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Summary 

Measurements of the additional losses 
due to frozen-in magnetic flux have been car- 
ried out between ?C and 413 MHz and 2 and 5 
GHz. In difference to the results in the GHz- 
region a not expected StrOP.ger temperature 
and rf-field dependence occured in the 100 MHz 
region. 

I. Introduction 

Among the mechanisms yielding rf resi- 
dual losses only one can be studied easily to- 
day: namely the influence of frozen-in magne- 
tic flux, because the amount of flux can be 
varied systematically. The variation of flux 
is achieved by applying an external de field 
Hdc aboyerTc and then cooling the cavity be- 
low T,. with our high Q. cavities we are 
able to measure losses due to a small number 
of fluxoid accurately, which is not only im- 
portant for the application of superconducting 
cavities e.g. in accelerators, but also gives 
some insight into t'ne dynamics of nearly in- 
dependent fluxoids. 

These additional losses due to frozen- 
in flux can be described by a surface resis- 
tance RH, which has been observed to be pro- 
portional to Hdc (<Hc/lOO) and roughly to tt", 
surface resistance RNL of the normal state. 
The frequency dependence given by RNL (* fa 
(1/2<a<2/3) isslower t;;;,L2a;,of the super- - -. conduc',ing part R, 0~ .6 Therefore 
fluxoid losses become more important at lower 
frequencies; moreover 10-d frequency cavities 
are larger and hence suffer more from fluxoids 
generated by thermoelectric currents.','Cn 
the other side in low frequency cavities the 
residual losses are always increasing with rf 
field levels~y in ccntrast to GHz cavities. 
'These cbservaticns led us to study RH Systema- 

tically as function of temperature T, rf field 
;1ri4 fi-eqLieiLty f _. . i*i b upsi*cor;dl,lct ir.g 

(O,l-0,4 GHz) and cavities (2-5 GHz) 
in order to identify fluxoid losses, Whereas 
the results around 3 ~Hz have been measured 
and exQlained before, the results observed 
with the helical cavity have not been reported 
so far. 

TI. Experimental ArranrTements and Results 

the coil. In cooling to T, the cylinder walls 
become superconducting first thus enclosing a 
flux Bdc.A, with A=rZ.?i the area of the cavity. 
The endulates become superconducting when in 
cooling B,2(T) approaches Pdc, because Nb is a 
Type II superconductor (Ginzburp-Landau para- 
meter KGL= 0.8). I1 This freezing-in of flux in 
the endnlates was proved by two Hall probes 
placed at one end plate of the cavity in the 
center and at about 0.6r which showed that the 
flux was trapped mainly in the region < 0.6r 
of the endplates. Therefore we choose Tar the 
investigation of additional losses due to Bdc 
the mode family TM01 
have the same spatia P 

(p=0,1,2,3), all of which 
field distribution across 

the endplates. The partial geometry,factors Gp 
for the endplates can be calculated and is 
for the TM010 mode three times, in the other 
TMOIQ modes two times the geometry factor G of 
the whole cavity. 

The investigation consisted in measuring 
the temperature dependence of the surface resis- 
tance in the different modes at applied fields 
of 0.5, 1, 3 and 5 Oe at small rf field levels 
(HP < 5 Oe). The measurements with Hdc # 0 whe- 
re bracketed by two measurements with Hdc q 0. 

The Q-values for the TMClp modes (Hdc' 0) where 
in lOlo-range. In addition the dependence on 
rf field leyel HP has been measured at 1.4 K 
for Hdc= 0.5 and 1. Oe. 

The evaluation of the experimental data 
took place by taking the differences of the Q- 
values with and without frozen-in flux. Toge- 
ther with the partial geometry factor this 
yields the additional surface resistance 

RH(Hdc,Hp’f,T) = Gp $&-J 1 - --T} 
C(Hdc=C/ 

where Q(Hdc) is the measured C-vall;e with frc- 
zen-in magnetic field 7~ Gp is the partial L%i' 
geometry factor. 

Xe fc~;nd a temperature dependence oT F?E 
which can be described by 

Edc R. hL 1 .- ati(") = Hp. y l-(T/Tcj2 
(1) 

as shcwn in Fig. 1 for the TMSlC-mode. 
Ce is the therrodgrnmical criti- H,(O) T 1983 

cal magnetic 
its critical 

5 GHz have on H-l,. Fip. 

field of niobium at T=O, .TC=9.25K 
temperature. RH depends linear 
2 shows a frequency dey;enderCe 

a) S-band-cavity 

'The measurements between 2 and 
been carried cut In a cylindrical (height- 
diameter=2r=lC cm) solid niobium cavity, 
as described in". The cavity was placed 
ir, the f' leld Bdc of a coil wound on a CO- a = 0.5 is a .~ .._ . ,. ., .T. 

fa a = '?.5 (2) 

n;ean yralue of several runs, where 
.LXI;I~ cyi-rider'' i?rCunJ ine CtlViijr; cnis tiho- 
le setup 'r13S shielded to less than 10 mCe. 

'a-vaILL;es zetweep ii. ;;;mt 'L;Ly;tii)ec;* ;"l:;& 
ned. In using 3 f -'> 

"he homogeneity of the field over the ~a- = 5 x 10-2-2, .w?.ich -+~as calculated l::ith the 
vity volume was about 5%. Above T, the cx- measured bulk resistnnce" and nzree:; with the 
ternal field Hdc was nQQlied by energizing rf measurerent E 13 ., we ;'ctnin y :: 1. 
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In agreement with other measurements"" we 
not find any increasing of RH with rf field 
to Hp = 150 Gauss. 
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Pig. 1. Temperature dependence of the additio- 
nal losses P.H due to frozen-in magne- 
tic flux at applied dc-fields of 0.5, 
1, 3 and 5 Gauss. The data are taken 
in the TMOlo-mode at 2.17 GEz. 
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Pi;. 2. 'The frequency 3ependezce of the addi- 

tionai losses RH. 

t ; :-:ci1;13;11 3C,;iVit,if2S 

For the measurements of RR Set;ween 8C 
and 433 :4E!:: we >used cavi%ies loFaded with a he- 
li.znlly wnund Nt-tube of about 3 m length and 
3. "3 cr (helix I) 3r 0.8 3m (helix II) outer 

ii 
Nb -Resonator 

% 

Fig. 3. Helically loaded Nb-cavity. The applied 
external dc-field Hdc was parallel and 
perpendicular to the axes. 

diameter (Fig. 3).The helices were welded into 
a Nb-can, with welded tcp plates whereas the 
bottom plate was either welded (helix I) or 
flanged (helix II). Both helices were stress 
annealed, chemically (helix I) or electrochemi- 
tally (helix II) polished and anodized (2 400 .@ 
Nb20 )',l" 

3 
for protection. For helix I we mea- 

sure the harmonics between f=80 MHz and 
f = 305 MHz, for helix II between f=gl MHz and 
f=413 MHz. The geometry factor G was between 
4 and 8 R. The rf peak field HP is given appro- 
ximately by HpiGaussj - o.o7*"~[-GE-- 

P is the dissipated power in the cavity. 

The geometry factors G were determined 
by measuring the Q-values at room temperature 
and using the known normal surface resistance 
RNL: G = Q*RNL. The peak fields were calculated 
both with the ring modelI and with a mcdel 
using conformal transformations.16 

The earth magnetic field was shielded to 
less than 10 mOe. With two coils inside the 
shielding cylinder the external field Hdc was 
produced, either parallel ('id,,, ) or perpendi- 
cular (HdcA) to the axis of the helix. The ho- 
mogenity of Hdc over the vclume of the cavity 
was for Hdc,, 
of Hdc,, 

about 5%, DUt at HdcL a compcnent 
up to 20% has been measured inside the 

cavity volume. ?feasuremeEtS with Hdc f 3 were 
bracketed by measurements with Hdc = 0. To get 
3H out of the measured Q(H : we used the for- 
mula RH = G[l/Q(Hdc)-l/Q(G?f, with the total 
geometry factor G. For the correct RR we would 
have to use the unknown partial geometry factor 
GP, which takes into account the non homogenecus 
distribution of the fluxoids and rf fields 
over the surface. 

R--(H;lc) is 
F. 

roi;ghly proportional to the 
applied ield, RH(Hdc)"Hdc, which we have Proved 
up to Hdc I 6 Gauss. At low rf fields (lip L 5 
Gauss) RR is independent of Hp. In this case 
the temperature and frquency dependence (Pig.4) 
can be described by: 
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Fig. 4. Additional resistance RR at low rf- RF -MAGNETIC PEih FIEC [hhW] 

fields as a function of T at Rdc,( ; 
6 Gauss for different modes at helix I. Fig. 5. The dependence of the surface resistan- 

ce on rf-field amplitude with Rdc=0 
and H 

fi 
cII = 1.5 Gauss for helix II at 

f=gl. MHz. 
T 2 

*dC RNL 1+(f) (5) 
RR(T,f) = m * a(f7 * (3) 

C l+(T/Tc)2 

wit?. y(f) = y *:lOO LIHz/"ia; 
q(f) = rT-(100 MHz/f)B. 

FCr RNL (afo.5) we use the measured mean free 
path of about 300 R yielding RFJb(FO MHz, 
1.6 pRcm) c 2.3.1c-fn. For the two helical ca- 
vities we got: 

Helix I Relix II 

H H %c ,I H 
den dcl dcl 

Y 190 230 150 110 
a 1.4 0.75 1.3 0.8 

10 13 13 
0.4 0.7 3.7 

CL and y depend Cn the orientation of Hdc rela- 
tive tC the helix because of the different fre- 

1000 lco 10 
-- FREQUENCY [MHZ] 

quency dependence of the partial geometry fac- 
tor for either field direction. The larger y- a function of frequency at 
v&iUtSj fLi' li?llX L T ccill2 ",e dne Iu -_jA +A +hTnnen he- 

Fig. 6. rR(f,T) as 
y:.i.q K fcr axter;.al dc-flelss para::e, 

lix tube, whereas the differences in the ratio and perpendicular tc the helix axis 
Y (MC )/Y(Hdc.C) Cf both helices may be due to for helix II. 
u-certainties in the distribution of Hdcl. 
Ir. contrast to the results in the GHz-re@on the OrlentatlOn cf “:dc. This is due to the fact 
ttle additional losses in the 100 YHz region that in contrast to ci and y which include the 
ir,cFease stronger with temperature. In Eq. (3) 

is -e-resented by the second term r?(f). 
unknown partial pecmetry faC:Gr, r*(f) a:ld 

+,his 
more complicated 

Pfi(T, f) are rclativ values independent Gf the 
Eut :;b helices sho,d not only used peometry fat tar and (depend therefore cnlg 
temperat.Jre dependencies but a+so unforeseen 

5) 
on material properties which are different for 

dependencies on surface peak field Hp (Flfg. both helices. The parts of 7.1' represented by *. w:-.lch can be represented by: y(f) and i%(f,T') are tho.ught to be caused by 

?,(R_,'T,f: = RH(O,T, f)[l+rH(T,f)(Hp/Hc(0))6> (4) Oscillating '-of the fluxoids in the rf field. 

wlthYij=l for HP 5 100 ?auss and 0.5 < 6<1 f3? SunmarizinE the helix results mainly in 
100 IGa.USS 5 E < 
f?R(O,T,f) is g --. 

603 Gauss. their difference to the 1GHz results: In the 
hc low field value as ,yiven by 1OS Y3z region the losses increase strcnper 

zq . (jj. Ihe increase of Rx with H -i 5 <A e c 1" e 7a - with temperat&re arid as a i:eiJ dependence ,ari 
~,inp: wll;h frequency. This is rcugh y P given by increase with rf amplitude appears. 
rH ?/fl-2(Fig. 6). 9ecause we :have measured the 

and 4.2 K only, We cannot III -..-L Disc,;ssion 
j but rR(T,f) at 4.2 K 

cnoling a 1. '5 smaller than at by nboi;t a factor Of 3 As we mer.';ioned in Part IIal 
,a: 91.1 YHZ. r,,(f) and r:i(T,f) don't depend on Type II supercon,luctor in a ma;:r,ctic field 
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Bdc yields the phase transition to the super- 
conducting fluxoid phase at Bdc= B,2(T), i.e. 
T<Tc. The flux frozen in this transition is 
given by Bdc.A, where A is the area enclosed 
by extended Nb walls parallel to HdC; if the 
extensicn of walls parallel to Hdc is Compara- 
ble to diameters of A, some flux will be ex- 
cluded because of a demagnetization factor cl. 
This is possibly the reason why for helices 
(Part. iib) and cavities with beam holeI RH 
is smaller than in cylindrical cavities (Part. 
IIa), in parallel fields. 
It should be mentioned, that also in Type I 
superconductors, flux can be frozen in as 
fluxoids. This hapyens in Pb plated (510 !J) 
copper cavities,'> ' because the coherence 
length EGL(T) at Bdc= Be(T) was comparable to 
the thickness of the Pb plating. So that in 
RF-experiments in high sQo cavities we have to 
deal only with losses due to fluxoids. 
Losses due to fluxoids are not well understood 
even at low frequencies," therefore we will 
mention only shortly some models. Absorption 
is governed by the density of states hence the 
enhanced losses due to fluxoids will depend on 
the low lying states inside the gap. In pure 
materials these localized states are equally 
spaced by9 A2/EF (O=gap parameter, EF = Fermi 
energy), which for Nb correspond to a fre- 
quency of about 30 MHz. Therefore in pure Nb, 
i.e. mean free path longer than coherence 
iength corresponding to RRR<lO, a frequency of 
:c ?Wz will separate different regimes of ab- 
sorption behaviours. 

In the GHz region (>>30 MHz) transitions 
between neighbouring states like in the normal 
conducting state will dominate the absorption, 
hence the absorption can be described by rf 
Sr.ieldiRg Eurrents driven through the "quasi- 
normal cores" of fluxoids. That is the absorp- 
tion will scale like the core area 

Hdc 1 - . 
'H = tic(o) R** 

1-(T/Tc)2 
and will be independent on rf amplitude." 
The surface resistance depends on the transi- 
tion matrix elements and is of the same order 
and has the same frequency dependence as 
R!<L c=-fa, O."<a<0.7, see Fir. 
"herefore, 6* 

2 and'-',')* 
is usually identified by R :RNJ,/Y 

with a fit factor y, The value of y=l. which 
we have measured at S-band, is In surprisingly 
gcod agreement with the model of "quasinormal 
cores" compared to yz3 observeii earlier','. 
ije wculd like to point out that the material 
?eper.dencP tlcught cf by the use of RNL, was 
r;ot proved and will be approximately true only 
for ,dirty materials, where the localized states 
are s-eared out enough. 5 For clean materials 
this is not clear, as shown by the factor 3 dir'- 
ferFcce bi:t-deen 3s iic-scribed in1,3 xd in t!-,is 
p n p e r . Hence the only important an3 understocd 
ani r,eaz,~reil feature of the above ncdel,Eq. (1) 
is the temperature dependence and the :'ndepe-.- 
d en :: e on rf arolltudes in the GHz re[;ion. 
T,:r dcrtley p,ateri;ils the :ikc,ie Ir.odei SeeKIs tC 

be ,;alid alsc f or lower frequtncies,'whereas 
oiir helix me,~suremezts show rrljor deviations 
:n T,f -n;! EC dcpcnience. i,l E e r: R 'U s e t h e m 0 t 10 rl 
c f f 'L 'i j; ,> 1 ,: 3 Y 15 t-au;je,< ty i,k.e ;tr.i;:il;.s;dc depen- 
'4er.t :r,reil_tz "crce2 l +, h e 0 b c 5' '" 'I e a amplitude de 

The speed of fluxoids is limited by 
the possibility to dissipate the kinetic ener- 
gies of the currents. Therefore the oscillation 
will disappear with increasing frequency, iihich 
we have observed by the decrease of q and rH, 
above 80 MHz indicating a rela ation time for 
fluxoid oscillations above IO- B sec. 

Summarizing the abcve models: In pure 
Nb (RRR210) the level spacing of low lying 
states localized at the fluxoid core is around 
30 MHz." Therefore around 30 MHz the tempera- 
ture and frequency dependence will be stronger 
than around 3 GHz (>>30 MHz) where RH = 
RNLxHdc/Hc(T) holds. The motion (oscillation) 
yields th 

.& 
amplitude dependent losses 

RH'E(l+rHh ) (0.5sSsl) around 100 MHz. These 
oscillatigns disappear above the relaxation 
time which is given by the possibility of 
slowing down the currents by dissipation. 

IV. Conclusions 

The additional surface resistance RH 
dl;e to frc'zen-in flux differs in the both 
examined frequency regions. In the GHz-region 
the behavicur can be described quantitatively 
bya model of "quasinormal cores", Eq. (1). In 
the low frequency region the behavicur of RH 
is more complicated. As results the tempera- 
ture dependence of RH is stronger, Eq. (3),and 
there occurs an increase of RH with rf surface 
field, Eq. (4). The difference to the GHz re- 
gion may be caused by oscillating fluxofd in 
the rf-field. 
For practical application the limitations set 
by earth field (-0.5 Gauss) are of interest. 
We quote the following figures which are valid 
for Hdc = 0.5 Gauss and T = 1.4 K: 
1) RH 5 lo-6$-i for any rf-field Hp at 3 Gfiz 
2) RH z 0.25.10-8~ for low rf-field at 80 MHZ 
3) RH = 1.9.10-8it for rf-field H,x500 Gauss 

y at 80 MHz 
This means that for applications at higher 
rf-fields the shielding of low frequency struc- 
tures has to be more careful as one would expect 
from measurements of RH at low rf-fields'. 
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