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Summary

The performance of the four-rod cavity prototype considdi the HL-LHC upgrade has already been as-
sessed at CERN at cryogenic temperatures three times iaghevo years], 2, 3]. In this report, the results

of the latest measurements, carried out in July 2014, anershdhese measurements were to check the im-
provement of the cavity performance due to the change ofniat iand pick-up antennas. An estimation of

the residual resistance of the Niobium was also performed.

1 Introduction

The Four-Rod resonator cavity (4Rcad) [s one of the candidates considered for the crab-crossing
scheme of the LHC luminosity upgrad® ]. A superconducting prototype, made out of Niobium
(Nb), was manufactured by Niowave In@] pnd then sent to CERN for cold testing.

Among other radio-frequency (RF) performance requiresiésee §] for further details), the
cavity resonant frequency must kg = 400.79 MHz, and the unloaded quality factor has to be
Q, > 10 for a transverse deflecting voltadie = 3.3 MV at 2 K. According to this, the cavity is
expected to have a Nb residual resistaritg,, of the order ofl0 nS.

Three different tests in cryogenic conditioris , 3] were already carried out at CERN, during
the last two years, for a validation of the RF cavity perfonce at different states of the cavity
processing. The last result showed tfgt> 10° at low field levels around K, and the cavity was
able to reach up td; =3.3 MV before quenching. Thé&, limitation was suspected to be due to the
losses in the stainless-steel antennas (both input anelpickes) 8].

A fourth measurement was scheduled with new copper antéoragck the improvement in the
cavity performance and have an accurate estimatiai,Qf This note summarizes the new results
of the cold testing of the four-rod crab cavity with the newearmas.



2 Differencewith the Previous M easurements

In addition to this material change, the input antenna wadenshorter than before. In the previous
measurements, the cavity was found to be strongly overedyplith an input coupling factgf, ~ 6
at4.5 K and 5, ~ 9 around2 K (Q. ~ 1.210%). According to P], the antenna was shortened by
6 mm to haves, reduced by a factor of.

It is worth mentioning that the 4Rcav had substancial vacleaks during all the tests. In a
first occasion, knife-edge damages were found in the Nioblitanium flanges of the side ports|[
Despite the repair, the vacuum leak persisted in the foligwneasurements. A visual inspection
made while the preparation for the new measurements, adetiwith some damages in the beam-
pipe flange knife edge and the copper gaskets, as depicteid.ii.FNominally, the beam-pipe
flanges were stainless steel. However, a spectroscopetestied that the material of the beam-pipe
port cannot be classified as stainless steel and, theréfierejaterial analysis was inconclusive. So,
for these measurements, the damaged knife edges wereasliviith a grindstone and the normal
copper gaskets were replaced with annealed ones.

Prior to the cold tests, the 4Rcav has undergone a light damich to remove a fewm, and a
subsequent high-pressure water rinse to remove any foneggerial remaining on the surface.

In the RF control room, a full revision of all the equipmentaronnections was done prior
to the measurements. A few devices were found to be workingbthe 400 MHz band. Some
of them, like the directional couplers, did not pose a problsince they were taken into account
in the systematic cable calibration before the measuresnefihey were replaced by other ones
working in the desired frequency range. It was also foundttieacirculator was tuned 862 MHz,
an inheritance from the LEP (Large Electron-Positron dell) era. The previous measurements
showed a standing-wave problem that may be misleading thvempmeasurements. Therefore, it
was replaced by 400 MHz circulator.

(a) Beam-pipe knife edge.

Figure 1: Sign of damage in the beam-pipe ports before thsuneaents.



3 Sensor Setup and Calibration Settings

3.1 Temperatureand Second Sound Sensors

A set of cryogenic temperature sensors have been distdloui¢he outer surface of the cavity. Not
only are they used to monitor and safely control the coolin@and warm-up processes, but they
are also used to locate hot spots during operation and catrgemeral thermal diagnostics. Three
different kind of sensors were used, each one covering afgpeeed and a certain temperature
range. A brief description of each group is given next.

Cernox'" Resistance Thermometers, from Lake Shore Cryotronics, Inc. Covering the range from
0.1 to 325 K, they are mainly used to follow up the temperature of theilthelbath in the
cryostat. Five of them have been distributed from the topéddaottom, even inside one of the
rods, as shown in Fig(a).

Allen-Bradley®. These sensors cover the temperatures going frénK to 5.0 K. They offer a
high sensitivity, what make them ideal to monitor in realgithe temperature evolution on the
cavity surface. Fig2(b) shows the placement of the 13 sensors used for this purpaste. N
that they were located to cover areas with high magnetic feslels. Some of them are even
at the far tip of the rods, to detect a possible local heatmthe area.

Ruthenium Oxide (RuO,). This sensor was included for the first time to help with thebration
of the Allen-Bradle resistors. Their distribution is depicted in FR{c).

In addition to the thermal sensors, some oscillating sep&rtransducers (OST) were placed in
the insert for quench detection. They detect the time drafgaecond-sound waves in superfluid
Helium during the cavity quenches. Triangulation is usedeiermine the location of the defects. A
schematic of the OST layout around the vicinity of the caistghown in Fig2(d).

1

5
(a) Cernox . (b) Allen-Bradley?. (c) RUO. (d) OST.
Figure 2: Sensor placement around the cavity.



3.2 RF CableCalibration

As shown in Fig.3, the power meters sampling the forward, reflected and trateshsignals are
located far away from the input and output ports of the cavitye RF cable calibration is a mea-
surement of the attenuation introduced by the cabling anttég lying in between the cavity ports
and the power meters, so that a compensation can be apptieel power meter readouts.
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Figure 3: Cable-connection schematic to account for thieregion.

After checking the proper connection of the cables by mefasime-domain reflectometry test,
the cable calibration was done following the stepwise pilace given in L0]. Table1 compiles the
attenuation values for the forward, reflected and transohipiaths, done when the cold parts inside
the cryostat was at.5 K.

It is worth mentioning that the calibration of the cold padsialso done at some other tempera-
tures belowt.5 K. The different attenuation values were found to be almostsame, just differing
in 0.05 dB at the maximum foe K. Therefore, in the following, this small error is neglettend
the attenuation values of Talleare taken into account for all the temperatures ranging fté6io
4.5 K.

Altayg Attr Attim
37.78 dB 41.97 dB 23.19dB

Table 1: Cable attenuation. Cold partai K.

3.3 Cavity Constants

The cavity itself can be characterized by some constantaging the relationship between some
important quantities. These constants are needed eitmeeésure), versusV; or computing the
surface resistanck,. They are dependent on the cavity geometry and are typichtBined through
a full-wave electromagnetic simulation. A brief definitimgiven next, together with the numerical
results.

e The calibration constant relates the stored enerd@y with the square of the transverse de-
flecting voltage in the cavity, and is independent of the fieletl. As shown in Eql, it will
be used to obtail; from U and calculating the curv@, versusV; [11].
U
= — J/MV?2 1
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e The geometry facto® is a cavity constant depending only on the cavity shape,tasndeéfined
by

Wolto [, [H|? dv
G = Q 2
fS|H‘2 dS [ ] ( )

wherew, is the resonant frequenay, is the vacuum permeability arfd is the cavity magnetic
field. It is related to the surface resistanég, and the unloaded quality facta®,, in the
following way:

Qo = E, (3)

which allows a comparison of the performance of differemitees, excluding the wall losses

for each specific material. This constant will be eventualhed to estimaté, from the
measured),.

The numerical values obtained are shown in Tabl€hey were calculated at Lancaster Univer-
sity [12] using CST MICROWAVE STUDI®.

k[IIMV?] | G 9]
0.43 59.95

Table 2: Cavity calibration constants from simulatiohg]|

4 Cool-Down Process

The well-known Q) disease” phenomenon is a residual loss mechanism arisiag thle hydrogen
(H) dissolved in bulk Nb cavities precipitates at the sugfancreasing the surface resistaftqd 11].
This effect causes @, degradation that depends on the amount of H dissolved, oioal the cool-
down rate of the cavity. Among other cures like ultra-higlewam baking at high temperatures, a
fast cooling-down is advised betwe&b) K and 50 K, with a cooling rate> 2 K /min.

Moreover, it was recently discovered that the cool-dowa tatough the transition temperature,
T., had also a systematic effect on the ambient flux trappedpersonducting Nb cavitiesLf].
Thus, itis also highly recommended to passithéhreshold with a fast cool-down rate 2 K /min).
For these reasons, a fast cooling rate was applied not antyf50 — 50 K, but also fromb0 K down
to 4.4 K through7,.=9.25 K.

It took around45 minutes to complete the cool-down process. HEigghows the cool-down
evolution for the CernoX numbered a8 (see Fig2(a)). No thermal cycling was performed.
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Figure 4: Temperature evolution with time during the coolwd. Cernox' number2.



5 Resaults

5.1 Progressand Plan

The final schedule to carry out the measurements —exclubdéegaol-down and warm-up processes—
was reduced t8 ¥2 days, due to a delay with the cavity preparation and a cryiegenhnical stop
for maintenance reasons scheduled at the end.

A short description of the measurement progress duringettiags is next given:

Day 1 Stable conditionT =4.45 K, Peaya3 107 mbar.
The cavity pressure is still high compared to vacuum levete®order ofl0~1° mbar.
Same stable conditions overnight.

Day 2 Smooth cool-down from.45 K to 2.44 K, Peay~10~7 — 1075 mbar.
Loss of communication with the cryogenic system. Aroatidhours of stop.
After the recovery, persistent pressure fluctuations irctigestat 10 mbars/min).
Cool down to2.25 K (60 mbar) overnight.

Day 3 Cryogenic software failure overnight. Measurements stdpmtil midday.
Smooth cool-down from2.77 K to 2.40 K, Pea~10~" — 10~ mbar.
Half of the cool-down process with pressure fluctuatiah$( mbars/min).
Cool down to2 K (40 mbar) overnight, refilling the cryostat with liquid heliurbHe).

Day 4 Cryogenics failure overnight. The cavity was foun@ai) K in the morning.
Cool down to2 K (40 mbar), without refilling with LHe .P.,,~2 10~° mbar.
Cool down tol.8 K (16 mbar). P.a,>2 10~° mbar. Interlock system is OFF.
Starting warm-up at midday.

As can be readily seen, there were intermittent problemk thié cryogenic system, namely
communication failures or pressure fluctuations, whicleddra complete stop until recovery. The
lack of time to stay below the lambda point led to the deciibpumping the cryostat without
refilling with LHe, in order to accelerate the process. Isttase, the level gauge was continuously
supervised, because only & of its length was above the cavity.

All'in all, the tight schedule together with these probleswf$ little time for the measurements.
Under such circumstances and despite the bad cavity vacoaditions, it was decided to focus
on the acquisition of calibration points at different temgiares while cooling down with stable
conditions. Thus, the measurement to be presented areynaatollection of calibration points and
all the analysis around them to estimate e, The typical curve), versusV; could only be
obtained in a reliable way dt5 K.

5.2 TheDecrement Method

In order to get the calibration point, the so-calttrement methodustomarily used to determine
high<Q, values & 10%), is followed [11, 14]. According to Eq4, two main parameters are needed
to get(@,, apart from the resonant frequendy, They are, namely, the time constanbf the
exponential decay of the transmitted signal, and the coggéctors for both the input couplet,,
and the trasmitted power couplék,

Qo = 27rfo7—(1 + 5@ + 5t> (4)

To measurer, the cavity is excited by a pulsed signal and, during the efiqa, the transient
decay of the natural RF oscillations in the cavity is obsénkg.5(a) shows the normalized power
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Figure 5: Normalized transmitted and reflected powersustime at4.46 K.

trace of the transmitted signal4ti6 K. The time constant is defined as the time needed to have an
amplitude decay of /e. Just taking two arbitrary points on the tracesan be computed as described
in EQ.5:
to — 11
=———— |9, 5
In(P1/P) & ©

whereP; and P, are the instantaneous values for the transmitted powee &t #nd¢, time instants.
Knowing the coupling factor for both the input couplgr, and the transmitted power coupler,

B¢, I1s essential to get the respective calibration point. Bcpce, the determination ¢f, is done

when the cavity is in steady state, from the standard tecienigeasuring the forward and reflected

power through the equation:
1+ /PP ®)

17 /P /P

where the upper sign is used for the overcoupled case, aoviiee sign for the undercoupled one.
Note that a prior knowledge of the cavity being over- or uedapled is required beforehand. The
gualitative determination of, is customarily done by driving the cavity with a train of r@aegular
pulses. A quick look into the reflected-power waveform gitresshint of the coupling strength.

Fig. 5(b) shows the normalized power trace when dt K. The second peak being higher than
the first one is an indication of the overcoupled state. Ia thise, the cavity is slightly overcoupled
B.~1.2 at4.46 K, what confirms the reduction in the coupling factor as dekiRecall that the input
antenna was shortened to decregsky a factor of~ 3 and, from previous measuremenisz6 at
this temperature. Note that the coupling factor will be @aging as the temperature is going down.

For the coupling factor of the pick-up antenna, an easyicglship between the power measure-
ments in continuous wave is enough:= P,/ P., whereP, and P, are the transmitted signal and the
power dissipated in the cavity, respectively.

Onceq), is known through Eg4, having the transverse deflecting voltdges straightforward.
V, is computed by means of the stored endrggnd thex constant as defined in Edj:

U Qo P
vV, = \/; = 1/27#0% [MV]. (7)

The couplet {;, Q,) obtained so far through Ed.and Eq.4, respectively, is also known as the
calibration point A calibration constant, referred to asis obtained based on this calibration point.

T

Be
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The rest of the curvé), versusV; can be measured through power measurements in steady state,
with the help ofk. The computation of relies on the fact that the external quality factor of thekpic
up antennag),, is constant for a given temperature and depends only onegbmetry. Therefore,
the ratio 0 U
=2t — 2 4. 8
=7 1 ®)
is constant too. Note that this constant will eventually ésponsible of the precise computation
of U (U = kP,), which, in turn, will be used to obtain bothj through Eq.7, and@, through the
classical definition:

B 2n f,U
Qo= ©

Hence the importance of an accurate estimatiahn sfnce it will considerably affect the whole curve
Q, versusV,.

5.3 List of Calibration Points

As already explained in SeB.1, because of the lack of time and other problems encountengds
agreed to just measure a collection of calibration pointdendooling down smoothly. To get the
calibration point,(), is measured for a very low transverse voltagein order to ensure that only
the ohmic losses will be present (no field emission or othen$oof dissipation).

Table 3 collects the few points that could be measured. It is wortimtoaing that although
some other measurements were done, they had to be discdirelecheds because of the undesired
pressure fluctuations in the cryostat. The different catibn points are sorted by descending tem-
peratures, which are the average value of the Céfnsansors. Apart frond), andV;, some other
relevant parameters are shown, such as the resonant figgfieand the time constant, together
with the calibration factok and the different coupling factors.

Note that all the measurements are done for a low transvefecting voltage, in this case
always around).1 MV. The evolution with temperature of, andr is displayed in Fig6. As the
temperature is going down, bofh andr are monotonically increasing, as expected.

The unloaded) values are shown in Fig@. (), is increasing for decreasing temperatures, reach-
ing 4 10° around2 K. Recall that, in the latest measuremerds {9, was just slightly above0? for
the same temperature range. T@islimitation was believed to be due to the losses of the former
stainless-steel antennas. Indeed, changing the anterteaahto copper has meant an increase of
Q, by a factor~4 (at2 K and for low field level).

The evolution with temperature of the coupling factors clo de observed in Tablé The
input antenna coupling factas,, is near to the critical coupling dt46 K (see also Fig5(b)). Note
that the cavity state is always overcoupled but, this tinegaise the input antenna was shortened,

TIK] | fo[MHZ] | 7[ms] | Vi [MV] Qo k(s] Be Be Qe Qe
4.46 | 400.265 | 117.22 | 0.068 | 0.75410° | 0.932 || 1.24 | 0.32 | 6.1010% | 2.3510°

3.27 | 400.279 | 147.88 | 0.108 | 2.11310° | 0.814 || 3.65 | 1.03 | 5.7910% | 2.0510°
2.90 | 400.281 | 155.09 | 0.104 | 2.56710° | 0.677 | 4.07 | 1.51 | 6.3010% | 1.7010°
2.69 | 400.282 | 158.70 | 0.089 | 2.56810° | 0.514 | 3.45 | 1.99 | 7.4510°% | 1.2910°
2.16 | 400.283 | 167.71 | 0.088 | 4.09310° | 0.370 | 4.31 | 4.39 | 9.5010% | 0.9310°

Table 3: Calibration points.
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B. < 5 for all the temperature range. These results confirms a teduaf 5. by approximately a
factor3 with respect to the previous measuremeBjs [

Looking at the coupling factor for the pick-up antenn, it only remains undercoupled at
4.46 K. ldeally, the pick-up antenna should be weakly couplesl, i, < 1, at the low tempera-
ture range. However, it seems thgatis in the10? range, instead of th@10'° that was numerically
calculated 15], meaning that the pick-up antenna has to be shortened.

The external) for both the input and pick-up antennég, and();, can be derived using the data
of Table3 (Q.=Q,/ 5., Q:=Q,/F:). They have also been compiled in the table and plotted in#Fig
against the temperature. It shows h@w~ 10® and@, ~ 10°, which is not as high as expected.

The calibration factok is also shown in Tabl&, showing a strong dependency on the temper-
ature. Although this dependency is still not well underdtosome possible reason could be the
thermal contraction of the pick-up antenna.



5.4 Residual Resistance Analysis

The microwave surface resistanBg of superconductors is proven to be dependent on the tempera-
ture [11]. However, below a certain temperature, in the liffiit— 0, the experimental data reveals
that R, saturates at a non-zero value, called residual resistdpgeA very good approximation of

R is given by the following equation:

Aw? A
Ro(T) = Fres+ —— €xp <_kB—T) , (10)
whereA is a factor depending on the material parametarss the superconducting gap, ahd is
the Boltzmann constank g = 8.617 10~ eV/K). Note thatA also depends off, meaning that this
approximation is only valid fo" < T./2, whenA(T') has reached its asymptotic valuel]. By
definition, then,

Rres - ]l“l_q%) RS (T) . (11)

By means of Eq3, the surface resistance can be computed for all the cabbrabints listed
in Table3, using the geometric fact@r = 59.95 Q) as given in Tabl€. The results are collected
in Table4, and displayed in Fig8. As expected?, decreases exponentially with temperature and
saturates aR,.s. A numerical fitting has been done and is also representeldling aRRies ~ 15.7 €2,
for a gapA = 1.87 meV. This is a very promising result, within the range of tieto 20 n{) of a
well-prepared Nb surface. Recall that the first measuresngatded a residual resistance of about
90 — 100 n€2 [1]. Notice that theR,.s value coming from the fitting is somewhat higher than ihe
value at2 K. This fact is just due to the uncertainty when trying to fitexponential with very few
points.

TIK] | 446 | 327 | 290 | 2.69 | 2.09
R,[NQ] | 79.48 | 28.37 | 23.36 | 23.34 | 14.65

Table 4: Surface resistance as a function of temperature.
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Figure 8: Surface resistangersusemperature. Measurements and numerical fitting.
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5.5 Unloaded Q) versusV;

As already mentioned in Se8.1, the curve), versusl; could only be obtained at5 K. This mea-
surement was done in pulsed-mode conditions, i.e., wheoaab $ign of heat is present in the cavity.
To that end, the Allen Bradley readouts were continuousickhd, and the next measurement point
was not taken until the initial cavity temperature was rered and homogeneous.

Fig. 9 shows the(), measurements as a function of the deflecting voltage, tegetith the
constant lines of dissipated power in the cavity,(in watts). The corresponding calibration point,
provided in Table3, is also shown as a red cross. Compared to the latest meaniremade in
December 20133, the performance is very similar at arowhd K. The starting?, value is slightly
better now for lowV;, but the slope is steeper at hifhbefore quenching. Some multipactor-like
activity was found at arount; ~0.3 MV.

As a kind of cross-check of the goodness of theversusV; trace, both the input and pick-
up antenna quality factorg). and@;, have been derived and plotted in Fig). These quantities
only depend on the cavity and the coupler geometries, andmtite accelerating field or deflecting
voltage. Thus, they should stay constant and stable Witlhinless any other ways of dissipation,
different from the ohmic losses, are present. It can be seenth remains constant on the entire
range. Howevery), start decreasing at arouil= 1.5 MV, at the same time that the onset of the
level of radiation (see right-hand vertical axis).
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Figure 9: Unloaded quality factmersustransverse deflecting voltage4at6 K. In red: the calibra-
tion point. Lines of constant dissipated power in the caalgo shown (in watts).
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56 Lower Order Mode

The 4Rcav has a lower-order ma2ieMHz apart from the fundamental one, i.e., at aro8n¢g 25 MHz.
A look to the transmitted signal at this frequency was takeh®K, as shown in Figllin the fre-
guency domain. Tha dB bandwidth is approximately arourickHz. This bandwidth is consistent
with a time decayr of around0.16 milliseconds, too fast to be measurable with the spectruan an
lyzer. So no calibration point could be taken for the lowstes mode at this temperature.

Normalized transmitted voltage

o i i i i
374.2555 374.2560 374.2565 374.2570 374.2575 374.2580
Frequency [MHZ]

Figure 11: Normalized transmitted signal for the lowereasrchode.
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6 Warm-Up Process

The warm-up process from5 to 80 K was fully monitored and the main observable parameters
were recorded for subsequent analysis.

6.1 Temperature Evolution with Time

The overall tendency of the warming up can be seen in Exga) which shows the temperature
evolution of the CernoX with time. The average antl2o standard-deviation error bars are shown
for the 3 sensors with less dispersion between them (Cernosmbered a8, 3 and4 in Fig. 2(a).
Looking at the error bars, it is readily seen that the Cerhased are more consistent and accurate
in the temperature randge— 10 K. It took almost6 hours to go fromd.5 K to above the critical
temperature7,.. From the slope of the curve, it is worth noting that warm-uadient rate of the
superconducting state differs from that of the normal state

Fig. 12(b) shows a detailed view of the temperature evolution arouedrdmnsition zone. An
unexpectedlip (decreasing temperature) is happening around the crieoaperature. This phe-
nomenon is still not understood by the authors. A possildear could be that the cryostat pressure
presented some fluctuations while warming up.

From now on, whenever a parameter is represengegustemperature, the averaged curve of
Fig. 12(a)will be used, with a correction applied to smooth the behaatound the critical temper-
ature.

6.2 Resonant Frequency and Other Parametersversus Temperature

A Vector Network Analyzer (VNA) Agilent Technologie&5071C) was connected to the cavity
from the RF control room to track the change in resonant geqy, f,,, while the warm-up process.
This change irf, is plotted against the temperature evolution and showngnl&(a) As long as
the cavity is getting warmer and warme,is monotonically decreasing, with a sudden change of a
few kHz happening around the transition from supercondgdth normal-conducting state.

Likewise, an automatic tracking of ttiedB bandwidth,A f34g, Of the transmission parameter
Sp1 was performed. Figl3(b)shows the increasing tendency as the cavity is warming upinA@

90

Temperature [K]
Temperature [K]

o ; ; ; 4 ;
6:00 PM 9:00 PM 12:00 AM 3:00 AM 6:00 AM 9:00 PM 12:00 AM 3:00 AM
Time Time

(a) General overview. Error bars 6f20. (b) Detalil of the transition zone.

Figure 12: Temperatuneersustime during the warm-up process. Cernorumber2, 3 and4.
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sudden change from less thaw Hz in the superconducting state to tens of kilohertz in thenad
state can be appreciated.

Both the drop inf, and the increase i f355 around the transition zone have, therefore, an
impact in the loaded quality factof);, aroundT,. Fig. 13(c) presents the loade@ computed as
QL ~ f,/Afss. Qr decreases quickly from severdl® to a few10* while crossing the transition
zone. Note the big uncertainty committed when compuggn the superconducting state, mainly
due to the difficulty to accurately estimate thg;qg in that region.
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(a) Resonant frequenegrsusTemperature. (b) 3 dB bandwidthversusTemperature.
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(c) Loaded quality factoversusTemperature.
Figure 13: Evolution of some important parameters durimgwiarm-up process.

7 Conclusion

The performance of the 4Rcav has been tested once more @tecigaemperatures. The main
difference with respect to the previous measurements isllaage of material of the input and
pick-up antennas from stainless steel to copper. Due to simngeconstraints only a collection of
calibration points were mainly measured. The unloadedityualctor was around 4 times higher
than before, i.e (), ~410° at around K. This increase irQ), may be attributed to the new copper
antennas, as expected. In addition, an estimation of tiduedsesistance has been made, yielding a
Ries~ 15 n€). This value means an improvement compared to the first memsumts werek,.s was
about90 — 100 n€2.
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