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Tests performed on •cTerml Niobium TMoio cavities at freqneseiea of about 

;5B MHM osiog a high-power, pabed method mdicate that, at th« end of the 

•arging pube, peak aarface magnetic fields of up to ~ 1300 Oe, corresponding 

•a peak surface electric field of ~ 88 MV/m, can be reached at 4.3*K without 

.predable arerage losses. Further studies of the properties of superconductors 

»der pabed operation might abed light on foodameiital properties of RF aaper-

•nduetWUy, aa well as lead to the pojaibOhy of applying the pobe method to 

•t? operation of hlgb^ntdfent linear colliders. 
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1. Introduction 

The operation of superconducting cavities with abort pnbea is not a totally 

new technique. Other experimenters have used it occasionally, but more a* an 

incidental observation tool, than a systematic way of testing properties of super­

conductors or for possible practical applications.1'2 

At SLAC testa of superconducting cavities using high-power, short-pulse 

klystrons as power Bources were started ia the Spring of 1088 as a by-product of 

pulsed RF processing to possibly increase the breakdown fields in cw-operated 

cavities. 

At that time one of us (ZDF) derived in detail how the cavity should be 

coupled to the transmission line in order to achieve the maximum possible energy 

transfer efficiency of the RF poke. Those derivations are contained in a separate 

report.3 

The pubed RF processing did indeed improve the cw field at which the Qa 

degradation starts, up to ~ 90 MV/m from •—16 MV/m prior to processing, nt 

a temperature of ~ 1.4°K. These teats were performed on only one Nb cavity. 

One high-power, pubed teat was performed at that time at 4.2*K and a quick 

anarysb of the few data taken indicated then that a peak surface electric field 

of E, ~ 50 MV/m [H, *y 0S0 Oe) could be reached without appreciable QQ 

degradation.. 

Since than a more thorough series of teats waa performed in January 1083 

on the same cavity with the variable coupling system originally designed for tbe 

low-power, cw operation. The analysis of the data then performed confirmed die 

result of ~ BO MV/m 4 and reinforced the opinion that the original cause of Q 
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/ , dH»d»ti» lied In the coupling system and oot in the cavity proper.5 

It wu than decided that the construction of a new fixed-coupling system 

declined for high-power operation « u necessary, but at tbe same time It wu 
' • • I . 

i - . . . * . 

clear thai crren bffer fleW padienta eo«k) possibly be achieved with WojSh * 

which could lead to practical applications in high-energy electron linear collider*. 

In view of this possibility, a collaboration with the Unrrersity of Wopper* 

tal (Profeaaor H. PW» Dr. G. AmoMe-Mayer) waa started: their production of 

NbjSi cavities, obtained by 8a vapor depoaiUoa techniques,7 baa proved to be 

consistently good (Qrj (I.STCji 6 X 1&, F«(ew) =- 8 MV/m). 

A number of Nb cavities with Bred coupling was then manufactured for the 

purpose of coating them with NbjSa. The cavitiea were originally manufactured 

through a coining process at SLAC about ten yeara ago u cavity faahrea for the 

LEAPFROG project; five of them were assembled and toted both with the low-

power, cw method and with the high-power pulsed method. The rest of tab 

note deeeribei in detaO the experiment and the reanlte of thote measurements. 

3. Optimum Energy Transfer of an RF Pohw to a Resonator 

Tbe energy transfer efficiency o of an RF pulse into a cavity is given b / 

> 

where a = 1/{l + QtfQo), r, — Tp/Te, T, is the RF pulse length, Te «= aQ,/u. 

For a cavhy with negligible losses [Qo > Q„ Q, =2 4 £ ) , a b a maximum for 
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where / fa the frequency of the HF. 

Figure 1 iHtutratea the behavior of the reverse power for • pube length of 

3.5 ju and for (he optimum Q a u d for fl« heJf and twice that value. 

Figure t gives the energy transfer efficiency for the pube lengths of 1 and S.5 

JB M I function of external Q. Fbr optimum coupling thii efficiency fa eloee to 

80SB and does not vary appreciably for leu-than-optimom coupling over a fairly 

large range of coupling. 

3 . DetermbMtkm of Peak Flelda b the Cavity 

Through Average Power Meaaaremeata 

In general, the peak aurfaee ekctrie Add te a resonator can he determined 

from the knowledge of the energy stared in it u 

E, = b & (3) 

where k is a numerical coefficient determined by the cavity geometry and which 

ean be obtained by standard LALA or SUPERFISH computer programs. 

Tliecoeffidento for the tv^otypeao/canties that we have test«d are: t=«78 

MV/(ms/7) and for the SLAC cavity (Fig. 10) and * =* 78.6 MV/fmytf) for the 

LEAPFROG cavities (Fig. 11). In the ateady-atite condition the energy stored 

is determined as a function of incident power Pf, unloaded quality factor QB> 

radian frequency w and coupling flf as 

v _ Wo V U\ 
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In the pulsed operation the stored energy readies a nuulmnm at the end of 

the polw. Then it decays with a. time constant SN?c/«vIn the tow-toes condition 

.the power instantaneously emitted during the decay can be integrated, and the 

value of the integral jives the energy stored in the eavilj it the inception of the 

In,the general case the stored energy is the ram of the energy emitted and 

the energy dissipated during discharge: thh second term fa QtfQo times smaller 
• " • < : . • ; - . ( ; ; • ' : • . • . ' „ , ; : : . - . ; • • • • • . • • ; • . • • • • • • • . . ' • • : , • • - • _ • • " • • ' • . • • : 

than the first and can be neglected in our case. 

' ' ' An tvenep power metoa^^ 
. - • V - - • - • • : . * " . . 

the decay time, bat abo over the'number of pvJses defivered per unit time (PRF), 

ai long as only the portion of the rejected power emitted after the end of the 
• • : . . : . ' , ; . . ' ; . j , ' , : . ' - . : . ' . . . - , ; • . . • • : . ' I . ; ! , , • • . . 

RF pube'ls allowed to reach the meter itaeV (Fig, 8)i Therefore: 
'.'•• • : ; i : : i v . . . : . . i t i . ' f : . ,

i ' : : s - „ i V : - ; : • ; • :.<"',••.' ,•'.;•, •'• .- "V-- . ; ' v • • < > ; . , • ••:*•"" \ . >• . ' — • > 

:.•'•By taking into account the:attenuation factors,between the cavity and the 

power meter sensor, we e u determine the peak surface electric field reached in 

; :; the cavity from measurable quantities as . .: 

. / « r J . A : v ? ! ; i > . . , : . l i : 0 J ' ' ; :»•••=' ""'J •'•••' :-S^""-\-.'. r * i _ — • - ' • : ; J i< . • •••' ' : . 

y ;:-':V-': .:•:;/::- ^ J . ^ - -.;.-.-::./.• ty~$yfRF,' -W 

.', It should be noted that when the approximation Qo>Qt breaks down as 
; the losses increase, the, average'pew method gtvea a tower limit to the estimate 

of the fields in the cavity at the oejrfrming of the decay. Since this method 



integrates the power under the decay curve,.for a (aster decay than in the ideal 

ease (QL < Qe) the initial power emitted must be higher to give theaame integral. 

4* Ehtperfanewtal Apparatus 

The measuring system for the pulsed tests Is shown in Fig. 4, In this scheme 

we also show the timing systems to the various components of the RF amplifiers, 

because through them we are able to vary the repetition rate and the length of 

the RF pulse. 

The cavity n decoupled from the klystron via an evacuated waveguide 7 dB 

coupler, in order to avoid damage to the klystron due to power reflection. The 

incident and reflected powers ire sampled using a 55.3 dB cross-guide coupler; 

isolators and hand pass filters are also employed before the power is detected by 

the power meters1 thermocouple sensors. The sensors1 power calibration h rated 

close to 1% error. 

The reflected signal goes through a FIN diode modulator gated by a poise 

generator, part of the signal is then detected by a crystal rectifier and observed 

on a scope, in order to set the gate at the appropriate time at the end of the 

pulse. The fraction of the power past the end of the RF pobe is then measured 

by the average power meter, 

4.1 POWER CALIBRATION PROCEDURE 

The major source of error in the absolute power measurements must be as­

cribed to the cafibratkm of the losses in the part of the microwave circuit from the 

reflected power arm of the cross guide coupler to the power meter. The calibra­

tion is done in two steps: first the attenuation of the filters and isolator assembly 
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• * : { • • : . - V - ' : • ; , . : . ' . - . ' . " • - . • . - • ' • • • # : • 
' M • • ' • • . . ' - : * ; . : " : • : ' ••- • . • • • ! - . ' 

*i£ 
b measured at the output of a low-power/voltage-controlled oscUhtor at the cav-

l^fopefating fr«iu«icyf then the aaianbly b connected to the waveguide>to-N 

type adaptor, and thepower measured again past the Altera and isolators. Fi-
' • '::..:*•• •*'?:?•?'-': py yii?\i':':>'F -'«,'&• it •.•"""f..-••;:•• . , V r v - • . - . ; - ••• :-. :•-!.- y \ . •.---: ; 

naUr the PIN diode modulator b connected with'the gate folly open and the 
v ' •./•• • . • . ; • : . • ' • ' • . . . ' • ; . • . " ' • • ' . ; • " ' ' ' 

"•• attenuation through modulator and coupler measured. The largest uncertainly 
, , ( ; . • • • ' • ' ' • • ' - ' • • " . ' • ' I ' , . " ' • • • ' • • • ' • • . \ ' - -

; In the measurement* (usually of up to ±296 in power) b related to making and 
r " ' A . - • " - . ' • , ' . • ' • '"'• = • • . . - : . 

'. ;bteaUiig;cable eonnnetionfl^injthepniceas of performing the attenuation mea-

suremeatev Tab process has been npeaied several times: in most instances the 

< differences.in attenuation were limited to about 196. but in a couple of occasions 
k • : • • • • • , • • . " ' . - - ' ; i ' ' " - , = - ' ' • 

' these differences amounted to up to 896. It should be pointed out; though, that 

.,: when the attenuation was consistentty'stable it was also in agreement with the 

' input power attenuation, while in those few occasions when ft departed from the 

normal value It was always larger'than usual, and gave lower power reading than 

: noimslSmce the measurements a for the absolute 

, '̂ determination of the Adds, it turns oat that our figures are, in the worst case, a 

tower mntt to^be autual tte^ 
4.2 OTHER INSTRUMENTS AND APPARATUS 

V A transmission probe b aWavaflable, which allows us to monitor the fields 

in the cavity usiog a linear IF amplifier and a logarithmic amplifier as well: the 

logarithmic amplifier ensured us that during the decay the fields were decreasing 
• ; • • ' • : . ' ' • • • : . ' ' . • ; ; " : - . . ' ! ' • • v . j 

, exponentially, both below and above the threshold for increased losses in the 

cavity (Fig 6). The linear amplifier, on the other hand, gave us a good indication 

. of the peak field behavior of the cavity (Fig. 7). AHhough the signal through the 

amplifier has not yet been calibrated, ft is in principle possible to determine the 

peak fields in the cavity by measuring the peak voltage of the linear amplifier. In 
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one instance the amplifier was calibrated at field levels well below breakdown and 

it was possible to establish that up to breakdown the integrated energy method 

and the peak field method were in excellent agreement, while after breakdown 

the peak field data were giving higher readings, as they should, since the integral 

method approach gives lower estimates of the peak fields as the approximation 

4b > Q e breaks down. A first order approximation correction to the integral 

method, to be discussed below, gives better agreement between the two results. 

ScintUIator-phototobe assemblies were positioned one on the top of the dewar 

along the cavity axis and the other outside the dewar at the cavity's equatorial 

plane. The two tabes bad been set for equal signal amplitude and their output 

was monitored in synchronism with the RF pube (Fig, 8). The tubes have 

not yet been calibrated in energy because the signal from the cavity b typically 

concentrated in a ,5 fit time: the possibility exists that, doe to their large number, 

the photon pulses could ride on top of each other, thus giving spurious energy 

readings. Steps are under way to reduce the photon flux to the photomultiplier 

assembly in order to calibrate and correlate the maximum photon energy to the 

field amplitude in the cavity. 

Observation of the signal from the photomultipliers has in any case deter­

mined that the photons are predominantly emitted along the equatorial plane, 

consistent with a conrelativistic bremsstrahlung emission from electrons acceler­

ated along the cavity axis. 

An x-ray survey meter was also available just outside the dewar to monitor 

the integrated x-ray emission rate from the cavity. Signals u high as several 

hundreds mR/hr were detected at the inception of breakdown of some cavities, 

while beyond breakdown several R/hr were observed. It should be pointed out 
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that the RF duty cycle « u typically lev than Vr*, so that, while emitting 

'•; p.x-rayaV'the eavlly was. producing u eqjiiye^t coii^uoii|i intensity of several 

;l< thousands R/hr. '''/', >:/ - : . •,'!•., • 

V: "• ; AHelhim boiloffgabge was t in available to monitor the breakdown at 49°K. 
1 The lamtaary-now element manometer has a resolution of about .09 t/hr of 

'Helium boflonVSUice a thermal load of 1 W gives an increase in boiloff rate of 

•: -' about &£t/ht, the resofotion in power hi eJote'to 16 n»W. •• 

'''";:: The exact expression for the.energy dissipated In tbecevity per pake, Vg, 

:,'"•''. jft grren in Ref. 1, For * pulse width approximately equal to or leu-than the 

•"', cavity time ;coustwrt, the energy o^paterd during charging: b (Cb/S)(ti>/Qn). 

; For ff > 1 the energy dissipated during discharge fa Ut/p. Therefore the Qo 

;. averaged oye* a pobe c u b e expr^^ 

' ( ) : • ; ' ' , ' ; " : ' ! 

.:' •; when 9 b the pnbe energy transfer efficiency (typically .7-&), Pf if the average 

1 Incident power, JY k the peak incident power of the RF pake,PRF is the pake 

repetition frequencyand Pj b the average power dissipated into the bath. For 

V; : / y =3 15 mW we obtain theminimnni <fo which caw be detected as [u> =a 

.,. 9r X 2,85 X 10* a"1, r , ='«.»'|») 

?^.:'?'-"*••""•-';-'; ' . ' ••"-!:-"'--"'-• ci- ' '"t' *".- .*, 2tt4J X-F< X P R P ( / , (W) 
' J ' » • - • - y * - : - * - ^ - ; ' • • • » • • • , " 

,'„;::),where ft Is measured in watts. At the level where the cavity Q "tarts to degrade 

, •, (E,;~sk t6 MV/m) P,- b approximately 1.5 xJO* W, Tests conducted at about 



FRF — 50-80 ppa give a Q0 aa high as 8 X WT at the treshold for degradation, 

in fair agreement with the CW law power Qo'a measured at 4.2CK of«-10 s . 

It aboold be pointed out that, although the average Qj> determined in this way 

does not give the losses as a function of peak field daring the pulse, nonetheless is 

of importance for practical applications, since it gives an idea of the refrigerator 

power necessary to achieve a given peak field in the cavity. Full calculations of 

the nonhnear leasee in the cavity during the pulse will be necessary to correctly 

evaluate the instantaneous Q0 as the cavity b charging and discharging. 

6. Cavity Description: and Resulta of Meaenrementa 

A total of five Nb cavities have been tested so far at high power. A sixth 

cavity has been tested, together with the others, at low power; its frequency is 

at the moment too low for a high power test, since it fan* outside the bandwidth 

of the 24 MW klystron amplifier. 

The cross section of the SLACType TMDIQ cavity, which waa bnOt in 1971, 

is shown in Fig. 9. The cavity was modified for fixed-coupling operation by 

removing one of the cutoff tubes and adding a double flange system which allows 

operation with the variable-coupling probe (Fig. 10). The same cutoff tube 

was used in testing the other five cavities in the CW mode. These cavities 

were manufactured approximately ten years aft (LEAPFROG project) and they 

were modified and assembled with a fixed-coupling iris (Figs. 11 and 12). It 

should be pointed out that the design of the coupling iris was made by having in 

mind, at the primary objective, the efimbtation of the coaxial variable coupling 

mechanism, unreliable at high-power. It was clear that the adopted design did 

present problems with the iris cooling, especially at temperatures higher that 
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iivv-."r!•./!;••.;.>''i./î Hî -̂ 'V^V'̂ v.̂ ^*™' :"••••-;-: tf-S'^v *•;,.. ./•., JI!-j.,--~;i •:.-.;••'-• i. "r-- •• 
: St^jmpBlf^istnbe^ieirt spplktUoBiftnwneffiofeBtwiijrof eoofiogivoald be , 

?-;;: necessary* The cavities were electron-beam welded, find at 1050*0 for 3 hoars 

b uUr^highvtcQdm/ Some of them5 w tightly etched titer a first test, to * 

'• remoye Nb droplets spattered In thai welding process. •: 
r=^ S.l LOW-POWER,<W.TESTS ; , , ".-,-:---•=-̂ \ ^/V":./- '^. . , . , . . . 
* * • : ' • • • • • • • • • ; - r 1 . • ; • • ' • ' . - " . ' - • • - . : • - , . • 

l i m i t mr power wilik?^ -
: • both for maximum Qi and maximum peaksurface field beforebreakdown (see 

: Table;!); Abo the types of breakdown wied from cavity to cavity. The SLAC 

X cavity; LEAFFROG1 (LF1) and LF4 p n repetitive quenches at relatively high 

•/-.' fields (E, > 90 MV/m) daring operation at 1.4'K, with strong x-ray emission, 
: while the others were thermally loaded by the existence of bad spots and Nb 

,. droplets. - : . -;-:

;;-,;, ;" i ', 

The SLAC cavity had. a performance similar to that measured daring the 

.previoas testa; mdica^^ 
r" of aa'additional joint at the Mtoff tube flange,, did hot appreciably affect the 

'performance*[•>". .• i-~ *;.•» *-]£ _ -'-}-,\:~:" "*/ -i. u-. • .;;--' 

AJscy the SLAC cavity was tested twice: as it came oat of the Bring process 

and after it.faad cone through the chemical Indium removal procedure. This 

: second set of tests indicated that the ladiom atripptog greatly aff«t«d the cavity 

performance at CW, as the Qo dropped significantly after thediemical treatment; 

More slgniflcaatly, the peak surface field dropped by a factor of two, and the 

breakdown mechanism shifted from quenching to slow thermal Qo degradation 

: during the long pake. This.test confirmed the fact that, for the CW cavity 

performance, great' care' b accessary m.the treatment of the sarfaces. None of 

11 



the other cavities were treated for Indium femoral, bat some of them were etched 

after a first teat, because of the spattered Nb droplet*. 

B.2 HIQH-POWBB TEST RESULTS •. • 

Five of the six cavities have been tested with the short-pulse, nigh-power 

method for a variety of temperatures, pulse lengths sad repetition rales. 

A number of curves showing the average gated emitted power as a function 

of the average incident power have been produced. These curves proved to be 

extremely useful in characterising the cavity behavior, especially in identifying 

the field level at which the losses start to increase, indicating that the supercon­

ductor's surface losses are beginning to increase. 

The curve P» vs Pf is a straight line up to the point where losses start to be­

come significant: lit this point the curve bends and, depending on repetition rate, 

pulse length and temperature, it can assume a variety of behaviors which are re­

lated to the fundamental physical processes in the superconductor, but convolved 

with more mundane properties of the cavity, such as the field-emitted electrons 

heating the surface, the heat transfer properties to the bath, the existence of bad 

spots and so on. Figures 13-17, giie an idem of some of the shapes of these corves, 

with various parameters and various cavities. The P9 vs Pt curves are obtained 

by slowly varying the incident peak power, both upward and downward. The 

curves can be reproduced very closely if the process is repeated several times. 

Hysteretie thermal degradations of Qo, associated with the thermal properties 

of the cavity and the Nb-He interface, have been observed with a variety of 

substructures which might shed light on the loss mechanisms of each cavity. 

Table II gives the peak surface electric and magnetic fields reached before 
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: inflection (that vi, before degra^etkm of Qo) by each cavity in the three regimes. 

The data indicate thai at « ^ and with the 2.5 ^s polw all of the cavitiei 

; start' to show' increased losses at about the same field' Ierel, while for the 1,0 

. $a pobetbe vataeVaiftfmoreatitte^^ 

'̂have little or' no effect on thrfield'at which the losses start to increase, while 

• ii has an effect on the Irysteretie oehavwr (Fie> 25)^T^^ of values 

7 at tiie tvo temperatdree'rnight be associated with the exponentially decreasing 

•: heat capacily of Niobium as well as with the thermal relaxation time being much 

?.:_•{': ̂ longer than Uie poise length (adiabatic heating). ;;.:: i.': i' i> > 

. Few remarksshould be made about then data:' first, cavities which bad re> 

;•. marhabh/ different behavior in CW show very uniform properties hi the pulsed 

;fCSBBV indicating that the surface differences are not as crucially important. Sec-

;'•' "ond/thYSLACc^^ 

properties '̂ma not different from the others which were not treated.; This fact 

^InvKes-Qiattiit least*up to thetfleM levelswhere the Qo degradation starts to 
: occur,' the properties of the surface are not of great importance, and that cavities 

' "treated m different1!^ yield'some cotmnon minimal result, at fad which hi im-

\ rJ-poftamVftbiii the point of view of applications: in this case extended structures 

. ; ^̂ might give; without airy particular care, uniformly high fields, (•; • 

. For most cavities the inception of the Q|a degradation was correlated with 

the onset of an extremely High-intensity x-ray emission. This fact led ns first to 

believe that electron heating by Impact on the walls was the primary cause of 

. Qo degradation. One of the cavities, though, showed that, at the same field level 

for increased losses, the x-ray intensity was less than .01 of the emrssmn for most 

V. fox i er cavrtiesV mdteating thai the Qjg degradation might be ascribed to a. more 



fundamental phenomenon, although some of tbe details of the shape of the curve 

in the transition from the superconducting to the normal state can be related to 

the electron heating phenomenon and/or electron loading (Figs, 18 and 19). 

Of the methods used to determine the inception of the QQ degradation (Pe vs 

Pi curves; observation of the more rapid decay of tbe transmitted power curve, 

both with a linear and a logarithmic amplifier; and, at 4.3°K, tbe increase in the 

boiloff which gives a sensitivity of Qo *& 107) we have been able to determine that 

the deviation from linearity of the ft va /»• curve gives the highest sensitivity. 

That is, we were able to see this deviation at a lower input power level than 

with any of the other methods. Abo, by being an integral power method, it 

;conveys much more information in a compact form. During the measurements, 

transmitted power curves, reflected gated power curves and x-rays were abo 

constantly visually monitored for consistency and for passible deviations from 

normality.. 

During the initial phases of the testing of each cavity after assembly» sudden 

strong x-ray emission was observed as the cavity was going through field emission 

levels; in those instances the cavity was totally detuned and the x-ray survey 

-, meter always pegged during the spike, for rates in excess of 3 R/hr. The field 

emission behavior was.quickly, processed away in a matter of seconds aad the 

cavities would not show again the sudden detuning*. 

- Hefiura processing was done on the SLAG cavity at room temperature and at 

: 77*K at which temperature peak surface fields of up to 130 MV/m can, be reached 

with the present system. Several hours of processing did not appreciably alter the 

cavity behavior, indicating that all of the Mrfaee-property related field emission 

had been processed away during the beginning stages of the teats, by peak field 
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- </-"~.rV.»'* -."•" " » . U». . - . ; \ ' " v . - . ^ _ ; . *V"J - - - ' * ' . , , . •.: 
* J J * * - • * • h *i i • ' ' _ " • , , , , r ' • , ' , ' ' ' J , i , • > • • - [ \- , • * , ' b ' I 

':,:v.,v:;: .The8LACcavity aleahadapeculiarMvribrwaieh allowedus tomdepen-
!'"" v / V ^ V ' ^ ^ ^ ? ' ^ ^ ' '^r i '<?t^S ^ . r ic , - 1 ' {I*:-*;:?' j f /Wv^: >•'.:•, • .."•;'"; !• ••'-'. ••',;•: V ,.. 
" ;:• dently calibrate the Add levels in % Daring the l ist tats at i«*K and 2,5 /is an 

•v1..^,rf , i.v!^.v:0^--^^«^"'^s^^'^A^j.«^<> v.-: i;;^:.^^., ;,;;- •'•:••<; :.•• •••'' -'• ..'.: :--
X*ray etiiission peak appeared in the polw-comlated w a y detector. The peak ' 

^ • - - " r 7 : f ! i f ' " ^ ' . ^ ;.-r.j-'h<r£~^<:-- ••,..••'••'-?.,, >••••' , . ; : - , 

:•;.' •• would split Into two peaks which would depart from one another as the power was 
• -• ; taereesed>:mdieating an election, resonance phenomenon occuring daring charge 

- i n i discharge of the c a r i ^ r T i g ^ SI'shows the trans i ted field level eorre-
bted wtthJthe U^Srm^»/-1 TheVrayastarted to appear, according to our 

v̂ ; m 35 MV/m and occuned oatf at 
- - that (ere), as the conree in Fig. SI Indicate. Fast a certain field level, a third 

peak ap^eus, v*hicb,: from that point.ori is iprobabry responsible for most of the 

integrity s^emif t i fc^ 
was praeht; indicating that the' charging process was too fast to allow a resonant 

-. build-qp'of ttepheneibiaon^ "' ;r..'Y.:--: 

Thesame resonance peaksi were observed at 77*K; at which temperature 
. the QQ of ** 20,000 allowed the cavity to reach' steady statedaring the pulse 

(Fig/ 28); Ibr that vsluetf <?Oi £ **• «rjr ekwe toone,** that by standard 
measurement of Q|£ incident power dnring the poke and fi ( v is done in CW) 
we were* able to confirm the onset of the resonant x-rays at the same Add level or 
3S MV/m. This measurement gave an independent confirmation of the validity 
of the integral emitted power method. ••-•'• 

":,. "'.The data taken at VK. and 3.3*K indicate that the byeteretfe cycles are doe 
: • entirely on the efficiency with which heat Is transferred from the cavity into the 
' • Hetiiuo bath: when the Hefium b superflttid it is able to handle the increasing 
; average heat load without "a sudden discontinuous temperature increase of the 

... . ' i ' ' • ~ 



cavity's inner surface (Figs. 23-35). At higher temperatures, botn m cue normal 

and in the snbeoohd fluM conditions, theHdhun bath la not able to remove the 

heat fast enough and sadden drops in emitted patter, are observed. The Pt vs 

Pi curve is not a rapidly varying function, up to the threshold for the bvsteretic 

jump; of the heat removal rate, hut tt is a function of the QQ degradation and 

of the peak Odd effects. The amplitude of the jumps is instead a function of 

repetition rate, pulse .length and of. the energy stored at the moment of the 

sudden coDapse in Qp. 

The value of the incident power at the end of the hysteretie cycle before 

superconductivity is restored is a measure of the beat transfer efficiency from 

the cavity into the Helium bath and it therefore constitutes a measurement of 

the thermal properties of the cavity and of the cavHy-to-bsth interface. 

A few carbon resistor thermometers were placed at selected positions outside 

the cavity. No resistor could be placed close to the iris because of Hs inaccessibil­

ity. Nonetheless a test was performed at 4.2*K by checking the resistances of all 

the resistors while tbe cavity was in a normal state, past the hysteretic Jump and 

while the He boilaff rate had substantially increased: none of Che resistors* tem­

perature had increased, indicating that the source of heat was the lower cavity 

surface or tbe iris. This behavior was expected doe to tbe relative inaccessibility 

of the iris outer surface. 

Once the Pt v* P$ curves deviate from linearity (Fig. 36) it is necessary to 

take into account the increased losses in order to determine the actual peak Geld 

reached. Figures 37 and 98 show how the field correction can be determined 

in first approximation, through the measurement of the deviation of Pt from 

linearity (AP») and the determination of the QD for that deviation. The curves 

IS 



. were obtained by assuming that either the, cavity is in a lover Qo condition 

. throughout charging and discharging (continuous tines),' or it has higher tosses 

: only daring discharge (dashed line), t - : : .., 

• • Figures 28 and 20 show the field levels reached in the cavities with the first 

order corrections. The SLAGeavity shows the full transition to the normal state. 

Fignre 30 shows the increase in losses as a function of peak surface Held. In • 

: order to explain in detail the .shape of the ft vs ft curve during the transition 

. from superconductivity to nonaality, a more sophisticated nonlinear model for 
: the lasses will hare to be developed. The details of the model, though, could be 

tested against actaal messurements, and we can change the dissipation during 

this pulse by -ehragmg th'erpnlse length. Other observable quantities will help 

in identifying tbe correct model which, in turn win give information on which 

'- a : •• critical field b being reached before total breakdown in a superconducting cavity. 

:'"' ••Vi' ,'^ ,. ,^V^^ ;-''-' :> ;T ' " "'• ' 

>:/;.;i&,Vo^;4•^;•;.•,:, .•^,r::.;:-'^tiJ'OoaicIuBk«» .".•'''; r: j.- 'i' 

- " The data taken on the pulsed behavior of several Nb cavities indicate that 

: \jf- peak sorface electric fields d m tolVAdV/m can be reached without appreciable 

..'• losses."This electric fleW eoiresponds to a.peril surface magnetic of about 

' 1300 0 ^ Theimufoum'fields reached seem to be almost independent of the 

external bath temperattiie but seem to vary with pube length. 

'• The fact that cavities which had extremely varied behavior during the CW 

tests instead showed very similar field levels foi'Qo degradation when pnbed, 

indicates that-the properties; tested via pulsed measuremeata are not necessarily 

the same as those tested in CW. This fact also b important because practical 

17 



applications of pulsed RF superconductivity would require much less strict quality 

control on the cavities than for the CW operation. 
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Table I 

Low-power, tone-pulse lest results on Nb cavities 

Cavity Temp Qomtx 
(MV/m) 

4o(£»u) Remark 

SLAC 4.2 D.ftE7 5.B 0.0 E7 after firing 
SLAG 1.3 2.3 Eft 22.3 1.4 E0 after firing 
SLAC 4.2 9.9 Et 7.2. 8.8 E7 after h strip 
SLAC 1.3 l.tEQ 13.4 1.0 EO after la strip (present) 
LF1 4.2 0.0 E7 17.3 7.2 E7 
LFl 1.3 5.4 E8 24.0 4.B E8 JV=150mR/hr 
LF2 4.2 7.0 E7 4.2 S.1E7 
LF2 1.3 6.0 E8 4.4 1.7 ES 
LF3 4.2 7.7 E7 8.3 5.8 B7 
LF3 1.3 3.0 E8 7.6 1.0 ES 
LF4 4.2 9.9 E7 14.8 7.0 E7 
LF4 1.3 6.0 Efi 23.2 2.3 ES X *= 150 mR/hr 
LF5 4.2 0.3 ET 0.2 7.7 E7 
LF5 1.3 1.1 EO 10.3 5.8 E8 



ftbleD 

Summary of peak surface fields retched before degradation of QQ 

4.2°K 2.5 /» 4.2°K 1 ps 1.4°K I / 1 4 

PRF £> H, PRF E, H, PRF £ , ff. 
CAVITY (PPS) (MV/m) (Oe) (PPS) (MV/m) (OB) (PPS) (MV/m) (Oe) 

SLAC 82 59 1180 40 68.4 1300 33 87 1280 
LF1 82 56 1020 57 00.0 1100 33 59 1080 
LF2 82 . 5 8 . . 1060 50 58 1000 51 58 I((60 (2.5 fit) 
LFS B2 60 1000 51 67 1220 33 05 1180 

ai 



Figure Captions 

1. Reverse power versus time for a 2.5 fit RF pulse and for various Qe, 

2. Pulsed RF energy transfer efficiency versus external Q for two pulse lengths 

{Tp » 1 fia and Tp =» 2.5 fis). 

3. Gating of the emitted power to obtain the energy stored in the cavity. 

4. Scheme of the emit ;ed power measuring apparatus. 

5. Simplified version of Fig. 4. 

6. transmitted power pulse through a logarithmic receiver, 

7. Transmitted power pulse through a linear receiver. 

8. X-ray detector output in phase with the RF pulse. 

0. Cross section of original SLAC TMoto Nb cavity. 

10. Modified SLAC cavity with removable cutoff tube. 

11. Cross section of the leapfrog cavities (LF) adapted for fixed coupling op­
eration. 

12. Fixed coupling cavity assembly with transmission probe. 

13. Pe vs Pi curve for the SLAC cavity [T = 4.2°K, Tp = 1.25 fi», PIIK - Ml 

pps). 

14. Pe vs Pi curve for the cavity LEAPFROG #5 (T = 4,2°K, TP = 1 us, 

PRF = 51pps). 

15. Pe vs P{ curve for the cavity LEAI'FIMKi #2 {T =- 4.2'K. Tv «• <j r, | i s , 
PKF = 82ppH). 
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£ £ v j * Pirn JV «ub» for the SLAO cavity\T — 4.SMC, T» •• 1 m, PBF *= 39 

:^-:': .=,,;_PP«|': v l ; : ; -u . . - ; / ! s>> . . ' • . ••". X:-, 

17. P e v 8 /»( curve for the cavity LEAPFROG # 9 (71» 3*K, 7> « 2£ ps, 

" ; / ; ; ' I P R P a = sippa). "i'•;:••:;,'r ';''•.'•:'. ' 
18. Comparison, of, Pi vs P< curves for two cavities with very different x-ray 

output Curve 1 bad an x-ray emission ~ 100 times smaller than curve 

2. Both eurves show deviation from linearity at the same P« level (pulse 

; - v>; width, repetition rate and temperature are the iante). 

10. Correlation of x-ray emissiott with P« voPf curve for the high-emission 

cavity of Fig. 18. 

30.; Comparison of Pi vs P> cmi« befcm(l) and atto (2) HeUum processing. 

21, Correlation of transmitted field on x-ray emission during the pulse at d.2*K 

: for increasing (a -* e) field levels. 

22. Same as Fig. 21(b) at 77°K. 

, 23. P«_«•\Pi curve for LP1 (FRF => 51 pps, Tp sa 2.5 fit) at various temper­

atures. Note that the departure from linearity always occurs at the same 

• ; P. level a) T - I/FK; b) T = 1.7HC; c) T = 2JVK; d) T « 2.2«>K; 

• : . : r i - . v - ; - • • ' . " : ' • v » " - ' • • > • : , • • . : - ; . - ' . , i * ' , , - • : • > . - . - ' 

' 24 P« ve P,- curve for 1F5 (PRF=61 pps, T9 = 1j») at various temperatures. 

j |,! ft)raj.4^b)r«fci8%^ 
25. Superposition of P, va P<curves for LF1 just bekw (1) and above (2) the X 

: ~; point, The two'curves coincide up to the point of the hyateretic breakdown 
i . • ~ • • • l. I ' . ' ' 

• :• ; > ( » ) • r - ' . . 

28. P e va A curve showing the fields reached as the Qn degrades. In paren-

theses are the first order approximation corrected values. Cavity LF5, 
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T - 1.4% FRF - 51 ppa, TP *- J/u. 

37. Relation Unking AP f/P« to 4 Q for the prise lengths tad 4« indicated. 

SSL Peak surface electric fidd correction cnrrei for a given <?0 and for apeak 

incident power of 1MW. 

29. JPB va P| carve for two cavities. The SLAC (1) caviar shows the transition 

from superconducting to ooraul over vide range of field levels. 

30. Average losses in the cavity as a function of peak surface electric field, for 

the curve of Fie;. 26. 
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