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1 Background

This report only gives an account of the cryogenic measurements made during run #8 with
Romea, equipped with the FPC and the CTS, tested in HNOSS from the 23rd of February
to the 29th May 2017. The modifications, equipment and LHe probe distances are detailed
in [1].

During this run tests have been mainly done at 20 mbar. At the beginning of the run a pres-
sure of 31 mbar (2.0 K) was chosen and some measurements made, but after discussions it was
decided to lower the pressure to a value where 2.0x K could be read on the cavity’s sensors. This
pressure was then set to 20 mbar, where all the cryogenic and RF measurements have been done.

During the first measurements, the cooling of the FPC for a temperature inlet of 5K was not
possible without freezing the outlet as well. It was possible to have an inlet temperature as low
as 5.7 K with continuous filling of the 2K tank but the outlet reached 287 K (with RF power
applied). At some points the lowest output temperature (TT305) was 266 K, which posed the
first problem. After discussions with Guillaume Olry it was decided to avoid having below 270
K at the outlet.

Also, the first Q0 curve calculated with the heat loads given by the flow meter FT551 did not
show the usual trend where Q0 degrades slowly as the gradient is increased (see [2]). This led to
the possibility of these measurements not being accurate enough, moving then to the ”pressure
rise” or ”calorimetric” method calculation. Since this method requires that the inlet (CV105)
and outlet (CV551) valves remain closed, all cryogenic measurements (heat loads) done were
measured with CV105 closed as well. Because of this, the flow through the heat exchanger that
cools the incoming supercritical helium is only enough to cool the FPC to a temperature of ca.
41 K (TT147). This has been mostly the temperature chosen for the FPC during operation
unless otherwise stated.

Other cryogenic tests like checking the flashing from the Joule-Thomson valve (CV105) when
filling, the heat evaporated in the 2K tank when applying heating power or the maximum power
that we can evaporate through the cavity were also performed in this run.

∗rocio.santiago kern@physics.uu.se
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2 Key points of this run

a) MKS1 had to be controlled in local mode (manually through the controller) since it would
not obey any commands given to CV552 through WinCC. Since the reading of the status
was no problem, an issue with the serial interface card was thought to be at fault [logbook
entry 28/02/17 at 17:15h]. This unit ( Model # 651DD2S2N2 and serial # 017757182) was
shipped to Rowaco for repairs after this run.

b) The data from FT550 is only available through EPICS.

c) SV401 was frozen when the cooling of the ICB with LN2 started. After repairing the ICB at
Cryo Difussion (during summer 2016) FV401 was bypassed and this prompted the freezing
of SV401 [logbook entry 24/12/16 at 08:26h].

d) Vacuum spikes in ICB and HNOSS when filling the 4K tank (see Section 3.4).

e) LHe level spikes in LT101 at 4K (see Section 3.5).

f) For running sequence 10 (cooling of the FPC), all sensors must be in place (even those
pertaining to cavity 2) if temperature regulation is needed (as opposed to flow regulation).

g) It was difficult to bring the temperature at the inlet of the FPC to 5K without freezing the
outlet (see Section 8).

h) Due to an error in the programming, the flows obtained from the control system (in m3/h)
for FT301 and FT302 must be scaled by a factor of 0.5 g/s / 12 m3/h. In this report all
flows given have been already corrected.

i) after opening HNOSS it was observed that all three new heaters placed on the 4K tank had
come off and were burnt [logbook entry 17/06/17 at 17:33h].

Figure 1: Pumpdown curve for run #8 for HNOSS. In the background is the actual pressure of
the ICB included as well.
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3 Observations

3.1 Pump down curve

After closing HNOSS, the FVP was switched on and once the pressure was below 1 mbar the
turbomolecular pump was started. Figure 1 shows that it took 7.5h to pump down to 1x10−3

mbar and 23h to 1x10−4mbar from atmospheric pressure.

When these times are compared to other runs (Table 1) then it can be seen that the initial
time it takes to pump down to 1x10−3 mbar is close to having only one cavity in previous runs
but for reaching 1x10−4 mbar, then other factors like time where HNOSS has been opened to
air, MLI or presence of air pockets in extra connections may play a role.

Table 1: Pumpdown times from several runs for comparison.

Run # Cavities 1x10−3 mbar 1x10−4 mbar

5 Germaine + Hélène 13h n.a.
6 Germaine + Hélène 13h 25h
7 Hélène 6h 16h
8 Romea 7.5h 23h

3.2 LN2 shield: cooldown time

The time it takes to cool down HNOSS’ shield from room temperature depends on the chosen
final value. Figure 2 shows the actual cooldown graph. Initially, the cooldown goes fast (es-
pecially for the ICB) but below 120 K the cooling rate is much lower. The reason to have a
faster cooldown for the ICB is because the settings on the PRVs that were set already for last
run seems to have changed after the ICB came back from Cryo Diffusion. As during last run,
oscillations of the temperatures on the ICB shield are still apparent and not yet understood,
but pose no problem for operation.

Figure 2: Cooling graph for the thermal shields of both the ICB and HNOSS.

The two regions were the temperature momentarily goes up at the beginning of the cooling
was due to the freezing of SV401 [logbook entry 16/03/17 at 18:00h]: had to momentarily close
the LN2 inlet to the ICB and HNOSS to be able to defrost SV401 since it was stuck in the
open position. The increase in temperature that happened afterwards (only to the cryostat,
not the VB) was because the valve EV201 closed (as it was supposed to) but the flow was not
enough to keep the shield of that part cold. Had to open this valve again and waited until the
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temperature was low enough as to be able to close EV201 without major problems [logbook
entry 17/03/17 at 10:39h].

Figure 3: Temperature details for Romea with respect to time. depending on the temperature
range, several cooling rates are given.

If one considers the shield to be cold when all sensors placed around the LN2 shield (both
in the VB and the cryostat) is less than 120 K, then the time it takes to cool down from room
temperature to 120 K is 21.5h. The reason to choose 120 K as the final temperature is because
then we can flow LHe to HNOSS without problems. Note that in this run some sensors where
higher than 100 K even after nearly 48 h, but as usual the VB’s top flange had the highest
temperature throughout the run since this flange thermalizes all cryogenic valves.

3.3 Cavity: cooldown rates

The cooldown rates for this run are shown in Figure 3 and the values for Romea, considering
Tstart=205 K, 09:16h, are:

i) if all TTs (except TT125) ≤ 20 K (10:00) → 4.1 K/min

ii) if 150 K (09:20) ≤ all TTs (except TT125) ≤ 20 K → 3.25 K/min

iii) if 150 K (09:20) ≤ all TTs (except TT125 and TT104) ≤ 20 K → 4.48 K/min

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 (see Section 12). Note that two different LHe cooling sequences
are available: one for cooling the 4K tank only and another one for cooling the 2K tank and
the cavity. The latter one is achieved by flowing LHe from the 4K tank through the bottom of
the cavity and upwards to the 2K tank, until the maximum level in the 2K tank is reached.

The Q-disease appears when a cavity is not cooled fast enough through the 100 K barrier,
considered to be between 75 K and 150 K. To avoid this disease, the cooling rate must be
greater than 1 K/min, which is what we achieve in any case. From discussions with IPNO,
the cooldown rate is usually calculated from 150 K to 20 K and that’s why this value has been
added to the numbers.
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After opening HNOSS, it was found that the aluminum tape used for the thermalization
of all cables had come off and that TT104 and TT125 (precisely the ones that did not give a
correct reading) were only partially glued to the cavity (Figure 4).

(a) (b)

Figure 4: Status of a) TT104 and b) TT1125 after opening HNOSS.

(a)

(b)

Figure 5: Pressure of the ICB and HNOSS when flowing LHe through both systems in a) inter-
mittent and continuous filling mode for the 4K tank and different 2K tank operating pressures
with continuous filling and b) continuous mode for both tanks at the end of the graph.

3.4 Leak check in ICB and HNOSS

As seen in last run and mentioned in [1], leaks on the LHe and LN2 lines in the ICB were
found and both the ICB and the transfer line between the ICB and the VB were sent to Cryo
Difussion for repairs and came back before the starting of this run.

During the cooling of HNOSS with LN2 and LHe it could be seen that the the LHe and
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(a)

(b) (c)

Figure 6: Liquid helium level spikes a) when operating the cavity at different pressures, b) after
applying 12W at 20 mbar and c) when changing the sampling frequency of the level probe.

LN2 leaks in the ICB are not visible anymore except for small spikes. Figure 5(a) shows the
insulation vacuum of the ICB and HNOSS when flowing LN2 and LHe. Initially, it looks like
there is still a leak in the LHe line, specially when there is intermittent filling of the 4K tank,
but on closer inspection (Figure 5(b)) the increase in pressure in the ICB (PT000) seems to
come from outgassing of the line since it relates to the warming of this line (TT500). In the
case of HNOSS, it looks like we have a leak from the filling valve of the 4K tank (CV100) into
the insulation vacuum since the pressure in HNOSS (PT002) follows the same trend as the
valve opening. According to the scale, this pressure fluctuations are quite small and do not
affect much the insulation vacuum, but it is necessary to keep an eye on it since this leak could
increase with thermal cycling. There is a also an increase in pressure when the line gets warm
(TT100).

3.5 Level spikes in the 2K tank

Right from the beginning, the filling of the cavity and the 2K tank showed spikes in the level
LT101, appearing every ca. 6 min, that did not give a spike in flow FT551/FT552 (Figure 6(a)).
This problem was mostly seen when operating the cavity at atmospheric pressure. At the be-
ginning it was thought that these spikes might come from not having the cavity cold, but all
through this run, as soon as the cavity was operated at 4K the spikes reappeared. These spikes,
although not at all common while operating at 20 mbar, appeared after applying power to
the cavity, as seen in (Figure 6(b)). It was also thought that the spikes might come from the
level probe heating the surrounding LHe, but a change in the sampling frequency of the AMI
controller did not yield better results (Figure 6(c)).

Discussions with Jean-Pierre Thermeau revealed that this would be possible if there is an
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upward bend in one of the pipes. In this case, since the line has a disruption, at 4K there will
be a pocket of gas that would warm up increasing its size until it is displaced by incoming LHe,
starting the process anew. The reason why it happens at 4K and not at 2K is because at 2K
there would be no gas pockets: the superfluid helium fills all the line without leaving any empty
space. A close look at how the system was connected indeed revealed an upward bend in the
LHe probe line, as shown in Figure 7. Note that the level probe already has an upward bend
(where the different cavities connect to) and this behaviour has not showed in any other run
prior to this one. Checking pictures of the path followed by the level probe when connected to
the cavities in past runs showed that these connections were either straight or flowed a little bit
downwards, but never had a bend such as in this run.

Figure 7: Detail of the LHe probe pipe connected to Romea and how it has an upward bend
that might be the reason for the spikes seen in the level probe while operating at 4K.

3.6 4K tank filling

A ”normal” filling of the 4K tank during this run would take 1h 45 min, during which 20 min
would go into filling the 2K tank between 60% and 80%, and with flows FT550 reaching satu-
ration (71 m3/h) almost continuously during the whole filling process. There were also times
during this run that the filling of the 4K tank was extremely difficult and it would only work if
CV100 was partially open at the same time as the bypass valve FV101.

From the looks of it, we are still suffering from taconis oscillations in the 4 K line even
though there was a non-return valve placed at the outlet of the 4K tank after the reheater.
One extra thing to be done to try to avoid these oscillations is to add an extra volume together
with a needle valve at the outlet of the reheater so it can be regulated as needed to damp the
unwanted oscillations. To be done is to calculate how much volume we have on the 4K line to
calculate the damping volume needed.

3.7 LT101 profile

Although the position of the level probe wrt the cavity was roughly measured, the profile of
the level when it decreases shows the actual profile of the cryogenic connections and gives a
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Figure 8: Sketch of the cryogenic connections and the level probe values depending on height.

mode accurate description of the different parts and levels. Figure 8 shows the rough calculated
values while Figure 9 shows the actual bends and changes in pipe sizes as the level changes.
From both graphs we can see that the initial level estimations agree with the actual values: the
top of the cavity is at a level of 36.5%, the vertical pipe ends at 57% and the bottom of the 2K
tank starts at 70%.

4 Subatmopsheric pump frequencies

A quick test was done on the 23rd march to check the frequencies at which the subatmospheric
pumps run when the settings for the dryvac pumps (DV) and the roots pumps (WH) are
changed. Table 2 gives these values in chronological order and when pumping on a blind flange
(CV551 closed). Note that the final pressure reached at each stage has not been listed due to
the fact that this measurement was done on a blind flange, where there is no constant GHe flow
to measure the end pressure.

It is recommended by the manufacturer to run the subamospheric pumps with all groups
started with a minimum frequency of 20 Hz. The duration for running the system without the
last two pumps (P3A and P3B) as well as running with frequencies below 20 Hz is limited to
one hour. This said, it is clear that for short periods any setting for WH and DV is possible,
like for example when low RF is applied to the cavity. But for other cases the best is to set DV
to 100% and WH to 50% as minimum and increase the frequency as needed.

5 Static Heat Loads

The flowmeters connected to the cavity give the volumetric flow mvol and thus depend on
the measurement conditions, in this case room temperature and atmospheric pressure. Since
they are located after the reheater and the only valve closing the system is the filling valve
(CV104/CV105), the heat load measured comes from several contributions(Figure 10): the 2K
tank, the cavity and all the cryogenic piping in contact with LHe.
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(a)

(b)

Figure 9: Trend of the level in the 2K tank and cavity (LT101) at a) the higher and b) the
lower ends. Note: figure b) was a one-go since there was not enough LHe available and thus
the level on the cavity was quite low. Also, the instabilities in the level shown here are not to
be taken into consideration.

Figure 10: Schematic of the connections, when working below atmospheric pressure, between
the cavity and the flowmeter (after the subatmospheric pumps) together with the ScHe circuits.
Marked in red are the valves closed during the calorimetric measurements (see Section 10).

The power P dissipated by the 2K tank and the cavity at a certain operating pressure
Pop can be calculated via Equation 1, where ρHe(1 bar, 293 K) is the helium density at room
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Table 2: Frequency values for the different subatmospheric pumps when changing DV and WH
settings. Order given is chronological.

DV [%] WH [%] P1A [Hz] P1B-P1D [Hz] P2 [Hz] P3A-P3B [Hz]

100 100 118 120 50 65
100 90 118 120 47 57
100 70 118 120 41 42
100 60 118 120 38 35
100 50 118 120 35 27
100 40 118 120 32 20
100 30 118 120 29 0
100 20 118 120 26 0
100 10 118 120 23 0
100 5 118 120 21 0
100 0 118 120 0 0
90 0 118 104 0 0
80 0 118 88 0 0
70 0 118 72 0 0
60 0 118 56 0 0
50 0 118 0 0 0
40 0 104 0 0 0
30 0 88 0 0 0
20 0 72 0 0 0
10 0 56 0 0 0

Table 3: Scaling factors for 1W dissipated power at different operating pressures.

Pop [mbar] mvol [m3/h]

16 (20) 0.9414
31 0.9386

1000 1.0426

conditions and Lvap(Pop) is helium’s latent heat of vaporization at the operating pressure.

P = mvol · ρHe(1bar, 293K) · Lvap(Pop) (1)

Thus, the volumetric flow given by the flowmeter for 1 W dissipated power at different
operating pressures can be computed by rearranging:

mvol[m
3/h] =

3.6

ρHe(1bar, 293K)[Kg/m3] · Lvap(Pop)[J/g]
=

3.6

0.1664 · Lvap(Pop)[J/g]
(2)

Table 3 gives the reference values for the main operating points obtained via Equation 2.
The value for 20 mbar has been added and equaled to the value of 16 mbar since most of the
measurements have been done at 20 mbar, where the effect of such small pressure difference can
be considered negligible.

During this run, the static cryogenic heat loads given by the flowmeter have been calculated
almost everyday by averaging over time and under the current operating conditions. Thus,
to give a concrete value for the static heat load at a certain operating pressure the flowmeter
measurements need to be weighted and averaged. To calculate the mean value of several groups
Equation 3 is used while for the standard deviation is Equation 4. g is the total number of
groups, n(i) the number of values in each group, N the total number of values, X̄(i) the mean
value of each group and σ the standard deviation.
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X̄ =
1

N

g∑
i=1

n(i) · X̄(i) (3)

σ =

√√√√ 1

N − 1

[ g∑
i=1

σ2(i) · [n(i)− 1] +
g∑
i=1

[
X̄(i)− X̄

]2 · n(i)

]
(4)

5.1 4K tank static heat loads

The measured static heat loads of the 4K tank at atmospheric pressure when there is no filling
of either the 4K or the 2K tank are given in Table 4 while an example of the trend for FT550
is given in Figure 11.

Figure 11: Example of FT550 trend with the area where the mean heat load has been calculated.

The average heat load for the 4K when operating at atmospheric pressure amount to 4.90
m3/h (std dev. 0.97 m3/h), computed via Eq. 3 and 4 or 4.70 W (std dev. 0.93 W) by using
a scaling factor of 1.0426 (Table 3). The reason to have such high error in this measurement is
mainly because of thermo-acoustic oscillations.

5.2 2K tank static heat loads

5.2.1 At atmospheric pressure

The heat loads of the 2K tank and cavity read by the flowmeter FT552 when working at atmo-
spheric pressure are given in Table 5. Note that the actual heat load at this pressure can only
be estimated from the last two measurements since we can assume that in that case the FPC
had proper cooling.
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Table 4: Static heat loads of the 4K tank at atmospheric pressure and with no filling for any
tank (CV100 and CV104/CV105 closed).

FT550 # values Date
Mean [m3/h] σ [m3/h]

4.91 1.15 83 03/04
4.96 1.52 88

4.73 0.80 61 17/04
4.80 0.88 77

4.65 0.61 49 20/04
4.47 0.70 51

4.83 0.73 47 21/04

4.77 0.95 81 24/04
4.66 0.85 76
4.86 0.90 57
4.81 1.21 58

4.74 0.98 41 26/04

5.15 1.20 47 28/04
5.01 0.73 44

5.01 0.78 57 05/02
4.99 0.86 84
5.00 0.91 89
4.91 0.83 94
4.93 0.96 82

4.91 0.90 121 03/05
4.95 0.79 149

5.01 1.09 104 04/05
5.18 1.04 111

The resulting average static heat load for the 2K tank plus the cavity at atmospheric pressure
amounts to 6.15 m3/h (std dev. 0.30 m3/h) or 6.00 W (std dev. 0.29 W), computed via
Equation 3 (Equation 4) with g=2 and the corresponding scaling factor given in Table 3.

Table 5: Static heat loads of the 2K tank at atmospheric pressure and with no filling (CV104
closed).

FT552 LT101min−max TT303 TT305 TT147 # Values Date
Mean (σ) [m3/h] [%] [K] [K] [K]

11.8 (0.5) 65-73 29.61 291 134.1 2460 22/03
13 (0.6) 60-88 39.22 293 157.7 1560 23/03
6.1 (0.3) 57-70 12.30 n.a. n.a. 2640 27/03
6.2 (0.3) 58-73 13.1 291 41.4 2460 18/04

5.2.2 At 20 mbar

It was observed that, depending on the level of the 2K tank (LT101), the heat loads would vary.
The recorded data, measured for a FPC temperature of ca. 41 K (TT147), is given in Table 6
and schematically in Figure 12. This is indeed expected since the more LHe there is, the more
surface that can heat it up and evaporate it. A closer look at the GHe evaporation wrt to level
revealed four different regions with different evaporation rates, given in Table 7.
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Table 6: Recorded data for each heat load measured for the cavity at 20 mbar with no tank
filling (CV105 closed).

TT303 (σ) FT301 (σ) FT302 (σ) TT305 TT147 (σ) Heat Load (σ) LT101Min−Max PT300 (σ) PDiss. Cav. (σ)

[K] [mg/s] [mg/s] [K] [K] [m3/h] [%] [mbar] [W]

13.96 (0.17) 33.33 (0) 33.33 (0) 291 39.5 (0.1) 6.5 (0.4) 61-71 3003 (48.2) 6.9 (0.42)

11.32 (0.1) 33.33 (0) 16.67 (0) 291 39.6 (0) 6 (0.3) 57-68 3473 (58.6) 6.37 (0.32)

11.14 (0.1) 33.33 (0) 16.67 (0) 291 39.6 (0.1) 6.3 (0.4) 61-70 3089 (75.2) 6.69 (0.42)

11.17 (0.17) 33.33 (0) 16.67 (0) 291 40.2 (0.1) 6.7 (0.4) 61-73 1581 (28.6) 7.12 (0.42)

11.63 (0.17) 33.33 (0) 16.67 (0) 291 40.3 (0) 6.4 (0.3) 61-69 1641 (22.5) 6.8 (0.32)

11.23 (0.16) 33.33 (0) 16.67 (0) 291 40 (0) 6.4 (0.3) 60-70 1855 (28.9) 6.8 (0.32)

13.13 (0.24) 33.33 (0) 16.67 (0) 291 41.5 (0.1) 6.7 (0.3) 60-72 1899 (37.7) 7.12 (0.32)

14.81 (0.3) 33.33 (0) 16.67 (0) 292 43.7 (0.1) 6.6 (0.3) 60-71 1382 (25.8) 7.01 (0.32)

13.44 (0.4) 33.33 (0) 16.67 (0) 291 42.3 (0.1) 6.5 (0.3) 60-71 1747 (42.4) 6.9 (0.32)

12.29 (0.23) 33.33 (0) 16.67 (0) 291 41.8 (0.1) 6.5 (0.3) 74-80 2233 (48.3) 6.9 (0.32)

12.18 (0.28) 33.33 (0) 16.67 (0) 291 42.3 (0.1) 6.4 (0.4) 61-73 2195 (53.2) 6.8 (0.42)

12.23 (0.21) 33.33 (0) 16.67 (0) 292 42.4 (0.1) 6.5 (0.3) 68-72 2183 (28.1) 6.9 (0.32)

13.28 (0.11) 33.33 (0) 16.67 (0) 292 42.6 (0) 6.5 (0.3) 65-70 1826 (21.3) 6.9 (0.32)

13.3 (0.29) 33.33 (0) 16.67 (0) 292 42.7 (0) 6.4 (0.4) 61-70 1810 (42.2) 6.8 (0.42)

11.75 (0.14) 33.33 (0) 16.67 (0) 291 41.3 (0.1) 6.4 (0.4) 60.7-70 2812 (62.9) 6.8 (0.42)

11.74 (0.45) 33.33 (0) 16.67 (0) 291 41.3 (0.2) 6.3 (0.3) 60-70 2815 (78.5) 6.69 (0.32)

11.63 (0.14) 33.33 (0) 16.67 (0) 291 41.3 (0) 6.3 (0.4) 60-70 2751 (63.9) 6.69 (0.42)

From this table, the weighted and averaged heat loads at different levels can be calculated
via Equation 3 and 4. The result is shown in Table 8 considering a scaling factor of 0.9414
(Table 3). This table is the one that will be taken into account later on when calculating the
dynamic heat loads since it represents the corrections for the static heat load.

Table 7: Static heat loads of the 2K tank at 20 mbar depending on the helium level and with
no filling (CV105 closed).

FT551 LT101 # values Date
Mean (σ) [m3/h] Min [%] Max [%]

7.11 (0.34) 76.25 80 1800 03/05
6.81 (0.31) 72 76.25 1800
6.49 (0.33) 68.87 72 1050
6.11 (0.31) 60 68.4 180

7.14 (0.34) 76.24 80 1800 01/05
6.81 (0.30) 72 76.24 1800
6.54 (0.33) 68.87 72 1050
6.11 (0.33) 60 67.37 180

7.1 (0.3) 76.24 80 1800 05/05
6.8 (0.3) 72 76.24 1800
6.6 (0.3) 68.87 72 1050
6.1 (0.3) 60 67 180

If the values obtained in this run for static heat loads at 20 mbar with no level regulation
(CV105 off) are roughly compared to past runs, then Table 9 shows that the extra heat load
given by Romea with CTS and FPC is ca. 3 W. Bear in mind that it is quite difficult to directly
compare values since the settings in each run were quite different: it is not the same to have a
cavity hanging from tie beams than supported on individual tables placed on top of HNOSS’
table, cooled by using LHe at 4.2K and with the outlet connected to the 2K tank.
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Figure 12: All calculated static heat loads of the 2K tank plus cavity operating at 20 mbar with
CV105 closed during this run.

Table 8: Correction factors (static heat loads) of the 2K tank at 20 mbar.

FT551 LT101 # Values
Mean (σ) [m3/h] Mean (σ) [W] Min [%] Max [%]

7.12 (0.33) 7.56 (0.35) 76 80 5400
6.81 (0.30) 7.23 (0.32) 72 76 5400
6.54 (0.32) 6.95 (0.34) 69 72 3150
6.11 (0.31) 6.49 (0.33) 60 69 540

6 Effect of CV105 in heat load at 20 mbar

Since the valve filling the 2K tank (CV105) provides a Joule-Thomson expansion part of the
LHe passing through the valve will evaporate. This test aimed at estimating how big is the
contribution of this flashing to the total heat load depending on the opening of the valve. In
reality, the flashing also depends on the initial and final pressures, but it has been considered that
both pressures remain constant throughout the measurement. The recorded values (Table 10),
when corrected (Table 11), lead to the following calibration curve:

FT551Corr. [m
3/h] = 0.317 · CV 105 [%]− 0.682 (R2 = 0.9961;σ = 0.36m3/h) (5)

Where the standard deviation of the fitting curve has been calculated via

σ =

√√√√ 1

N − 2
·
N∑
i=1

(YObserved(i)− YFitted(i))2 (6)

Table 9: Comparison of static heat loads at 20 mbar calculated at different runs.

Run # Cavities Setup FT551 (σ) [m3/h]

6A Germaine (CTS) + Hélène Individual tables 5.28 (n.a.)
7 Hélène Tie beam 4.2 (0.2)
8 Romea (CTS+FPC) Tie beam 6.81 (0.3)
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Table 10: Static heat loads of the 2K tank at 20 mbar depending on the opening of the the
filling valve CV105 (measurements from 04/05).

CV105 FT551 LT101
[%] Mean (σ) [m3/h] Min [%] Max [%]

5 8.5 (0.3) 78 80
10 9.4 (0.4) 78 78
15 10.8 (0.4) 78 78
20 12.6 (0.4) 78 78
30 16.2 (0.5) 79 79
50 22.3 (0.5) 79 80

Table 11: Corrected heat loads from CV105 opening only.

CV105 FT551 LT101Correction FT551Corrected PDiss. Cav.

[%] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [W]

5 8.5 (0.3) 7.12 (0.33) 1.38 (0.45) 1.47 (0.48)
10 9.4 (0.4) 7.12 (0.33) 2.28 (0.52) 2.42 (0.55)
15 10.8 (0.4) 7.12 (0.33) 3.68 (0.52) 3.91 (0.55)
20 12.6 (0.4) 7.12 (0.33) 5.48 (0.52) 5.82 (0.55)
30 16.2 (0.5) 7.12 (0.33) 9.08 (0.60) 9.65 (0.64)
50 22.3 (0.5) 7.12 (0.33) 15.18 (0.60) 16.13 (0.64)

7 Effect of heat power at 20 mbar

In order to calibrate the power applied into the cavity wrt to the evaporated GHe and to cal-
culate the maximum power that can be applied to the cavity in its current configuration the
heaters EH103A and EH103B, placed on the bottom sides of the cavity, were used.

The heat power would be gradually increased and the system left to stabilize in flow and
temperature (TT143A) before moving to a new point. The FPC was kept throughout the
measurements at a temperature of ca. 41 K. The correction factor for the actual voltage
applied to the heater was found to be 0.942, which comes from measuring the resistance across
the heater (measured at HNOSS’ feedthrough) and the complete circuit:

Vheater
Vapplied

=
Rheater
Rtotal

=
22.8 Ω

24.2 Ω
= 0.942→ Vheater = 0.942 · Vapplied (7)

Note that not all the power applied to the heaters will go into the cavity since the heaters
are glued onto a copper plate, so, although a very small part, some of the heat will go in heating
up this plate.

7.1 Romea’s power limit

Table 12 gives the relevant data recorded during the measurements when the filling valve CV105
was kept closed. This table shows that for an applied heat power over 12 W, no matter how
distributed, the system of 2K tank plus cavity becomes unstable. This instabilities are seen in
terms of level (spikes) and pressure (fluctuations) leading to an increase in flow, as shown in
Figure 13. Whenever the applied power is above the limit the instabilities occur but the system
goes back to normal whenever the power is reduced below the limit and it does not matter if
the power is distributed between several heaters, the outcome is the same.

On the other hand, if the filling valve (CV105) is opened, then a heat power of 14 W can be
applied without instabilities occurring as shown in Section 7.3. Since the opening of the valve

15



CV105 has an impact only on the FPC cooling and not on the cavity itself, a difference in FPC
temperature during both tests would be the clue. The problem is that the FPC was at the
same temperature in both cases (measured by TT147), while the only difference that appears is
that the time waited for instabilties to occur was not long enough when the valve was opened.
With the valve closed the instabilities appeared after 10 min of applied power, the length of the
measurement when CV105 was opened was reduced to 6 min.

Figure 13: Example of instabilities in the level LT101 and the pressure PT102 and the corre-
sponding increase in flow for an applied power of 14 W.

If we calculate the theoretical amount of power that a certain cross area can dissipate then
the following equation, given by [3], can be used

X(Tc)−X(Tw) = q̇3.4L (8)

Where X(Tc) and X(Tw) are functions that depend on the temperature difference (T in
Kelvin) along a certain path and are parameters taken from the temperature profile given in
this paper. q̇ is the heat dissipated per cross area (in W/cm2) and L is the path length from
the point of interest (at the cavity) to the surface of the LHe (in cm).

The setup for Romea was shown in Figure 8, where Ptank is for example 20 mbar (1.86K)
and PC , the point of interest, is PC=Ptank+ρgh. From data taken from the same figure, consid-
ering point C at the starting of the cavity’s flange CF40, and taking into account the ρ=145.5
kg/m3 then we obtain PC=38.4 mbar (2.07 K) if we consider a neck of 50 mm for the flange,
and from [3] we get X(Tc=1.86K)=275 and X(Tw=2.07K)=25, which gives q̇=1.28 W/cm2 as
the maximum power that can be dissipated at that point.

Since these values are for a pipe of a certain diameter we can calculate the maximum power
dissipation. For a CF40 flange (r=20 mm) the cross section is 12.6 cm2, giving a total power
dissipation of ca.16 W at point C.

Although this equation is just an approximation, it is in agreement with what has been
measured. This experiment was also carried out in run #6A when Germaine and Hélène were
together in HNOSS. The outcome at that time was that Germaine (without FPC but with CTS)
showed a power limit of 26 W applied power. The difference of ca. 14 W between these two
experiments can be because in the case of Romea, the FPC is attached, which already gives a
larger heat contribution to the LHe surrounding the cavity leaving less heat available for the
applied power.

16



7.2 Heat loads with CV105 closed

Taking into account the corrections for the static losses (Table 8) and the applied voltage to the
heater (Equation 7) then the evaporation rates generated by the applied heat can be calculated.
These corrections are given in Table 13, where it shows that for low powers, the GHe evaporated
fits well with the measured flow but at higher powers the deviation is greater. One possible
explanation is that the power supply used for stepping up in power is not accurate enough in
terms of voltage and current given. The performance of this power supply was checked during
operation but not in detail.

Table 12: Relevant data for applied heat in the cavity in chronological order with CV105 closed.
(Measurements from 03/05).

EH103 FT551 LT101 Min LT101 Max
A/B [W] Mean (σ) [m3/h] [%] [%]

2 / 0 8.2 (0.3) 70 72
4 / 0 10.8 (0.4) 79 80
8 / 0 13.8 (0.4) 75 77
10 / 0 14.7 (0.5) 70 72.4
12 / 0 17.3 (0.5) 77 78
14 / 0 Instabilities after 10’
15 / 0 Instabilities
12 / 0 17.5 (0.5) 76 79
12 / 4 Instabilities
12 / 2 Instabilities
10 / 2 17.3 (0.5) 74 80

In order to calculate the calibration curve, the values where instabilities occur have not been
taken into consideration. The calibration curve of the power applied to the heater wrt to the
evaporation is then given by

FT551Corr.[m
3/h] = 0.897 · EHCorr.[W ] + 0.075 (R2 = 0.9967;σ = 0.22m3/h) (9)

or in terms of power dissipated in the cavity by

Pdissip.[W ] = 0.953 · EHCorr.[W ] + 0.079 (R2 = 0.9967;σ = 0.23W ) (10)

Where in both cases the standard deviation of the curve σ has been calculated using Equa-
tion 6.

7.3 Heat loads with CV105 open

To check whether the scaling factors for the heater and the valve CV105 are in the right ballpark,
the same experiment as before was done but this time with CV105 opened to 15%. The relevant
data is given in Table 14 while Table 15 gives the already corrected values in terms of static
heat load, applied power to the heater and valve opening. The calibration curve in this case is
given by

FT551Corr.[m
3/h] = 0.805 · EHCorr.[W ] + 0.145 (R2 = 0.9928;σ = 0.25m3/h) (11)

or in terms of power dissipated in the cavity by

Pdissip.[W ] = 0.855 · EHCorr.[W ] + 0.154 (R2 = 0.9986;σ = 0.26W ) (12)
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Table 13: Corrected heat loads depending on the power applied across the heater at 20 mbar
with CV105 closed.

EH103Corrected FT551 LT101Correction FT551Corrected PDiss. Cav.

A/B [W] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [W]
1.88 / 0 8.2 (0.3) 6.54 (0.32)∗ 1.66 (0.44) 1.76 (0.47)
3.77 / 0 10.8 (0.4) 7.12 (0.33) 3.68 (0.52) 3.91 (0.55)
7.54 / 0 13.8 (0.4) 6.96 (0.36)∗ 6.84 (0.58) 7.26 (0.62)
9.42 / 0 14.7 (0.5) 6.54 (0.32) 8.16 (0.59) 8.66 (0.63)
11.30 / 0 17.3 (0.5) 7.12 (0.33) 10.18 (0.60) 10.82 (0.64)
13.19 / 0 Instabilities
14.13 / 0 Instabilities
11.30 / 0 17.5 (0.5) 7.12 (0.33) 10.38 (0.60) 11.03 (0.64)

11.30 / 3.77 Instabilities
11.30 / 1.88 Instabilities
9.42 / 1.88 17.3 (0.5) 6.96 (0.35)∗ 10.34 (0.61) 10.98 (0.65)

∗ Calculated using Equation 3 and Eq. 4 applied to the minimum and maximum levels.

Table 14: Relevant data for applied heat in the cavity in chronological order with CV105 opened
15%. (Measurements from 04/05).

EH103A FT551 LT101 Min LT101 Max
[W] Mean (σ) [m3/h] [%] [%]

2 12.4 (0.4) 75 75
4 14.1 (0.4) 75 75
8 17.1 (0.5) 73 75
10 18.6 (0.5) 71 73
12 20.9 (0.5) 78 80
14 21.5 (0.5) 77 78

It is clear that if these values are consistent with past measurements, the corrected values in
Table 15 must be similar to those given in Table 13. Figure 14 shows that indeed, if we take as
example an applied heat power of 8 W (7.54 W in reality) then each respective value is 6.61 W
(0.73 W) and 7.26 (0.62 W), then it can be seen that the difference lays within the error bar.

Figure 14: Corrected GHe flows for a certain applied heat power with CV105 closed and opened
to 15%.
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Table 15: Corrected heat loads depending on the power applied across the heater at 20 mbar
with CV105 opened 15%.

EH103A FT551 LT101Correction CV105aCorrection FT551Corrected PDiss. Cav.

Corrected [W] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [W]

1.88 12.4 (0.4) 6.81 (0.3) 4.07 (0.36) 1.52 (0.62) 1.62 (0.66)

3.77 14.1 (0.4) 6.81 (0.3) 4.07 (0.36) 3.22 (0.62) 3.42 (0.66)

7.54 17.1 (0.5) 6.81 (0.3) 4.07 (0.36) 6.22 (0.69) 6.61 (0.73)

9.42 18.6 (0.5) 6.71 (0.34)b 4.07 (0.36) 7.82 (0.70) 8.31 (0.75)

11.30 20.9 (0.5) 7.12 (0.33) 4.07 (0.36) 9.71 (0.70) 10.31 (0.74)

13.19 21.5 (0.5) 7.12 (0.33) 4.07 (0.36) 10.31 (0.70) 10.95 (0.74)

a Calculated using Eq. 5 and Eq. 6 using 15% as CV105 opening.
b Calculated using Eq. 3 and Eq. 4 applied to the minimum and maximum levels.

8 Fundamental Power Coupler Cooling

The FPC design by IPNO [4] requires 5K at the inlet, room temperature at the outlet and
a mass flow of 46 mg/s during RF on. For the FPC ScHe outlet circuit, which was outside
HNOSS, the FPC flange came equipped, at the air side, with a wired heater type Thermocoax
with a power of 76 W with a supply voltage of 18 V (reference: SEI 15/50 50/2*CM15/KZ 05
10/2*1m). For the measurements, only three temperature sensors were available: inlet (TT303),
outlet (TT305) and a Pt100 placed midway (TT147) that was initially intended to be used as
a heat switch when warming up the cavity.

Table 16: Data recorded for the FPC temperature change (TT147) (Measurements done on the
05/05).

FT551 TT303 TT305 TT147 FT301 PT300 LT101Min−Max

Mean (σ) [m3/h] [K] [K] [K] [mg/s] Mean (σ) [mbar] [%]

6.5 (0.3) 12.23 (0.21) 292 42.4 (0.1) 33.3 (0.0) 2183 (28.1) 68-72

7.07 (0.3) 13.38 ( 0.07) 295 81-91.5 (n.a.) 16.7 (0.0) 1698 (17.6) 67.5-68

8.3 (0.4) 14.13 (0.10) 292 85-90 (n.a.) 16.7 (0.0) 1454 (11.2) 79-80

7.2 (0.3) 13.05 (0.29) 288 32.1 (0.0) 50.0 (0.0) 1900 (39.2) 76-77

6.9 (0.3) 14.77 (0.34) 279 31.9 (0.1) 50.0 (0.0) 2145 (18.3) 73-74.6

Initial tests to reach 5K at the inlet and room temperature at the outlet of the FPC were
not successful. The lowest temperature achieved was 5.7 K in the inlet and 287 K at the outlet
with CV105 open, 1.7 bar in the ScHe circuit (3 bar is the required value but it proved to be
quite difficult to reach 3 bars in the system when the gas was cold) with a flow of 41.7 mg/s
and a field gradient of ca. 9 MV/m. The temperature TT147, in the midsection of the FPC,
showed 33 K at this point.

Since the following high power tests would require closing CV105 (less flow is then available
through the heat exchanger to cool the incoming ScHe), the regulation of the FPC was done
trying to keep withing the boundary conditions for the FPC’s outlet temperature, which at the
end resulted in trying to keep ca. 40 K in the midsection of the FPC (TT147). This tempera-
ture and the flow needed to keep these conditions varied throughout the measurements since it
depended on if there was a multipacting barrier or not [2].

The wired heater around the air side flange proved not to be sufficient when set to 76 W
(settings given by IPNO) to avoid both frost on the line and a low outlet temperature. It was
then agreed among FREIA colleagues to add an extra heating tape wrapped along the line, set
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Table 17: Corrected heat loads from change in FPC temperature compared to the nominal
value at 42.4 K.

TT147 FT551 LT101Correction FT551Corrected PDiss. Cav.

[K] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [W]

42.4 (0.1) 6.5 (0.3) 6.54 (0.32) -0.04 (0.44) -0.04 (0.45)

81-91.5 (n.a.) 7.07 (0.3) 6.11 (0.31) 0.96 (0.43) 1.02 (0.49)

85-90 (n.a.) 8.3 (0.4) 7.12 (0.33) 1.18 (0.52) 1.25 (0.55)

32.1 (0.0) 7.2 (0.3) 7.12 (0.33) 0.08 (0.45) 0.08 (0.73)

31.9 (0.1) 6.9 (0.3) 6.81 (0.3) 0.09 (0.42) 0.10 (0.45)

between 15◦C and 20◦C to further reduce the frosting and condensation, and to increase the
ceramic window cooling temperature from 27◦C to 30◦C. After discussions with IPNO regarding
this temperature issue it was also agreed not to operate the FPC with a temperature lower than
270 K at the outlet, as to avoid any problems with the ceramic window.All three settings (wired
heater on the air side flange, heating tape and water cooling temperature increase) were kept
functioning during the complete run.

Figure 15: Corrected heat loads for a changing temperature of the FPC (TT147).

Since there was no temperature sensor located in the interface between the FPC and the
cavity, it was difficult to see how much heat did the FPC contribute to the heat load when the
inlet was not at 5K but higher and the midsection was at ca. 41 K (TT147). To see how much
heat would come from the FPC into the helium bath at 20 mbar the temperature of the FPC
(TT147) was changed by changing the flow through the ScHe circuit (FT301) and the total flow
measured once the system was stable (Table 16 with corrected values in Table 17). Note that
the filling valve CV105 was kept closed, there was no RF or heat power applied during these
measurements and the flow of ScHe through the second circuit (FT302) was kept at 16.7 mg/s.
The outcome of such experiments can be seen in Figure 15: for a temperature over 90 K the
heat load in the cavity increased by only 1 W compared to the heat load at 41 K.

This said, the ScHe circuit for cooling the FPC of the spoke cavity has worked reasonably
well. The main issues have been to keep the outlet temperature at room temperature, which was
made more difficult since the outlet was outside HNOSS (the wire heater was not enough to warm
up the outgoing flow) and the increase in TT147 when performing calorimetric measurements.
In the future, more time is required to play with the system to achieve the right operating
conditions, but it seems clear that CV105 must be open to be able to reach lower temperatures.
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Extra sensors in the cavity-FPC interface are also necessary to estimate the heat induced by
the FPC into the helium bath.

9 Cold Tuning System Cooling

The CTS was thermally anchored to the cavity by several copper braids. The end temperatures
of the different sensors placed on the CTS once the cavity was kept at 20 mbar are given in
Table 18. The coldest point was on the lower part of the CTS (TT306) and the hottest was at
the motor side (TT09x).

Table 18: CTS’ temperature sensor approximate readings when the cavity has been kept at 20
mbar for several days. The temperature of the cavity was between 2.00K and 2.09K.

TT01x TT02x TT03x TT04x TT05x TT06x TT07x TT08x TT09x TT306

[K] [K] [K] [K] [K] [K] [K] [K] [K] [K]

9 18 27 36 7 9 7 8 53 4

Since there was no possibility to use the CTS during the tests due to the unavailability
of the stepper motor’s control system, the stepper motor was manually controlled and moved.
From the 19th to the 21st of April the polish team in charge of the control system for the
piezos was at FREIA to do some tests. These tests are shown in Figure 16(a) in terms of the
sensors’ temperatures, and it can be seen that the stepper motor, when moved, its temperature
(TT09x) also increased stepwise. One part of the measurements consisted in performing a

(a)

(b)

Figure 16: a) Temperature performance of the CTS’ sensors and b) of the cavity during piezo
tests.
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resonance sweep on the piezos, hitting the different mechanical resonances of the cavity. This
test means the corresponding piezo would vibrate and sometimes a high pitch sound could be
heard even in the control room. It was at the beginning of this sweep that the temperature
sensor TT01x started to behaved strangely, and once HNOSS was opened and the MLI taken
out, it was found that this sensor was hanging from its wires with the copper support laying at
the bottom of the MLI. It was also observed that when a resonance frequency was found the
cavity’s temperature went up as well (Figure 16(b)).

10 Dynamic Heat Loads

The dynamic heat loads, heat loads measured when RF has been applied to the cavity, have
been estimated via two different methods: liquid helium evaporation (measured via the flowme-
ter placed after the subatmospheric pumps) and the calorimetric method. The first method
is the same method used for calculating static heat loads. The calorimetric method uses the
pressure increase as a function of time when inlet and outlet valves are closed (red valves in
Figure 10) to deduce the helium evaporated. This calculation is done by comparing the heat
dissipated in the cavity with applied RF to the heat dissipated with the heater (where a known
power has been applied and can be used for calibration).

Both methods have been used as the RF was applied and increased in power: first the
evaporation method since there was no need to close the outlet valve and right afterwards
the calorimetric method. Both methods have been applied in different runs, meaning the RF
power has been ramped up and the heat loads measured at different Eacc values under different
conditions. All results from both methods are given in [2]; the results for the liquid helium
evaporation method are shown in Figure 17 (Table 19) and these conditions (in chronological
order) are:

• At high Eacc with CV105 open. Measured once FT551 and PT102 were stable.

• At several Eacc with CV105 open. Measured once FT551 and PT102 were stable.

• At several Eacc with CV105 open and with TT147 lower than 40 K. Measured once FT551
and PT102 were stable.

• At several Eacc with CV105 closed. Measured once FT551 and PT102 were stable, level
LT101 between 73% and 77% and TT147 below 40 K if possible. An example at 9 MV/m
is given in Figure 18

• At several Eacc with CV105 closed. Measured once only PT102 was stable. The status of
the rest of the parameters was not considered important.

• At high Eacc with CV105 closed. in this case the tuner was in contact with the cavity and
the flow was measured once PT102 was stable.

It can be seen that some regions have a higher heat load than others: presence of multi-
pacting barriers. Although not shown in this figure, it was seen that the increase in heat load
was associated to an increase in radiation levels in the bunker. It is also clear from the results
that the measurements do not always give the same heat values, except between 7 MV/m and
8.5 MV/m.

Most important, it is clear that the heat load given by the cavity plus the FPC at 9 MV/m
(ca. 10 W) is far higher than the expected value of 2.5 W. Since the heat loads have been cal-
culated via different methods, at different times and accelerating gradients, and they are above
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Table 19: Dynamic heat loads at different gradients with the values for the main parameters listed. Flow
through FT302 was kept at 16.67 mg/s (σ=0 mg/s) during all tests.

Date TT303 FT301 TT305 TT147 CV105 FT551 LT101min−max

Mean (σ) [K] Mean (σ) [mg/s] [K] Mean (σ) [K] [%] Mean (σ) [m3/h] [%]

12/04
6.43 (0.05) 58.33 (0) 274 30.0 (0) 22.5 18.2 (0.5) 75

6.12 (0.03) 41.67 (0) 281 33.9 (0.2) 15 15.9 (0.4) 75

13/04

7.15 (0.18) 33.33 (0) 291 37.5 (0.4) 15 11.2 (0.4) 75

7.03 (0.06) 33.33 (0) 291 52.8 (0.3) 16.2 13.8 (0.4) 75

6.33 (0.07) 41.67 (0) 291 74.8 (0.3) 17 21.0 (0.5) 75

6.15 (0.09) 41.67 (0) 291 43.6 (1.9) 20.3 17 (0.4) 75

6.41 (0.01) 41.67 (0) 290 54.0 (0.9) 19.3 18.8 (0.4) 75

6.27 (0.04) 41.67 (0) 290 39.1 (0.5) 17.4 16.5 (0.5) 75

5.85 (0.08) 41.67 (0) 289 34.2 (0.1) 16 17.3 (0.4) 75

5.70 (0.02) 41.67 (0) 287 33.3 (0) 17 21.6 (0.6) 75

18/04

7.28 (0.01) 33.33 (0) 290 36.2 (0.1) 0 12.5 (0.5) 76

6.71 (0.74) 33.33 (0) 290 38.7 (0.2) 24 13.5 (0.4) 76

6.80 (0.72) 41.67 (0) 290 39.4 (0.4) 24 14.6 (0.5) 76-77

6.39 (0.05) 50.00 (0) 288 38.6 (0.7) 24 17.8 (0.5) 76-77

6.34 (0.13) 50.00 (0) 286 33.5 (0.4) 24 16.4 (0.4) 78

5.84 (0.01) 50.00 (0) 283 30.6 (0) 24 14.8 (0.4) 80

5.59 (0.04) 50.00 (0) 279 30.5 (0) 24 20.7 (0.6) 80

25/04

11.61 (0.06) 33.33 (0) 291 41.6 (0.2) 0 7.4 (0.3) 76-77

9.77 (0.02) 41.67 (0) 293 41.9 (1.6) 0 8.1 (0.2) 77

9.90 (0.17) 50.00 (0) 288 36.7 (0) 0 10.0 (0.4) 77

11.48 (0.23) 50.00 (0) 284 32.2 (0.1) 0 8.7 (0.3) 76

12.10 (0.1) 50.00 (0) 281 32.1 (0) 0 8.3 (0.3) 75

9.08 (0.22) 58.33 (0) 281 50.6 (0.4) 0 13.6 (0.4) 75

10.50 (0.06) 50.00 (0) 279 32.6 (0) 0 11.6 (0.5) 75-76

9.78 (0.05) 58.33 (0) 281 32.6 (0.09) 0 13.5 (0.4) 77

9.67 (0.01) 41.67 (0) 284 37.2 (0.2) 0 19.2 (0.5) 75

26/04

11.43 (0.04) 33.33 (0) 291 40.5 (0.1) 0 7.3 (0.3) 79

11.78 (0.06) 33.33 (0) 291 42.1 (0.1) 0 7.4 (0.2) 77

11.71 (0.03) 33.33 (0) 291 42.2 (0.1) 0 7.2 (0.4) 76

10.95 (0.05) 33.33 (0) 292 43.6 (0.1) 0 7.6 (0.4) 76

10.85 (0.02) 33.33 (0) 292 45.4 (0.3) 0 9.4 (0.4) 75

10.78 (0.01) 33.33 (0) 292 45.8 (0.2) 0 8.8 (0.5) 74

11.26 (0.06) 33.33 (0) 292 44.4 (0.2) 0 7.3 (0.3) 74

11.59 (0.59) 33.33 (0) 292 48.2 (0.2) 0 10.3 (0.5) 73

10.68 (0.13) 33.33 (0) 292 51.6 (0) 0 13.0 (0.4) 72.5

11.41 (0.13) 33.33 (0) 292 47.6 (0.3) 0 7.7 (0.3) 71

9.47 (0.03) 41.67 (0) 292 63.6 (0.5) 0 10.2 (0.4) 65-68

9.88 (0.11) 41.67 (0) 288 51.5 (0.4) 0 12.8 (0.4) 78

11.56 (0.72) 41.67 (0) 288 40.2 (1) 0 9.2 (0.4) 77

7.07 (0.42) 58.33 (12.5) 287 73.9 (1.6) 0 18.0 (0.4) 74-75

11.89 (0.05) 50.00 (0) 285 54.5 (2.8) 0 8.4 (0.6) 73

10.45 (0.01) 50.00 (0) 284 36 (0.6) 0 10.3 (0.4) 71

12.24 (0.03) 50.00 (0) 281 32.1 (0) 0 8.0 (0.3) 70

13.04 (1.97) 50.00 (0) 280 40.9 (0.1) 0 11.3 (0.4) 65-69

12.43 (0.37) 58.33 (0) 279 43.5 (1.6) 0 12.9 (0.3) 77

14.10 (0.71) 58.33 (0) 276 35.9 (0.7) 0 9.9 (0.4) 72

11.93 (0.23) 33.33 (0) 280 51.0 (0.1) 0 12.3 (0.3) 70

16.40 (2.05) 29.17 (0) 279 50.7 (0.3) 0 11.6 (0.4) 69

9.79 (0.06) 66.67 (0) 278 41.6 (0.7) 0 15.8 (0.5) 71

28/04

6.60 (0.01) 70.83 (0) 282 50.2 (3) 0 17.9 (0.5) 76

9.41 (0.06) 45.83 (0) 284 44.2 (1.3) 0 17.1 (0.5) 73

10.14 (0.02) 54.17 (0) 279 34.0 (0.4) 0 12.9 (0.4) 73-75

9.75 (0.01) 50.00 (0) 279 38.4 (1.2) 0 15.1 (0.4) 70

9.05 (0.05) 50.00 (0) 282 43.3 (1) 0 18.2 (0.4) 79

10.19 (0.05) 37.5 (0) 280 46.6 (0.2) 0 18.2 (0.8) 77

13.36 (1.35) 33.33 (0) 276 40.6 (0.2) 0 16.0 (0.4) 74

23



Table 19: (Continued)

PT300 Eacc LT101correction CV105correction FT551corrected PDiss.Cav

Mean (σ) [mbar] [MV/m] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [m3/h] Mean (σ) [W]

1948 (10.2) 8.9 6.81 (0.3) 6.45 (0.36) 4.94 (0.69) 5.25 (0.73)

1928 (9.8) 8.9 6.81 (0.3) 4.07 (0.36) 5.02 (0.62) 5.33 (0.65)

2348 (19.6) 3.5 6.81 (0.3) 4.07 (0.36) 0.32 (0.62) 0.34 (0.65)

2183 (33.8) 4 6.81 (0.3) 4.45 (0.36) 2.54 (0.62) 2.69 (0.65)

1620 (29.7) 5 6.81 (0.3) 4.71 (0.36) 9.48 (0.69) 10.07 (0.73)

2113 (11.5) 6.5 6.81 (0.3) 5.75 (0.36) 4.44 (0.62) 4.71 (0.65)

1843 (9.4) 7 6.81 (0.3) 5.44 (0.36) 6.55 (0.62) 6.96 (0.65)

2030 (9.4) 8 6.81 (0.3) 4.83 (0.36) 4.86 (0.69) 5.16 (0.73)

1888 (18.6) 8.5 6.81 (0.3) 4.39 (0.36) 6.1 (0.62) 6.48 (0.65)

1701 (7.2) 9 6.81 (0.3) 4.71 (0.36) 10.08 (0.76) 10.71 (0.81)

2130 (24.8) 3.3 6.81 (0.3) 0 (0) 6.37 (0.69) 6.77 (0.73)

1915 (23.5) 3.5 6.81 (0.3) 6.93 (0.36) -0.24 (0.62) -0.25 (0.65)

2189 (30) 4 6.965 (0.35) 6.93 (0.36) 0.71 (0.71) 0.75 (0.75)

2191 (28.5) 5 6.965 (0.35) 6.93 (0.36) 3.91 (0.71) 4.15 (0.75)

2293 (31.2) 6 7.12 (0.33) 6.93 (0.36) 2.35 (0.63) 2.5 (0.67)

2335 (2) 6.5 7.12 (0.33) 6.93 (0.36) 0.75 (0.63) 0.8 (0.67)

1788 (22.1) 9 7.12 (0.33) 6.93 (0.36) 6.65 (0.77) 7.07 (0.82)

1526 (13.9) 3 7.12 (0.33) 0 (0) 0.28 (0.45) 0.3 (0.47)

1907 (11.8) 4 7.12 (0.33) 0 (0) 0.98 (0.39) 1.04 (0.41)

2099 (61.2) 5 7.12 (0.33) 0 (0) 2.88 (0.52) 3.06 (0.55)

1510 (11.7) 6 6.81 (0.3) 0 (0) 1.89 (0.42) 2.01 (0.45)

1687 (9.6) 6.5 6.81 (0.3) 0 (0) 1.49 (0.42) 1.58 (0.45)

1629 (14.8) 7 6.81 (0.3) 0 (0) 6.79 (0.5) 7.21 (0.53)

1330 (12.4) 8 6.81 (0.3) 0 (0) 4.79 (0.58) 5.09 (0.62)

1336 (11.1) 8.5 7.12 (0.33) 0 (0) 6.38 (0.52) 6.78 (0.55)

1151 (3.6) 9 6.81 (0.3) 0 (0) 12.39 (0.58) 13.16 (0.62)

1494 (4.3) 0.8 7.12 (0.33) 0 (0) 0.18 (0.45) 0.19 (0.47)

1518 (11.8) 1.5 7.12 (0.33) 0 (0) 0.28 (0.39) 0.3 (0.41)

1526 (5.6) 2 6.81 (0.3) 0 (0) 0.39 (0.5) 0.41 (0.53)

1421 (13.6) 2.5 6.81 (0.3) 0 (0) 0.79 (0.5) 0.84 (0.53)

1316 (8.1) 2.7 6.81 (0.3) 0 (0) 2.59 (0.5) 2.75 (0.53)

1291 (8) 3 6.81 (0.3) 0 (0) 1.99 (0.58) 2.11 (0.62)

1456 (12.9) 3.3 6.81 (0.3) 0 (0) 0.49 (0.42) 0.52 (0.45)

1305 (6.5) 3.6 6.81 (0.3) 0 (0) 3.49 (0.58) 3.71 (0.62)

1248 (0.8) 4 6.81 (0.3) 0 (0) 6.19 (0.5) 6.58 (0.53)

1373 (48.4) 4 6.54 (0.32) 0 (0) 1.16 (0.44) 1.23 (0.47)

1738 (19.4) 4.3 6.11 (0.31) 0 (0) 4.09 (0.51) 4.34 (0.54)

1149 (15.6) 4.6 7.12 (0.33) 0 (0) 5.68 (0.52) 6.03 (0.55)

1426 (17.1) 5 7.12 (0.33) 0 (0) 2.08 (0.52) 2.21 (0.55)

1420 (27.2) 5.3 6.81 (0.3) 0 (0) 11.19 (0.5) 11.89 (0.53)

1838 (14.4) 6 6.81 (0.3) 0 (0) 1.59 (0.67) 1.69 (0.71)

1396 (5.1) 6.3 6.54 (0.32) 0 (0) 3.76 (0.51) 3.99 (0.54)

1701 (7.6) 6.6 6.54 (0.32) 0 (0) 1.46 (0.44) 1.55 (0.47)

1371 (17.2) 7 6.11 (0.31) 0 (0) 5.19 (0.51) 5.51 (0.54)

2207 (81.6) 7.3 7.12 (0.33) 0 (0) 5.78 (0.45) 6.14 (0.47)

1894 (29.8) 8 6.54 (0.32) 0 (0) 3.36 (0.51) 3.57 (0.54)

1327 (2.8) 8.3 6.54 (0.32) 0 (0) 5.76 (0.44) 6.12 (0.47)

993.1 (11.1) 8.6 6.11 (0.31) 0 (0) 5.49 (0.51) 5.83 (0.54)

1418 (15.4) 9 6.54 (0.32) 0 (0) 9.26 (0.59) 9.84 (0.63)

1467 (6.1) 9.3 6.81 (0.3) 0 (0) 11.09 (0.58) 11.78 (0.62)

1168 (12.7) 9.3 6.81 (0.3) 0 (0) 10.29 (0.58) 10.93 (0.62)

1282 (6.3) 9.06 6.81 (0.3) 0 (0) 6.09 (0.5) 6.47 (0.53)

1232 (2.4) 9.1 6.54 (0.32) 0 (0) 8.56 (0.51) 9.09 (0.54)

1228 (6.9) 9.3 7.12 (0.33) 0 (0) 11.08 (0.52) 11.77 (0.55)

1074 (12.1) 9.4 7.12 (0.33) 0 (0) 11.08 (0.87) 11.77 (0.92)

1042 (35.2) 8.7 6.81 (0.3) 0 (0) 9.19 (0.5) 9.76 (0.53)
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the design value there have been several hypotheses. These hypotheses amount to: a contami-
nated FPC, debris generated during conditioning cryopumped on the cavitys surface, FPC not
having been fully conditioned, a bigger impact on heat load than expected from the FPC into
the cavity or a combination of all these. Regarding a contaminated FPC, it might have been

Figure 17: Dynamic heat loads measured with the flowmeter under different conditions and in
chronological order.

polluted either during assembly or during its conditioning. There were two FPC installed back-
to-back during the conditioning at IPNO. 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 µm 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 IPNO, 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 IPNO
saw that the ceramic window was white before assembly. This reinforces the theory that the
FPC might have been contaminated.

Apart from the above, 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 cavitys surface. This hypothesis is reinforced by the poor vacuum
(10−3 mbar) reached in the cavity during warm up (see section 11). 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 10−4 mbar. In this step, oxygen became the
dominating vapor element. During warm up, only an ion pump was used at the beginning and
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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 cavitys and the FPCs vacuum got better and was below 10−5 mbar in a short time.

The last hypothesis has to do with the cooling of the FPC. The temperature sensor TT147
was around 40 K when no MP happened and increased rapidly up to 105 K during multipacting.
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, but as detailed in section 8, a temperature
difference of ca. 50 K gave only an extra load of 1W. Therefore, this point is not likely to be
the dominating cause for the high heat load.

Figure 18: Example of stability for the pressure, level and flow before closing the valves for the
calorimetric method at 9 MV/m.

It needs to be mentioned that during the measurements done via the calorimetric method
the behaviour of the pressure gauge PT102 was abnormal and yet not fully understood. When
the valves were closed to perform the measurement, the pressure in the 2K tank (and cavity)
started to increase but in WinCC it showed as steps, as seen in Figure 18. This would happen
whenever the calorimetric method would be performed. Curiously enough, the same valves are
operated close when the subatmospheric pumps are not needed anymore. While the system
waits until the pressure is above atmospheric, this process can be sped up if i.e. valve CV104
is opened or a heater is switched on. Table 20 gives an overview of all the times during this
run that the subatmospheric pumps were stopped, under what conditions and if there were
steps observed during the pressure increase. Figure 19 shows examples of both, where the
step between adjoining points in both cases is the same at 0.02 mbar. It seems clear that the
behaviour of PT102 does not depend on having applied heat or a fast pressure increase, but
still it always shows during the calorimetric method.

Table 20: Listing of circumstances under which the subatmospheric pumps were stopped and if
steps were seen in PT102 during the pressure increase.

Date Steps?
CV104 EH103

Reason for warm-up
[open/closed] [on/off]

22/03/17 Yes closed on CV551 not regulating
27/03/17 Yes closed off n.a.
13/04/17 No open off long weekend
27/04/17 No close off low level LHe dewar
24/05/17 No close off end of run
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What remains to be checked in the future is if the steps are given by the MKS controller or
by the WinCC system. Sometimes it was seen that in WinCC the pressure remained constant
although the display in the controller showed pressure fluctuations.

(a)

(b)

Figure 19: Examples of PT102 behaviour when switching off the subatmospheric pumps a)
smooth and b) in steps.

11 Warmup

From the very beginning of the warm-up, the pressure inside the cavity increased over the
threshold where the ion pump can work and thus it stopped. The recorded pressures for the
cavity and the FPC, together with the actual temperature of the cavity are given in Figure 20.
Once it was discovered that the ion pump had stopped and that there was no pumping in the
beam vacuum the pumping group was restarted with the turbomolecular pump and soon it was
back to normal pressures.

The system was left to warm-up by itself (no active heating of the system) during the long
weekend. After four days the system was up to room temperature. The CTS at that time was
at 286 K, except for the motor, which was at 280 K.
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Figure 20: Vacuum levels and temperature of the cavity and FPC at the beginning of the
warm-up.

12 Temperature Overview

Figure 21 gives the temperatures reached by the cavity during this run. Apart from the erratic
reading from TT104 and TT125, Romea has been kept cold during all this run except for the
very beginning, where Romea was at max 20 K for less than an hour due to problems with an
empty dewar. The reason for not having LHe left in the dewar was that the LN2 tank outside
FREIA had a valve frozen in the closed position between the tank and the heat exchanger that
made lose pressure [logbook entry 24/03/17 at 07:53h]. A lack of pressure in the LN2 line to
HNOSS’ thermal shield made its temperature go up, making it impossible to transfer cryogens
to HNOSS and thus the cavity.

The increase in temperature at ca. 200 K occurred when the cooling of the cavity started.
Up till then the cavity had been cooled initially to 250 K by just having the thermal shield cold
and later to 200 K via conduction when the 4K tank was cooled and kept at 4K for a day or
so. The spurious temperature increase mid run relate to TT104, which, as mentioned before,
was not properly attached to the cavity and thus is not to be taken into consideration.

Figure 21: Overview of the temperature during run #8 for Romea with FPC and CTS.
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