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Abstract

Eight of the medium and high beta cryomodules deliv-
ered to ESS by CEA are tested at CEA before delivery; the
two medium and high beta prototypes and the three first of
each type of the series. The goal of these tests is to validate
the assembly and the performances on few cryomodules
before the next cryomodules of the series are delivered to
ESS. This paper summarizes the general results obtained
during the tests at 2K and at high RF power,
Pmax = 1.1 MW. The cavities reach the ESS requirements,
Eacc = 16.7 MV/m (Medium beta) and 19.9 MV/m (High
beta) with an efficient compensation of the Lorentz detun-
ing by the piezo tuner over the full RF pulse length of
3.6 ms at 14 Hz. After the successful tests at CEA, the first
cryomodules have been shipped to ESS where the final ac-
ceptance test are performed.

INTRODUCTION

In the framework of its In Kind contribution for the con-
struction of the ESS accelerator [1, 2], CEA developed a
stand to perform the tests of the elliptical ESS cryomodules
at high RF power (Fig. 1). The goal of these tests is to val-
idate the quality of the assembly and the performances of
few cryomodules before the next cryomodules of the series
are delivered to ESS and tested there [3, 4].

We have already tested seven cryomodules over eight
scheduled; the 2 medium and high beta prototypes (CM00
and CM30), 3 medium beta cryomodules of the series
(CMO01, CMO03 and CMO05) and the 2 first high beta (CM31
and CM32).

Previous papers have already presented test results ob-
tained on the medium beta cryomodule demonstrator
CMOO [5]. This paper presents a summary of the results we
have obtained during the tests of the seven cryomodules.

THE TEST STAND

The test stand is about 100 m from the cryomodule as-
sembly hall. It is equipped with a liquefier that can deliver
90 1/h of 4 K LHe at 1.1 bar to the 2000 1 Dewar close to
the cryomodule. The cryomodule is equipped with an in-
ternal Hampson heat exchanger (HX) that is well adapted
to the supercritical helium fluid used at ESS, but is not
adapted for diphasic helium at 1 bar containing a too high
rate of bubbles. This caused some difficulties in the first
tests performed on the prototype CM00. We fixed this issue
adding a small phase separator to remove part of the GHe
generated in the last 10 meters of cryogenic line between
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the Dewar and the cryomodule. This small phase separator
allows the HX to run and we obtain an easy regulation of
the 2 K LHe level above the cavities.

The thermal shield is cooled at 80 K with LN2. This is a
second difference with the ESS nominal cryogenic condi-
tions where the liquefier delivers 40 K GHe at 20 bars to
cool the thermal shield.

The RF power source is a 704 MHz klystron with a
home-made modulator. It can generate 1.1 MW RF pulses
of 3.6 ms length at 14 Hz. The RF distribution line (Fig. 1)
is equipped with an RF switch that can send the RF power
in one of the two branches at the entrance of the test stand.
Each branch is equipped with a power divider that can dis-
tribute the power in one cavity or two cavities. We can test
one cavity at a time, or two maximum together. Test with
the four cavities running altogether is not possible at CEA.

The cryogenic and tuners control/command system is
based on Muscade/Anibus. The RF control/command sys-
tem is based on EPICS.

Figure 1: Test stand of ESS cryomodule at CEA.

RF POWER TESTS AT 2 K

The duration of each test was about 3 months for the first
cryomodules. This duration is now reduced to about five
weeks; two weeks for the installation in the test stand, cav-
ity vacuum pumping and coupler conditioning at room
temperature and three weeks for the test at cold.

We systematically perform the RF conditioning of the
power couplers at room temperature before cooling down
the cavities. The power couplers are conditioned in about
4 h to 7 h. This short duration can be reached thanks to the
high pumping speed group, roughly 60 L/h that allows to
recover quickly acceptable pressure when high degassing
occurs during RF conditioning (Fig. 2).
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The operations linked to the connection of the high speed
pumping group, including baking, takes about five days
duration.

S ~ N
Figure 2: High speed pumping group (~60 L/h) connected
to the beam gate valve of the cavity string.

Power couplers conditioning starts when the pressure is
lower than 1. 10" mbar with a threshold set at 5 10-® mbar.
Standard RF conditioning of the power couplers consists in
automated cycles of RF power ramps up to 1.1 MW apply-
ing short pulses and low repetition rates at the beginning,
progressively increasing at each cycle the pulse length up
to 3.6 ms and the repetition rate up to 14 Hz. Py is limited
at 400 kW for pulse lengths longer than 500 ps. Each cou-
pler is equipped with 4 diagnostics for the protection: a
Penning pressure gauge, an electron pickup and a window
for an arc detector on the vacuum side of the ceramic win-
dow. An arc detector is also on the air side of the ceramic
window. The diagnostics signals are monitored (Fig. 3) and
electronics provide the fast protection of the couplers
(<20 ps) with the diagnostics signals.

——— Forward power (Pmax = 1,1MW) ’

Repetition rate (14Hz max) ’_j

—— Pressure = 7 10" mbar

——— Pulse length (3,6 ms max)
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—

Figure 3: Typical ramps of RF power during coupler con-
ditioning at room temperature.

The doorknobs are equipped with an antenna bias system
that we never use during RF conditioning of the power cou-
plers.

The duration of cooling from 300 K to 2 K is typically
two days before regulating the LHe level above the cavi-
ties. The four tuners, fixed on the cavities and helium tank
through weak thermal contacts, need more than four days
before reaching temperatures lower than 30 K (Fig. 4).

The power couplers are conditioned a second time at
cold, during the time the cavities are cooled from 4 K to
2 K. We generally never observe any sign of activity during
this phase, except in one coupler (among the 28 tested) that
needed some more conditioning after the cooling phase.
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Figure 4: Temperature of a cavity 1 and of its tuner during
cooling down of CMO1.

For all the cryomodules, the static heat load (without RF
and with closed cryogenic valves) was measured around
18 W, as expected with the thermal shield cooled at 80 K.

The cavities at 2 K could be tuned at the ESS frequency
of 704.42 MHz. All tuners have shown similar linear fre-
quency shift responses 0.97 Hz +/- 0.04 per motor step for
medium beta and 0.92 Hz +/- 0.04 per motor step for high
beta. The hysteresis is very small (< 30 Hz) and difficult to
measure precisely. The small hysteresis compared to the
1 kHz band width of the cavity/couplers allows an easy
tuning at the nominal frequency 704.42 MHz.

The frequency shift due to the piezo stacks with a static
voltage of 150 V is 650 Hz +/- 40 for the medium beta cav-
ities and 590 Hz +/- 50 for the high beta cavities.

The power couplers Qext have been found close to the
targets: Qext=7.35+/- 0.56 105 for medium beta (target
7.5 105) and Qext = 6.64 +/- 0.26 105 for high beta (target
6.5 105).

Once the cavity is tuned at 704.42 MHz, the accelerating
field is slowly increased starting with short RF pulses at
low repetition rate and low RF power. All cavities needed
careful RF conditioning. Typical RF pulses monitored are
shown on Fig. 5.
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Figure 5: Electron pickup and arc detector signals of an RF
pulse during conditioning.

Green and purple curves in Fig. 5 show activity in the
cavity and the coupler. When this activity is detected, we
stop ramping up the RF power and wait until the signals of
the activity disappear (green and purple curves flat in back-
ground). Then the RF ramp up restarts until the next barrier
that is treated the same than the previous one. The repeti-
tion rate can be sometimes increased for a faster condition-
ing. It requires generally 6 to 8 hours before reaching the
maximum field at the nominal pulse length 3.6 ms and rep-
etition rate 14 Hz.
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have been performed in open loop.
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16.7 MV/m left and high beta 19.9 MV/m right).

at nominal field.

presented in [6].

position 4 (Fig. 7).

Cavitd Cavif3

a high beta cavity at the nominal field 19.9 MV/m.
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Medium beta and high beta cavities reach the ESS nom-
inal field as shown in Fig. 6. RF power pulses are applied
in 4P/P mode to decrease the filling time. Lorentz forces
detuning is compensated with some klystron frequency de-
tuning and with the piezo of the tuner. Simple square piezo
pulses show good efficiency for compensation. The tests

E,cc (MV/m)

Figure 6: Cavity pulses at ESS nominal field (medium beta

The estimations of the cavity heat loads have been per-
formed measuring the power sent to the cavity heaters after
switching on or off the RF power of the cavity and keeping
the LHe level and pressure constant. Typical heat loads
measured on the medium beta cavities at nominal field is
about 1 to 2 W (specification: 5 W per cavity) and about
4 W for high beta cavities (specification: 6.5 W per cavity).
Few cavities showing high electron field emission have
higher dissipation. A high beta cavity dissipates about 7 W

All the cavities have shown electron field emission at
different levels. Eight X-ray GM detectors, two scintilla-
tors and two neutron detectors are arranged around the cry-
omodules. Results obtained with this set of detectors are

We never detected any neutron during the test of medium
beta cryomodules but we have detected neutrons with the
high beta cryomodules when we activated the cavity in po-
sition 4 that showed high field emission. These two high
beta cryomodules have been radio-activated. A Nal(Tl)
scintillators detected radioactive Nb92m with the main
gamma decay ray at 934 keV and a half-life of 10.2 days.
For cryomodule CM31, we could simulate a scenario that
can describe the observations of the main radioactivity
spots that were found in front of cavities 3 and 2. In this
scenario, electrons are emitted at the 1st iris of cavity in

Figure 7: Trajectories of electrons emitted at the 1st iris in

The electrons are accelerated by the cavity and can exit
with an energy of 15 MeV. They can hit the next cavities
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and induce, by bremsstrahlung, gamma rays which react
with the Nb93 of the cavity sheets and produce Nb92m.
About 100 days after the test, the radioactivity of the cry-
omodule has decreased below the natural background of
radioactivity. However special transport procedures have
to be applied for components that have been radio-acti-
vated. These procedures will be applied for the three high
beta cryomodules tested at CEA and transported to ESS.

CONCLUSION

Seven ESS elliptical cryomodules over the eight sched-
uled have been successfully tested at CEA. The main per-
formances are within the ESS specifications. The medium
beta cryomodules of the series tested at CEA, CMOI,
CMO03 and CMO05, have been shipped to ESS Lund. The
tests performed at ESS confirmed the results obtained at
CEA. The transports from CEA to ESS on the 1450 km
long road have not degraded the cryomodules perfor-
mances. The high beta cryomodules CM31 and CM32
tested at CEA are going to be shipped applying the proce-
dures for radio-activated components.

The production of the elliptical cryomodules at CEA is
now in the industrial phase, with a delivery throughput of
about 1 cryomodule per month. All the remaining cry-
omodules will be only tested at ESS, except a last high beta
cryomodule, CM33 that will be tested at CEA before.

ESS needs seven medium beta cryomodules and two
high beta cryomodules for starting the beam operation. Six
medium beta and one high beta are already delivered and
the last will be delivered soon. The assembly of the seventh
medium beta cryomodule is almost complete and this cry-
omodule should be shipped before summer 2022.
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