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Abstract:

For a given defect , the quench field level in superconducting radiofreq(®GdyF)
cavities is strongly decreasing with frequency. That would indicate that lower frequencies are
recommended for high fielggpplications. On the othenand, the lower the frequency, the
larger the cavitysize. Hence, if defecte randomly distributed, onevould assumehat
larger defectsare expected at lower frequencie$hat would favor the use of higher
frequenciescounteracting therevious statement. Iéhere an optimafrequencyresulting?
The aim of this paper is wvaluate thestrength of theséwo oppositeeffects,calculating the
expected average quench field as a function of frequency includinghbatiermalanalysis
and the statisticabne. That integrated statisticainalysis mightalso helpfor predicting the
percentage otcavities under ajiven specified fieldhat would berejected in aproduction
series.

Introduction :

It is generally assumed that the quench field level in SCRF cavities is due to defects lying
on the innersurface.That idea issupported bythe fact that thermal instabilignalysis 1] show
that the maximum magnetic field on defect-feegfaces should be high#tan 150 mT. This
uniform caseassumes ndefects and thase of a high RRRiiobium (RRR > 200).But most
experimental results on actual cavities exhibit quenches around 80 mT, witloaadized heating
(detected bythermometry).The same thermalnalysis including small micron-size defeatgght
explain the non-homogeneous behavior leading to a local thermal runaway. Although a lot of effort
has been devoted these last years in most laboratories to try to identifdefexds, it seemthat
their nature can be still considereduagknown. (Due probably to their smakizes,they are very
difficult to detect by standard techniques. As an example, a local increase of the impurities contents
in the niobium might be considered as a “defectherefore, onanight consider astatistical
analysis whereghe defects are randomly distributed in the material, simulating the experimental
distribution of quench fields on actual cavities.

Statistics :

Let us assume that any kind of defect may exist on all cavities with a given probability. For
simplicity, only oneparameter will characterize each “typicaéfect,namely itssize®. This
parameter is chosen because it has Isbenvn to beone of themost sensitive with regard to the
guench field valuel]. Any other type of defect will then bassumed to bequivalent to our

“standard” defecprovided it hageen given the appropriate size (etleough it is not itsactual
size).

If p (P,S) denoteshe probability functiorthat alldefects on a given arearfust have a

size smaller tham, this function will have the shape drawn on figure 1 as a functidn of
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Figure 1 - Typical probability function variation with defect size.

For larger defecsizes,the probabilityshould approaclunity as the number of defects
should decrease with size (most probably, all defects on a gjigarare smaller thasomelarge
size).A contrariqg for very small defects, p would be close to zéndicating that tiny defects are
much more numerous (and hard to get rid of, too !).

For a surface S’ = 2.S, basic probability will impose that :

2
p(®,5=25) = [p(®,S)
which straightforwardly implieshat the probabilitffunction p should be aexponential function
of the surface S. Namely,
__ S

p(®,S) = > 1)

(the constant is determined becausedy 6=0) = 1).This simply reflectsthe fact that the
probability to be free of defects on a small surfaee athigher frequency) is greater than on a
large area (at lower frequency).

Relation between size and quench field : The quench field value Ran be related to the
defect sized, usingthe thermal modell]]. If we assumehat our “typical” defect is a normal
conductingdisk with agiven electrical conductivity g, one can plot the quench field, Bs a

function of ®. B, is clearly astrongly decreasing function ab (figure 2) that might be
approximated by :

B
B, =~ ——— (2)
0o of

\1+$OE

where®, = 20um with 0 =10 Q* m™.
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Quench field as a function of Defect Size
F = 1300 MHz, RRR = 250, t = 3 mm
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Figure 2 - The magneticquench fielddecreasesith the defectsize. Thepoints are calculated
using thermal analysis . The line is the approximate expression used in this paper.

B, is the quench field value varying with both frequency and bath temperature. Agamplete
thermal analysis is needed to evaluate the exact frequency beBanjoior agiven defect, it can
be shown 2] that it is similar to the above one. A good approximation,a$ Biven by :

El_DTDZS

e L BB
: \/1+DFﬁ §1+DFD2
| TERE s A=

with B, = B, (T=0) = 198 mT and T, = 9.25 K for niobium and F= 2.4 GHz for a
superfluid helium bath.

Probability function :
Coming back to equation (1), some hypothesishenS function has to benade inorder
to explicitly determine the probability function p. The simplest hypothesis (taking into a¢batint

S,(®=0) should be zero, and thatshould be an increasing function ®f is to assume a power
law function :
Do O

S.(9) = St @

where § is a constant areand ®, the same constant siseed aboveThe only free parameter
here is the power m which witletermine thevidth of the distribution as it will beseenlater on.

Making this assumption results in the probability function being :
gso 1

“Bs, B - ms
i

p(®,S) = e (5)

In order to get the probability for having a quench field lying between BBhdB), the
derivatives of the above function is :
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dp oso [B%ﬁ Y

Y= g B,
e 15

(6)

This probability functloncan be checked as havimgal probability characteristics, in
particular, one gets the following standard relationships in statistics :

0

B J'_p =1
s
= B
n
od .
[ EU—ED.(B—B) dB = o2

where B is the mean statistical value for the quench field @nthe quadratistandard deviation.
Using equation(6), one cancalculate the statisticalistribution of the quench field valudsr a

given frequency and area and deduce the expected average quench fiell value

Application for (B = 1) cavities at F = 1300-1500 MHz :

Single-cellcavities:

Let us apply the above analysis to a single-cell cavity at a frequency df3BO=MHz.
The quench distribution computdtbm equation(6) is shown in Figure 3 assuming the
following parameters S= 0.1 nf andm = 5. The average quench field will bdirectly
proportional to B whereasthe value of the exponent m will determine thalth of the
distribution (the higher mhe narrowerthe distribution). The case of non-heat treated cavities
have been addressed by specifying a loveduefor B,, namely B = 150 mT, whereas the
theoretical critical field value (198 mT) have been taken in the caseabtreateadavities. The
value of m has been chosen to fit the experimental distribution obtained on real ca%@e at
MHz and1500 MHz. The value of Sis arbitrary anchasbeen choseffor simplicity to be
approximately equal to the area of one single-cell cavity at the frequency of F = 1300 MHz.

Multi-cell cavities:

When going from a single-cell toraulti-cell cavity, the RF area is multiplied by the
number of cells. Therefore, omapects to obtain an average quench fileéd decreases with
gsOo

5.8 is expected.

the number otells. Fromequation(6), avariation in theform of %Ee
This is shown in Figure 4 where tagerage computed quench field of the above distribution
is decreasing witithe number ofcells. This isfully in accordance with what is indeed
experimentallyobserved andegitimitizes the statisticanalysis herexposed. For example, a
nine-cell cavity would exhibit a 25% lower quench field as compared to a single-cell.
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Quench Field Distribution
Single cell cavities
T=2K, F=1300 MHz, 3 =1
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Figure 3 - Statistical calculated distributions of quench fields for non-heat treated
and heat treated SCRF cavities.
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Figure 4 - The average quench field obtained decreastésthe number of cells in
a cavity as its surface increases. The quench field®€eall cavitywould be 25%
lower when compared to a single-cell.

Application for (B = 0.64) cavities at F = 700 MHz :

The same analysis can be applied to superconducting cavities for proton accelerators which
are generallyunning at lower frequencies (700Hz is taken as aexample). Because they are
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designed for nomelativistic particles,the cavityshapesare ratheisqueezed. Consequently, one

would expect a slightly higher average quench field vauéalthough the resultingccelerating
field might end up being lower due to a high (. ) ratio). In Figure S5the computed quench
field distribution is plotted for non heat treated single-cell anddeflecavities. The average fields

are B= 87.5 mT for single-cells anB= 71.2 mT for 5-cells. The estimated rejection rate would
be less than 2% if the specification acceptance were to be fixgdat4B mT.

Quench Field Distribution
T=2K, F=700 MHz, B = 0.64
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Figure 5 - QuenchHield distributionfor non heat treatedsingle and 5-cell proton

cavities 3 = 0.64). Theaverageexpected quench field is slightljgher than for
electron cavities at 1300 MHz.

Quench field vs Frequency :

Equation(3) reflects the fact that thgquench field given by théhermal analysis is a
decreasing function of frequency. This is true even in the uniform case (ideal case with no defects)
where the thermal instability starts to show up abgwe24 GHz R,3,4,5]. This can be easily
understood since the BCS surface resistance is increasing roughésgsare othe frequency
(F?). Below F,, thebreakdown ismainly a magnetic transitioffom the superconducting to the
normal state, while above,Rhe thermal runaway will dominat&o, for agiven defecsize, the
qguench field given by2) will steadily decrease witfrequency. Orthe otherhand, while the
frequency is increasethe cavitysurface S will decrease accordingly @stimatedarea, in m,

would beS=0.17 n8*/F? , with F in GHz and n the number of cells). Therefore, the probability
function p will increase (equation 5). These two opposite efegetg€ounterbalancing in equation

(6) where Bis decreasing while p is increasing with frequency. The final balance exhibits a rather
low dependence on frequency as can be seen in figure 6. While the overall result is still in favor of
low frequenciesthe statistical effect istrongly reducinghe benefit of the single-defect thermal
analysis. The large area involved at low frequency is wipinghaugain resultingrom the lower

surface resistance.
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Figure 6 - Calculated quench field as a function of frequency taking in account both
the thermal and the statistical analysis. The result show a rédiaedependence on
frequency, the two effects almost counterbalancing.

This statistical analysis holds as long abe defects areassumed to be randomly
distributed. If, in the future, some progress were to be made on the understanding or the control of
thesedefects,the scopemight change. Niobium sheetould then be obtained with no defects
greater than a givesize. That would shift the probability function p tdower defectsizes by

reducing®,. The overall balancevould consequenthdefinitely leantowards favoring lower
frequencies as the thermal model analysis indicates.

Conclusion :

In conclusion, anntegrated picture including bothe thermaknalysis andhe statistical
distribution of defects in a SCRF cavity has been developed stttistical toolallows prediction
of the expected quench field distributitor a set ofcavities that might beseful in a production
schemeWhile the thermahnalysis for a singledefect is clearly irfavor of low frequencies, the
statistical effectseems to almostounterbalance thadvantageThe final average quendield
resulting shows a rather smoathriation withfrequency. Inthe long run, while improvement in
the high RRR niobium sheets production is foreseen, with regdihe guench field performance
(and disregarding otheonstraints)the choice otower frequencie$500-1000 MHz) would be
recommended.
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