484
7.01 0515
7.36 0.541
7.70 0.566
8.07 0.594
8.31 0.611
8.66 0.636
9.10 0.669

The uncertainty of the cavity voltage measurement thus can be described as

2
AVc_max_Pi; )2 + (2 AVc_max_FPGA)Z + (ZZAVC_FPGA

% (6.28)
Ve max _pt Ve max FPGa > Ve rrGa
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The first part of the right hand side in the Equation (6.28) represents the uncertainty of the
max transmitted power measurement, which is highly dependent on the absolute power
measurement. Equation (6.29) shows the uncertainty calculation in which the result of Equation
(6.11) is used as an input.

AV 2 A AP,
c_max_Pt2 = Qt)2+( t_max)z (6.29)

Vc_max _Pt Qt I t_max

The voltage error in the FPGA came from the ADC board capacity. The ADC board used at
FREIA provides 14 bits resolution and has no more than 50 pV wvariation in each voltage
sampling, Table 11 lists all the V, max rpga during the third test run. Compared to the order of

uncertainty of the max transmitted power, this part has a very limited contribution.

Likewise, the uncertainty of the integration of the whole voltage profile was negligible in the
calculation.

e Comparison of using different heat load method

Different heat load calculation methods affect the final uncertainty of the unloaded quality
factor measurement. This section will discuss the result from two different pressure rise method,
as shown in Figure 25 and Figure 15.

For the ESS goal of having as accurate measurement as possible around the operating
gradient, using the static heat load as a reference point in the pressure rise method provides a
smaller error bar at 9 MV/m. For this reason, it is motivated to use this method and the quality
factor with an error estimation shown in Figure 15 is chosen for the final display. Table 12 lists
the error estimation of Q, measurement from 8 MV/m to 9 MV/m.
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Figure 25: Uncertainty of quality factor measurement with using 15 W heater power as

reference point

Table 12: Error estimation of Q, measurement from 8 MV/m to 9 MV/m

Eacc [MV/m] Q0 Uncertainty of measurement
8.07 4.22E+08 19.1%
8.31 3.82E+08 17.7%
8.66 3.25E+08 16.1%
9.10 2.55E+08 14.7%
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7. Other cavity measurements of interest

7.1.Cavity voltage filling time

The ESS RF system is design to provide RF power for 50 mA of peak beam current for a pulse length of
2.86 ms at a pulse rate of 14 Hz. The fill and fall time of the cavity are on the order of 300 us, so the
total RF pulse length is approximately 3.5 ms and the total duty factor is 4.9 %[26]. The cavity filling
time discussed in this report is defined as the time period at which the cavity is charged to a desired
voltage Vj from zero. A longer cavity filling time requires a more powerful RF station which works with
long pulse mode and therefore increases the project budget. The validation test of the cavity filling time
is thus critical both for choosing the RF station as well as the design of the LLRF control system.

0,6500 -
0,6000 -
0,5500 -
0,5000 -
0,4500 -
0,4000 -
0,3500 -

*0,3000-
0,2500-
0,2000-

Cavity voltage amplitude

Time (ms)

Figure 26: cavity voltage as a function of time during a pulse

Figure 26 shows the cavity voltage as a function of time during a pulse in the SEL, in which the
forward pulse is a pure square pulse with 110 kW forward power. Ramping up from noise to a flattop
gradient of 9 MV/m, the cavity voltage took about 800 us with zero detuning. Therefore, in order to
build up a field of 9 MV/m within 300 ps, it is necessary to use higher power during the filling time to
charge the cavity faster. In the high power test of the cavity package without a beam current, the forward
power needs to be cut down after the filling time to maintain the nominal field, which is easier done with
a signal generator driven system than with a SEL. Figure 27 shows the pulse profile with two different

charging methods, in which V, represents the forward pulse voltage while the V. is the cavity voltage.

for
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(b)

Figure 27: Forward pulse with (a) a pure square shape and (b) a step shape

Some simulations have been completed at FREIA to thoroughly study the cavity behavior during the
filling time. The oscillating fields in the cavity create a voltage which works on the beam loading can be
described by a model similar to that of a driven harmonic oscillator [27]. Then the cavity fundamental

transient behavior is given by

—

% +(@y; — JAONV ¢ = 20,V | 7.1)

Through above base band equation, the RF power dissipation at filling stage therefore can be
described as

Do = Vs (w§+Q7Aw?)
fillL — R woT fint woTrinl
4 (6) Qwi[l+e & —2e 20 cos(AwTyy]

(7.2)

Factors influencing the required filling power are listed below:
e Vj is the desired cavity flattop voltage;
o Ty is the filling time;
e Q is the loaded quality factor of cavity;
e Aw is the detuning of the cavity.

Different filling times with/without detuning have been considered. Firstly, only the ideal charging
without detuning was considered. The simulation result from the ESS spoke cavity for the required
filling power as a function of different load Q and different filling time with zero detuning is shown in
Figure 28. Considering a Q; of 2X10° as a reference, a filling power of 148 kW is needed with a 300 us
filling time. In the high power test of Romea package, the real Q, was determined as 1.8x10°, which
means that around 152 kW are needed instead. In our test case, with only 109 kW available filling power,
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the filling time increases to 800 pus according to the simulation, which is consistence with the test results
described above.
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Figure 28: The required filling power with respect to different load Q and filling time with zero
detuning

During the accelerator commissioning, some instabilities, such as dynamic Lorentz force detuning,
microphonics and helium fluctuations, could cause detuning of the cavity compared to the driven system.
More power is thus required to compensate the higher power reflection from the cavity caused by
frequency mismatching. For example, with a Q, of 2x10°, up to 192 kW forward power is required to
keep the filling time of 300 us while a constant system detuning of 1 kHz happened. Figure 29 shows
the simulation results for the required filling power with different cavity detuning. Considering the design
Q, of 2x10°, 1% more filling power is required for 200 Hz detuning, while 30% more filling power is
required for 1000 Hz detuning.
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Figure 29: The required filling power with different cavity detuning

The peak power of 400 kW, according to the power capacity of the DB Elettronica RF station tested
at FREIA, will lose some power on the RF distribution leading to the cryostat and only transfer about
350 kW to the FPC. In this case, the fastest filling time of the ESS spoke cavity calculated by Equation
(7.2) is therefore about 135 s with the design Q, of 2x10°. Fortunately, with a fixed forward power of
350 kW, a 1 kHz detuning of the system does not affect the filling significantly. A simulation of the
filling time as a function of detuning with a fixed 350 kW forward power is shown is Figure 30. Here the
filling time has increased by only 7 us for a 1 kHz frequency mismatch.
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Figure 30: filling time as a function of detuning with a fixed 350 kW forward power

According to the above simulation, two-step forward pulse profile can be applied to the ESS spoke

cavity in the high power test without beam. With a requirement of 300 us filling time, a forward power

of 152 kW is needed during the charging stage followed by cutting down to 108 kW for maintaining a

gradient of 9 MV/m. The filling time can also be shortened to 135 us by using the maximum forward

power of 350 kW. The comparison of these step pulse profiles is shown in Figure 31. The system

detuning usually varies during the filling stage in the real situation. By regulating a forward power from
152 kW to 350 W, the practical filling time is therefore in a range from 135 to 300 us.

152kw

300us

2.86 ms

350kw

v

108kw

135ps 2.86 ms

Figure 31: Examples of forward power profiles to ESS spoke cavity at high power test without beam for
(a) 300 us or (b) 135 us filling times.
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7.2.Dynamic Lorentz force detuning

The main source of distortion in a pulsed accelerator is the Lorentz force. In ESS operation, the cavity is
reloaded with a frequency of 14Hz. Due to the pulsed operation, the cavity wall is deformed by the
Lorentz force detuning (LFD) caused by the accelerating electromagnetic field and leads to an extra RF
power requirement. Since the LFD is repetitive and predictable, its behaviour has been measured by
monitoring and manipulating the complex signals from the cavity during the pulse using an FPGA-based
LabView program at FREIA. Measured signals, like forward voltage and transmitted voltage, are first
calibrated and normalized by using Equation (7.3). Figure 32 b) shows that the measured and calibrated
transmitted voltage match well both in magnitude and phase. Here the calibrated transmitted voltage is
calculated by using forward and reflected voltage from Figure 32 a), from which the coefficient C1 and
C2 is obtained. The calibrated cavity voltages therefore fulfill the baseband Equation (7.1) of a

- —

superconducting cavity [28]. Here Ve andvf are the complex transmitted and forward voltage of the

cavity while D2 and A® are the instantaneous half bandwidth and detuning of the cavity respectively.

(7.3)

—

Vc = Cl V f ,meas +C2 V r,meas
V f = C1 V f ,meas

The experimental result is shown in Figure 32 c¢), suggesting 400 Hz frequency shift at the
accelerating gradient of 9 MV/m @ 2.86 ms pulse length. The shift is comparable to the cavity
bandwidth. This result provides important input for the fast frequency compensation with a cold tuning

system in the future test. Also from the calculation by using the instantaneous half bandwidth ~ Y2 a
loaded quality factor of 1.8X10° was obtained, which was consistent with the measurement with a vector
network analyzer.
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Figure 32: a) shows the forward (black curve), reflected (red curve) and transmitted signal (green curve)
in the cavity during a pulse which collected by the FPGA board; b) shows a well agreement of both the
magnitude (green and blue) and phase (red and purple) information of the measured and calibrated
transmitted voltage; ¢) shows the LFD at 9 MV/m and d) shows the QL of the cavity calculated by the
state space equation.

7.3.Pressure sensitivity

Helium pressure fluctuations inside the tank deform the cavity wall, which is one of the main sources of
cavity resonance frequency detuning. Measuring the frequency sensitivity as a function of helium
pressure provides information about the mechanical stability of the cavity. There are several ways to
carry out cavity mechanical stability measurements. One direct way is to measure the frequency shift as a
function of transient pressure. Another simple way is to check the resonant frequency shift during cool
down from 4.2 K to 2 K, where the helium pressure is reduced from roughly one atmosphere to 30

mbar.
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Figure 33: Cavity frequency shift as a function of helium pressure from 20 to 40 mbar

In this test, by keeping both the inlet and the outlet valves close, the helium pressure in the 2K tank
subsequently increased due to the static heat load. By checking the cavity frequency as a function of
pressure from 20 to 40 mbar, as shown in Figure 33, a pressure sensitivity of +27 Hz/mbar was
measured. This result is in good agreement with the 28 kHz frequency shift found while reducing the
helium pressure from roughly one bar to 30 mbar. In this way, the frequency sensitivity can be calculated
by equation (7.4).

f(42K) - f(2K)
pressure (4.2 K) — pressure (2 K)

frequency sensitivity (Hz/mbar) = (7.4)
Note that the mechanical contraction of the cavity from 4K to 2K is very small, thus the frequency
shift caused by this temperature change can be ignored.

Because of different fabrication procedures, the frequency shift varies among cavities from different
manufacturers. Thus the pressure sensitivity measurement could be helpful for optimizing production

procedures.

7.4.Mechanical modes

We studied the mechanical modes of the ESS spoke cavity by stimulating the cavity with forward
amplitude modulation provided by a gain-controller, based on NI FlexRIO FPGA and NI 5782R data
acquisition modules developed at FREIA. Meanwhile, the transmitted signal was monitored by a Rohde
& Schwarz (RTO 1024) oscilloscope with a built-in I/Q demodulation option. This is a convenient
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method to determine the mechanical modes by modulating the radiation pressure at angular frequency in
order to excite one resonant mode only. To this end, one can drive the cavity in a long pulse mode at a
relatively high gradient V, introduce a small periodic modulation of the cavity voltage and sweep the
modulation frequency. This will allow measuring the amplitude and phase of the cavity frequency
modulation as a function of the sweep frequency w.

Several tests were performed at 20 mbar to find out the optimal parameters of the loop, for example,
the RF station from DB Elettronica was turned to CW mode which can provide a pulse longer than 4
ms, a driven pulse with 350 ms duration and a gradient of 1.6 MV/m was chosen for the balance of
coupler average power and measurement accuracy. A sweeping modulation frequency had a resolution
down to 3 Hz, which is depend on the measurement time, namely the pulse length. A voltage
modulation depth of 40% was set to start the modulation frequency, which will become lower while
increasing the modulation frequency. Subsequent off-line analysis of the demodulated signal revealed the
frequency shift as a function of time. The strength of the cavity package vibration at a given modulation
frequency was then obtained by taking the Fourier transform.

Table 13: The simulation result of dangerous mechanical modes given by IPN Orsay

N° Frequency Mode
1&2 212 Hz Beam tube on CTS side
3 &4 265 Hz & 275 Hz Spoke bat/Helium vessel
5& 6 285 Hz Coupled mode Cavity/Helium vessel
7 313 Hz Helium vessel
8to 11 315 Hz to 365 Hz Coupled mode Cavity/Helium vessel
12 396 Hz beam tubes
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Figure 34: Fit of mechanical modes of ESS spoke cavity

By sweeping the modulation frequency up to 800 Hz, the fit of the mechanical modes was studied
and is shown in Figure 34. Note that the slow tuner was in fixed position during the mechanical modes
measurement. Two major mechanical modes at 265 Hz and 343 Hz were found, which give similar
results when compared to IPN Orsay’s simulation (Table 13). These values will then be considered in
further LFD compensation development with the piezos.

7.5.Tuner sensitivity
The cold tuning system (CTS) is attached to the spoke cavity to adjust its resonant frequency in order to
counteract the frequency detuning. The spoke CTS integrates two different functions: a slow tuning
capability over a wide frequency range by using a step motor and a fast tuning system by means of
piezoelectric actuators inserted in the mechanical system of the CTS [29].

The tuning sensitivity could be obtained by [30]

tuning sensitivity (Hz/mm)=  cavity sensitivityx(l— (7.5)

1+ KCTS / Kcavityj

Here, K is the required CTS stiffness while the cavity stiffness K_,;, would be 20 kN/mm. The
behavior of the slow tuning system was studied at 20 mbar helium pressure at FREIA, as shown in
Figure 35. A tuning sensitivity of 150 KHz/mm @ 20 mbar was found.

cavity
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Figure 35: Cavity frequency vs. motor position at 20 mbar

8. Production testing plan

Due to a tight schedule, cavities Romea and Giulietta will go through an extra high pressure rinsing
(HPR) process and then will be installed in a prototype cryomodule with new fully conditioned FPCs at
IPN Orsay. FREIA will then prepare the acceptance testing of the spoke prototype crymodule. This is
the first prototype with two dressed spoke cavities that will be installed in the ESS linac. The main
difference between the coming cryomodule test and the individual cavity package test in HNOSS is that
two cavities will be installed in an ESS cryomodule prototype, each with its own magnetic shield

integrated with the cavity. Then a busy schedule will follow by testing another 13 spoke crymodules at
FREIA before delivering to ESS.

9. Summary

The qualification of the cavity package with high power test represents an important verification before
the module assembly. The first spoke cavity assembled with all ancillary components was installed in
HNOSS and completed high power tests based on the self-exited loop at FREIA.
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This cavity was operated at the pulse mode of 2.86 ms duration and 14Hz repetition rate. Maximum
power of 120 kW was reached, which successfully built up a field of 9 MV/m. The quality factor of the
Romea cavity package was determined 1.4x10’ at low field and 2.8x10° at 9 MV/m. A high radiation of
6 mSv/h and a high heat load of about 12 W was observed when the cavity package was operating at its
design field. The radiation did not seem to reduce significantly with accumulated running hours. Possible
reasons and solutions are under study. Considerations are focusing on the following five hypotheses: a
contaminated FPC, particles generated during conditioning cryopumped on the cavity’s surface, FPC is
not fully conditioned, a bigger impact on heat load than expected from the FPC into the cavity or a
combination of all these. A warm up after cavity package conditioning up to 40 K would be highly
recommended to improve the cavity performance as well as to reduce the system’s dynamic heat load.
Also, installing one extra pump at the coupler side would significantly improve the pumping efficiency
and would be very helpful in avoiding contamination in the cavity wall.

According to the simulation, two-step forward pulse profile can be applied to the ESS spoke cavity in
the high power test without beam. With a requirement of 300 ps filling time, a forward power of 152 kW
is needed during the charging stage followed by cutting down to 108 kW for maintaining a gradient of 9
MV/m. The filling time can also be shortened to 135 ps by using the maximum forward power of 350
kW. The system detuning usually varies during the filling stage in the real situation. By regulating a
forward power from 152 kW to 350 W, the practical filling time is therefore in a range from 135 to 300

us.

The key frequencies of Romea at three different temperatures were under check, from which the
frequency increment due to cryo-constriction was about 500 kHz from 300 K to 4 K, while a frequency
decreasing of 27 kHz happened from 4 K to 2 K since the helium pressure decrease from 1 atmosphere
to 30 mbar. The dynamic Lorentz detuning was studied by a signal generator driven system without
frequency feedback. A frequency shift of about 400 Hz was determined during the pulse flat top and the
two mechanical modes of the cavity package, found at 343 Hz and 265 Hz, show a good agreement with

simulations.
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