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Abstract

We report on the discovery of increased residual losses in niobium cavities following rapid quenches, in
particular after thermal breakdown and multipacting. Increases of the residual resistance in the breakdown
affected region by more than a factor of 10 have been recorded in some instances. It is believed that magnetic
flux, generated by thermocurrents during breakdown, is trapped as the cavity reverts to the superconducting
state, resulting in the enhanced losses. A thermal cycle to above the critical temperature of niobium is
required to restore the initial low-loss state.

1 Introduction

It is common practice to shield superconducting niobium rf cavities from the earth’s magnetic field using mu-
metal. This precaution is necessary to prevent the trapping of magnetic flux by pinning centers in the niobium
as the cavity is cooled through the transition temperature (7¢). It is well known that any flux remaining in the
material is responsible for an additional residual resistance. [1-3] Measurements on 1.5-GHz cavities performed
at Saclay have shown that almost all flux present in the cavity wall above T, is trapped when the cavity is
cooled, resulting in a residual resistance of about 350 n{) per Gauss of flux. [4] Thus, to achieve cavity a cavity
quality (Qo) of 10! at 1.5 GHz, the magnetic field in the cryostat may not exceed about 80 mOQOe.

However, external magnetic fields need not always be the source of trapped flux. Investigations into NbgSn
coated niobium cavities as an alternative to niobium, for example, revealed that magnetic flux can be generated
by thermocurrents between the layers of dissimilar metals. If the cavity is cooled too rapidly through the critical
temperature, a substantial reduction of the cavity Qg is observed. [5]

In the course of high-speed, high-sensitivity thermometric studies of thermal breakdown in 1.5-GHz rf
cavities, we have now discovered a similar effect in niobium cavities during thermal breakdown.

Thermal breakdown generally results when a highly resistive defect on the rf surface causes a large fraction
of the cavity to go normal conducting. However, it can also be initiated by the heat from bombarding field
emission electron, by multipacting, or by the power dissipated due to the BCS surface resistance of niobium. [6]

The acquisition of extensive low-field temperature maps prior to and after thermal breakdown events led to
our discovery that the low-field surface resistance of the breakdown region can change. In most cases substantial
increases were recorded. Correspondingly a reduction of the low-field cavity quality was registered. Initially, this
effect was attributed to the redistribution of gases during the breakdown event. However, experimental evidence
presented below contradicts this hypothesis. Instead, we now believe that strong temperature gradients, created
during breakdown events, drive electric currents thereby generating magnetic flux. The flux is trapped when the
cavity reverts to the superconducting state at the end of the quench, resulting in an increased surface resistance.

2 Experimental setup

The experimental setup to study 1.5-GHz (L-band) cavities has been described in a number of papers [7-9] and
will not be repeated here in detail. The main diagnostic tool is a fixed-array thermometry system comprising
756 thermometers attached to the cavity exterior. The array is capable of mapping the cavity temperature
distribution in superfluid helium at 1.6 K. Important to the study of thermal breakdown are the system’s
short acquisition times for a temperature map (/& 0.14 s) and its high resolution (as good as 30 uK). These
features permit us to capture the transient breakdown events, and to study their effect on the low-field residual
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Figure 1: “Flattened” temperature map of defect initiated thermal breakdown in progress in cavity LE1-32.

The bottom and top cavity irises are at thermometer 1 and 19, respectively, and the equator is at thermometer
10.
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Figure 2: Ratio of the surface resistance (at Epx = 10 MV/m) after several breakdown events in cavity LE1-32
to that before breakdown. Dark regions indicate that the surface resistance increased.

resistance of the cavity. An automated Qg versus E,i! measurement system operates in conjunction with the
thermometry system, to provide information on the integrated cavity losses.

Single-cell cavities of the CEBAF shape were made with RRR = 250 niobium. The cavity preparation prior
to testing consisted of a standard chemical treatment [8,10] (one hour in nitric acid to remove any remaining
indium and then about five minutes in buffered chemical polish (BCP 1:1:2)). A rinse with deionized water for
one hour followed the chemical etch, before drying the cavity with hot, filtered nitrogen gas and mounting the
cavity on the test stand.

3 Modification of the surface resistance

An example of thermal breakdown in progress is shown in Figure 1. This temperature map was obtained by
taking numerous maps in succession (~ 0.14 s apart in time) while thermal breakdown was repeatedly quenching
the cavity at Epk ~ 20 MV/m. The origin of the breakdown region was later correlated with the end of the
equator weld.

Extensive thermometric data at low electric field was obtained prior to and after the breakdown events. A
convenient way of comparing this data, is to take the ratio of the surface resistance. An example is given in
Figure 2.

Most of the cavity is unaffected by thermal breakdown. However, the region directly involved in the quench
has clearly increased its surface resistance by a substantial amount. The increases recorded were as high as a
factor of 16. Figure 3 depicts the changes undergone by one of the affected sites during numerous breakdown
events. In particular, we found that multiple breakdown events could result in successively larger Ry values, as
is revealed by the data obtained during the second series of breakdown events.

lEpk is the peak electric field in the cavity.
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Figure 3: Surface resistance at the circled site in Figure 2 during and following a series of thermal breakdown
events in the cavity.
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Figure 4: Qo versus Ey data obtained from power measurements on cavity LE1-32, prior to and after thermal
breakdown events like those in Figure 1.

Prior to any breakdown, the recorded surface resistance at the site in Figure 3 was about 15 n{2, close to
the mean cavity surface resistance of 14 n) (Qp = 2 x 101?). The total effect of all the breakdown events was to
raise the surface resistance by a factor of nine to 135 nQ! If the entire cavity had been affected in this manner,
the Qg would have dropped to 2.2 x 10°. In fact, only a small fraction of the cavity surface is involved in the
process, so that the Q¢ drop is significantly less. Nevertheless a @)y degradation was observed, as shown in
Figure 4, which corroborates the calorimetric data.

The effect of thermal breakdown on the cavity R described here was observed in all cavities that were limited
by thermal breakdown related to cavity defects. In some cases, however, a few sites towards the periphery of
the affected region would actually reduce their surface resistance. This effect is attributed to discharge cleaning
of the rf surface and is discussed in more detail in another paper. [8,11]

Whenever we cycled an afflicted cavity to room temperature, the surface resistance of breakdown affected
regions would revert to their original values prior to any thermal breakdown. If thermal breakdown was triggered
again following the thermal cycle, the Rs would increase once more. A second thermal cycle could be used to
remove the losses again.

To investigate this effect further, we attached a cryogenic linear temperature sensor (CLTS) to the equator
of cavity LE1-32 near the thermal breakdown center in Figure 1. The cavity fields were raised until thermal
breakdown was observed. Low-field data prior to and after thermal breakdown confirmed that the Ry increased
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Figure 5: Surface resistance recorded by thermometer 11 at 330° with cavity LE1-32 (just below the circled site
in Figure 2). The data was obtained in the following sequence: 1. before any thermal breakdown, 2. following
a series thermal breakdown events, 3. following a thermal cycle to 8 K, 4. following a second thermal cycle to
11 K, and 5. following a new series of thermal breakdown events.

as in Figure 2. Liquid helium was then transferred out of the cryostat until the CLTS temperature drifted to a
desired value. A retransfer of liquid helium then rapidly cooled the cavity to 4.2 K before we pumped the bath
to further lower the temperature to 1.6 K.

A temperature cycle to 8 K had no effect on the cavity surface resistance. Surprisingly, though, upon
cycling to 11 K all increased losses reduced back to their original values.? These results are shown in Figure 5.
Following the temperature cycle to 11 K, the cavity fields were raised once more until thermal breakdown took
place, again resulting in increased low-field losses. In many cases (as in Figure 5) the order of magnitude of the
increases was the same as previously. However, the actual values were not identical to those observed after the
first breakdown sequence.

4 Discussion

Initially we had suspected that gases evolving from the hot defect were being redistributed near the breakdown
site, resulting in the increased losses. This hypothesis was however ruled out by the results from the thermal
cycles to 8 K and 11 K. Furthermore, this theory is inconsistent with the observation that the increased losses
saturate following a few breakdown events, yet after a temperature cycle to 11 K they are reactivated to their
full extent by a new series of breakdown events.

Our data suggests that the critical temperature of niobium (7, = 9.22 K) plays an important role in
eliminating augmented rf losses. In fact, the losses we observed are reminiscent of a similar effect detected
in NbsSn coated niobium cavities. These cavities were investigated because NbsSn has a critical temperature
almost twice that of pure niobium (18.2 K). Tests have shown that Qg values in excess of 10'° can be achieved.
[12] Curiously, though, the Qo would degrade drastically, falling by more than a factor of two, if the cavity was
cooled through 18.2 K at rates exceeding one Kelvin every five minutes. [5]

This result was attributed to currents driven by a strong thermovoltage that is generated between the
niobium and Nb3Sn layers. These currents produce magnetic flux that is trapped if the cavity is cooled too
rapidly, resulting in increased losses. [5]

Similar to our observations with niobium cavities, a quench in a NbgSn cavity resulted in increased losses
that could only be removed by warming the cavity above T. and cooling slowly again. The increased losses
were also explained by the thermovoltage theory, since the cavity is cooled very rapidly through T, following
thermal breakdown.

In our niobium cavities no two dissimilar metals exist, yet we observe the same (although reduced) effect.
Hence, we must consider temperature gradients, rather than thermocouple effects, as the driving force behind

2Tests of another cavity showed that regions which reduced their losses were unaffected by a cycle to 12 K, a point discussed in
References (8, 11].
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the flux generating currents.® This phenomenon is known as the Seeback effect. [13]

Following thermal breakdown and the collapse of the cavity fields, a centimeter size region surrounding the
defect is normal conducting. The cavity then is cooled very rapidly by the helium bath, and calculations show
that the normal conducting region shrinks and disappears in as little as a few to 10’s of milliseconds. [14, 15]
These times are consistent with our observation that two successive temperature maps, taken 0.14 seconds
apart, never capture the same thermal breakdown event. Large, radial temperature gradients, that drive the
thermocurrents, exist near the rapidly shrinking normal conducting—superconducting boundary. Magnetic flux
created by the thermocurrents can be trapped as the niobium reverts to the superconducting state. An increased
surface resistance results.

It should be emphasized that there are two important aspects to this flux trapping mechanism: 1. high
temperature gradients are essential to create magnetic flux, and 2. rapid temperature changes are needed when
cooling through T, to trap the flux.

The electric field generated by the Seeback effect due to a temperature gradient VT is given by

E=S;VT, (1)

St being the thermopower. [13] Studies have shown that the temperature of defects responsible for thermal
breakdown can be very elevated with respect to the helium bath. [8] Furthermore, during thermal breakdown,
temperatures over a large region easily exceed T, as demonstrated by thermometry. Thus, substantial V1's
are possible.

Thermopowers vary in sign and magnitude from material to material and are temperature dependent. At
room temperature, observed thermopowers for niobium are on the order of microvolts/Kelvin [16], whereas at
cryogenic temperatures (near 10 K), values for silver and copper? are about 1/10 of a microvolt/Kelvin. [17,18]
The length scale over which temperatures vary during thermal breakdown is set by the size of the breakdown
region, which is on the order of a few centimeters. The minimum temperature difference expected over this
distance is at least 10 K. Hence the smallest temperature gradient to be anticipated is about 2 K/cm. The
thermoelectric field developed in this case will be about 0.2 pV/cm. Given a resistivity of 0.062 p) cm for
~ 300 RRR niobium at cryogenic temperatures [19], the current density (jr) driven by the thermogradient is
on the order of
0.2 puV/em
7 0.062 pQ cm

The magnetic fields created by such current densities are on the order of 1.9 Oe at a distance of 1 cm. Past
measurements have shown that the sensitivity of Ry to flux trapping is about 0.35 n2/mQe. [4] If all of the flux
created by thermopower is trapped, Ry changes as high as 660 nf) should be observed. Considering our lack of
concrete data on the actual temperature gradients and thermopowers occurring during thermal breakdown our
experimental values agree reasonably well with the estimate.

Jjr =3 A/em?. (2)

5 Flux trapping during multipacting

Related thermometric studies have revealed the presence of short-lived two-point multipacting along the cavity
equator, starting at 30 MV/m. [20] Simulations that confirm the multipacting, demonstrated that intense
electron bombardment occurs with less than a millimeter of the equator leading to a quench (see Figure 6(a).

We found, similar to thermal breakdown due to defects, that multipacting changes the surface resistance
along the equator (Figure 6(b)). Primarily, multipacting increases the Rs. This fact is clearly demonstrated by
the histograms in Figure 7.

Temperature cycles confirmed that flux trapping is the likely cause of the Ry increases. Since they oc-
curred exclusively along the equator, strong thermal gradients must develop in this region due to the electron
bombardment during multipacting.

6 Flux trapping during field emission related breakdown

Unlike the case of thermal breakdown caused by a defect, less severe Ry changes were observed following field
emission related breakdown. This fact is also consistent with our theory that flux trapping is responsible for

3We should point out, that the shielded earth’s magnetic field cannot account for the increased losses, since, in our experiment,
it can maximally contribute about 10 n{2 to the surface resistance.
4We were unable to find thermopower measurements for niobium at low temperatures.
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Figure 6: (a) Temperature map taken during a test of cavity LE1-21 while multipacting was active at Epx ~
34 MV/m. (b) Ratio of the cavity’s surface resistance after and prior to multipacting, depicting increased losses
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Figure 7: Histogram of R; of sites in cavity LE1-21 covered by (a) the equator thermometers and their nearest
neighbors, and (b) the thermometers away from the equator. In (a) the mean surface resistance increased from
10.3 n2 to 21.4 n{2 following a series of breakdown events whereas in (b) the mean surface resistance did not

change significantly.
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Figure 8: Cavity quench due to inadequate cooling by the helium bath of cavity LE1-33. The bath level at this
time was roughly at the height of the equator (thermometer 10). Note the logarithmic temperature scale.
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Figure 9: Map of the surface resistance of cavity LE1-33 at Epx = 12 MV/m. (a) Before the quench in Figure 8
occurred, and (b) after the quench. The circled region had previously increased its surface resistance due to
defect related thermal breakdown.

the Ry increases. Defect related thermal breakdown grows from a microscopic region and therefore we expect
large thermal gradients. In contrast to this situation, field emission electrons bombard and heat large regions,
and less severe temperature gradients are generated when thermal breakdown is initiated. The lack of large
gradients explains why the magnetic flux generated is not as substantial as for defect related breakdown.

Similarly, flux trapping and the associated increase in Ry does not occur when a cavity quench occurs due
to low liquid helium levels. We observed such a breakdown in cavity LE1-33, where almost the entire upper
half cell became normal conducting, as shown in Figure 8. In this case, the absence of large thermal gradients
is clear. Furthermore, the time it took the cavity to recover from the quench was as long as a few tenths of a
second because of poor cooling by the bath, rather than milliseconds during regular thermal breakdown.

By coincidence, defect initiated thermal breakdown had previously occurred in this cavity, and increased Ry
values were recorded in the region circled in Figure 9(a). Following the quench due to the low liquid helium
level, the increased losses disappeared again (see Figure 9(b)).

These observations are entirely consistent with the thermal cycling experiments discussed earlier. The defect
initiated thermal breakdown trapped flux in the rf surface, increasing Rs. Then the quench due to the low helium
bath level increased the temperature above T, thereby freeing the flux again. Because of the relatively slow
cooling and the absence of large temperature gradients, no new flux was trapped as the cavity cooled, and the
original low-Rg state was maintained. Evidently subsecond thermal cycles are sufficient to reduce losses, in
agreement with the theory that flux trapping is the cause of the high Ry regions.

6.1 Summary

The study of thermal breakdown and multipacting led to our discovery of a new loss mechanism. Not only
does the breakdown limit the maximum attainable field, but it can also increase the residual resistance in the
cavity region directly involved in the breakdown. Increases by over 100 nf2 have been recorded. We believe that
magnetic flux, generated by the high temperature gradients during thermal breakdown, is trapped as the cavity
wall cools rapidly at the end of the breakdown cycle. A thermal cycle — even if only subsecond in length — to
above the critical temperature T is required to release the flux again.
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