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Abstract

In a previous papefl] we reportedabout tle performance of severd high purity niobium
cavities which had beeroatedwith a Nb3Sn laye by the vapor diffusion processThese cavities

performed quitevell, showing lav residual surface resistangalues in the nOhm rangand peak
electrc surface fields above 2B1V/m with little electron loading. However a ratheg strong
dependencef the Q-valueon field gradient in the cavitwas observedWe have applieda rotating
temperature mappingystem to some of thegavitiesduring re-testigp and acquirel temperature
maps insubcoold helium at different field levels in thecavities. Three differdntypes ofheating
distributions were founda broad area heating along an azimutausedby trappedmagnett flux

generatedy thermocurrentslocalized heatinglue toa defect, and homogeneoheating overthe

whole cavity surface.

|. Introduction

In previous work [1], a vapadiffusion techniqe has been optimizedor coating high purity
Nb 1.5 GHz cavitie with Nb,Sn The improved techniquleas resulted icavitieswhich maintain a
high thermal stability with respect to defed@ valuesof up to 10** at 2 K and10' at4.2 K have
bee obtained. Theseavities marked thdirst time residual resistances of tethan 10 nQ been
reproducibly achieved for NBn surfaces.

With respect tdigh field performance, theseavities show littl e electron loadingip to peak
electric surface fields o 2MV/m. However these cavitieslo show a strorg dependencef Q, on
the field gradienat high fields At 2 K g4K), Q, is nearly constanip to a peak fieldof abou 15
MV/m from which it degrades to about”ld 30 (25) MV/m.

To investigate thdoss mechanisms causing $hi Q, degradation, we havapplied the
techniqueof temperature mappinff] in subcooledhelium to the outesurfae of some of these
cavities. With this technique we wereatn identify the distribution of RF losses In addition the
mappirg was a useful probe othe localsurface resistance which allowed to make qualitative
comparisons between the localized losses and global losses measured by Q(E) curves.
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[l. Experimental Method

The mappingf the caviy surfaceis achieved withithe use ofa rotating armas shownin
Figure 1. The arm is connected to a gear which is driven by a mater topof the teststand which
allows the thermometers to be rotated to various positions. The arsiledlotermometes which are
positioned along the curved sectiointhe caviy surface The beamtubes are notmapped. Each
thermometers anAllen Bradley100 Q 1/8 wattresistor which is mounteal the end of a flexible
G10 finger. The resistor makes direct contact with the cavity surface.

Figure 1. Scanning apparatus for temperature mapping of cavity surface.

The data acquisitiors done usinga Macintoshllx computer controlled through LabView
program andh custom scanning electronics originally devetbper calorimetry measurements in a
triaxial cavity[3,4] .

Two types oftemperature mapaere acquiredThe first consisted of mappinghe entire
surface ofthe cavity. In this casethe RF power wa first applied to the cavity and ¢itemperature
read on each of the sensors. Then the power was turned ofieaethfferatug was real again. This
allowed us to determ@nAT for each sensor. Subsequently, the arm was rotated to a new position and
the pulsing procedure repeated. Nomin#tle dat were takerat 12 degre intervals. Inthe second
type d test a similar procedurevas followel except the arm remained one position andhe field
level in the cavity was changed.

The scans were performed in subcooled helium since easyrdsiatal tha our temperature
sensors were insensitive in superfluid helium or at 4.2 K; in both cases no R begt#could be
obtained. Subcooled experimgiare well suitedd experimerg on Nb,Sn surface since the T, is
18.2 K putting us well into the regionof the temperature independent resldigsistance. In our
experiments the bath temperature typicdlifts from 2.2 -3.0 K over the course ofthree tofour
scans, each taking approximately 30 minutes. The erroe iThsignalis due to fluctuations ithe
bath temperature, cooling conditions at the sensor and variatio& contact between theensorard
the cavity wall. The error is estimated to be on the order of 10%.

[11. Results

In all, three cavitieavere tested in this investigatiorlhe cavities ha& Q,'s at 4.2 K better
than 10 out to a peak E field of 12 MV/m. Typically, we achieved,a®2 K of about10™ ou to
15 MV/m.

Figure 2 shows the Q(E) curverfour beg cavity. Ead cavity's Q(E) curves shara similar
appearance. The general features are a small linear degradatioQ aittloev peakE fields followed
by a plateau region for fields up 12-18 MV/m a which pointthere appearsa strongerexponential
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degradation in th€. During the measurement$ Q, vs. E .., electrm loading was sometimes
detected atvery high fields which occasionally triggeredquench ofthe cavity, but was not

responsible for the Q degradation at high fields.
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Figure 2:Q vs. E, dependencéor the best Nb,Sn cavity One can clearlysee three different
sections, which are universal for all tested,Stbcavities in this investigation: fog & < 3 MV/m Q,
decreases linearly with field,f@tMV/m< E ., <17MV/m aplateal region appears, followea by

an exponential decrease of Q with field at larggr.E

In Figure 3, the effécof quenchs on the cavity Q is shown After severalquenchesthe Q
has degraded by a factor of 2 or 3. This degradation was revefdgtblewarming the cavity above

T. and recooling, the original Q(E) performance was restored.
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Figure 3: Q vs. Epeak curves for cavity 3 shaptime effectof quenchesRun 3b wa taken before
the cavity quenched. Run 3d was takenrafexverd quenche had degradd the Q. For Run 3¢, the
cavity was warmed up past Tc and recooled, which improved the performance.

We took temperature mams all three cavities antbund the mapscan ke categorizd into
three different types: 1) broad area heating along an azimuth, 2) localized heatingh@amo@nous

heating over the whole surface.
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Figure 4 shows distribution which was a broad heating peak along an azimwhcavity 1.
The longitudinal extentvas nearly the lengtiof the entirecavity. The width of the peakat its half
maximum covered over 1/4 the cavity's surface Increass in the field led to larger heatinAT's
and the response of the thermometers at the maximumdeatmut appears to ba linear function
of E? (Figure 5) over the whole range of fields testdthus this map does noteflect the increased
losses saein the Q(E)curve. The additionalossesmay comefrom other areas dahe cavity. The
dat from three fullcavity temperat@mapsat 3.3, 8.1,ard 103 MV/m has alsobeen analyzed.
Along the azimuthof maximum heating there was again a nearly constant surfaceesistance.
However, at an azimuth away from the broad heating peak, the surface resistimoeasaig with
the field in agreement with the Q(E) data.
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Figure 4: Full cavity temperature map of cavity 1 at Epeak = 8.1 MV/m showing a broad heating area
along an azimuth.
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Figure 5: Temperature map for cavity 1 along azimuth of maximum heating. At high fields the
thermometry appears to be saturating.

A very similar distribution, as shown in Figure 6, was found on cavity 3 after a few quenches
had lowered th&) value(see also Figer3). After warm up ofthe cavity andecooling,the broad
heat distribution disappeared.
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Figure 6 Full cavity temperature magpf cavity 1 at ., = 154 MV/m showing brod heatingarea
along an azimuth after several quenches had degraded the Q.

Figure 7, a map takenon cavity 2 at £, = 42 MV/m, shows losse which were more
localized indicating th@resence o defect. The azimuthal rarggwas about30 degreeswhile the
longitudinal extentvas 3-4 thermomete positions.The heating peatvas locatel along the bottom
half of the cavity. A temperature maiptibe azimuh of the defed as a function of field levd (Figure
8) showed the response changed at a field level of about 6 MV/mandiitelar map taken abou 90
degrees away, the heating was too small to be sekewithermometry below $1V/m. At higher
fields, the losseincreae less rapidly near the defect than in the nfpdegreesaway whichmight
indicate that our thermometers are saturating at high heating levels.
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Figure 7: Full cavity temperature map of cavity 2 gf£4.2 MV/m showing a localized heating area
due to a defect.
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Figure 8: Temperature map for cavity 2 along azmafitmaximum heatirg for sensos 9 through 16
as a function bEZ, .

Figure 9, a map taken on cavity 3 gf.E 9 MV/m, shows the rather homogeneous heating of
the whole cavity surface. Tts rather uniform heatings changingat higher fieldsas can le seen by
comparirg Figure9, taken in the "plateauegion to Figure 10( E .= 183 MV/m) taken in the Q
degradation region (see Figure 2). Both sstpov a more pronouncetieatingof the lower half of
the cavity, possibly indicating poorer cooling conditions there.
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Figure 9: Full cavity temperature map of cavity 3 at£9 MV/m, in the plateau region of the Q(E)
curve, showing broad heating of cavity surface.
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Figure 10: Full cavity temperature map of cavity 3 at£18 MV/m, in the high field Q degradation
region showing brod heatingof cavity surface which hashanged with respect thhe map at 9
MV/m in Figure 9.

A temperature map at fixed azim(tFigure 11) appears tshow a linear dependence iE>
up to fields of 14 MV/m. To investigate thigurther, we plotted AT/Eﬁ,eak VS E ., in Figure12.

Below 4 MV/m the surface resistance, whicAT / Efmk is a measureof, is increasingas expected

from the decreasin@ value. Between 4 and4 MV/m, we do not see any changes in the surface
resistance. Thimay indicate that thiosses responsifor the slightQ degradatia in the plateau
region are located in another region of the cavity.
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Figure 11: Temperature map for cavity 3 for sensors 9 throughdtuastion of Ef)eak. The plotis

linear n Efmk as expected from a constant surface resistance. Note that this map only textergh
the plateau region of the Q(E) curve.
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Figure 12 AT/E;eak VS E . This plot is a measure of the local surface resistance as a fuoictie
field. At low fields the resistance is increasing as expected from the Q(E) curve.

V. Discussion

The best Q(E) performance resulted jv@lues at 4.2 K > 3x10%out to peakE fields of 15
MV/m, which exceedsthe design goal ofCEBAF. We reached an £, of 32 MV/m, the highest
value ever obtained in a hn cavity. However, due to the exponential decrease in the @-aladwe

15 MV/m our Q was only 8x10°. This eliminates Nb,Sn technolog for such highgradient
applications as TESLA, bitt may be applicabléor future accelerator applicatienwith somewhat
more modest design godlsr the accelerating gradient if similegsuls can be achieved imulticell

cavities and ifslow cooldownat 18 K and quench avoidance can be realizeast cooldows have
been shown to degrade the Q values due to extra losses from thermally induced clirrents [5

Initial Q degradation was seen in all ofoQ(E) tests The® low field losses are believedo
be due to flux penetration into weak links which saturatemedium field leveld5]. We have seen
these low field losses with thermometry in cavity 3 which had homogeneous heatoayity 2, the
losses were seen but may have been the result of the localized defect. In a region awaydgtact th
the losses weer too low at low fields to be seen with our thermometrp. davity 1, the low field
losses were not seen by the thermometry but may have been masked by the losses flaedoith
flux.

The high fietl losses paghe plateauegiondo not appear to be the resaitfield emission.
The Q(E) curves suggest that the surface resistance is ingrea#imns region. Howeverwe did not
see this well pronounced in our ftkazimuth magfor cavity 1, presumably due to saturation effects
in the thermometes (AT 0J1K). This saturation might be causbkd the additionallossesdue to
trappal flux. Cavity 2 temperature maphowedincreasiig surface resistance as well bile
increases were faster in regions away from the defect, again indicating saturation effects. According to
full cavity temperaturemaps forcavity 3, the high field lossesare broadly but not uniformly
distributed ovethe cavitysurface Thus highfield losses may be the resuldf broad regions of
increasing surface resistanc&he apparent saturation in the thermometnggestshat superfluid
thermometry may be necessary to study the high field losses in these cavities.

The onse field of the high field Q degradatiorwas similar in all three cavities. Thisnay be
pointing to some fundamentldss mechanism whichs occurring aba¥ the expected f{ of the
Nb,Sn layers.

The occurrenc®f quenchs shows that the cavities haveot been sufficiently stabilized
against thermatlefects This is a crucial point since th&) of the cavitydegrades throughotlhe
whole field range after thesquenchesThe temperaturenapsindicate that thdossesdue to these
guenchs are broadly distributed and quadratic in thedfigle. a constant surface resistancgjnce
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the additional losses are removed by warming up the cavity pastidal temperatur@and recooling,
this strongly suggests they are due to frozen in flux caused by thermocurrents.
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