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Summary 

The fabrication, processing, and measurement of 
two S-band niobium prototype electron accelerator 
structures are discussed. Maximum surface magnetic 
fields were typically between 250 and 350 Oe, corre- 
sponding to average energy gradients between 4.6 and 
6.5 MeVim, 
j x 139. 

with Q. values typically greater than 
The structures which were electropolished 

gave more reproducible results than those which were 
chemically polished. 

Introduction 

Measurements on single-cell TRl, mode niobium 
cavities at :,,"a~~~e~~~~d4-tn~a~~b~~~~~a~tthe 
Stanfordl-3 
maximum field which can b:! attained increases with 
operating frequency. Although this information in- 
dicated that it may be desirable to operate the 
Stanford superconducting linac in a higher frequency 
band than L-band, experience has shown that experi- 
mental results for single-cell cavities may not be 
simply exte ded to results for large multi-cell 
structures, 2 -7 since they have yielded field values 
well below those attained for single-cell cavities. 
For these reasons, two seven-cell S-band niobium 
prototype accelerator structures were built and tested. 

Structure Design 

A schematic drawing of the seven-cell S-band 
structure is shown in Fig. 1. The structure which is 
designed to operate at 2.2'5 GHz is basically a scaled- 
down version of the capture section for the Stanford 
superconducting accelerator which operates at 1.3 GHz. 6 

The structure consists of five cells of length 0.5A 
which are between the end cells of length 0.35h, and 
it operates in the standing-wave 7r mode in the lowest 

TIQl band. Ihe axial ele'ctric field profile is flat 
in the X mode except in the center cell where it is 3/b 
that of the other cells. m& rf and accelerator pro- 
perties of the structure are given in Table I. The 
average energy gradient, which includes transit time 
effects, is calculated assuming a particle of one unit 
of electronic charge and with velocity c. 

Table I 
RF and Accelerator Properties of x-Mode Structure 

Frequency 

Length 

Geometric Factor 

Shunt Impedance/QL 

Peak Surface Magnetic Field 

(o x Stored Energy)+ 

3.93 

Peak Surface Magnetic Field 
Average Energy Gradient 

Peak Surface Electric Field 
Average Energy Gradient 

2.~5 GHz 

2.337 m 

260 2 

l(3CO '. m-l 
1*-30e "3 

54 Oe (YeVI-l 

1.6 Mv (Mev)-l 

Structure Fabrication 

The fabrication techniques used for the S-band 
structures 

b 
re similar to those used for the L-band 

structures. 'Ihe S-band structures are fabricated as 
follows: (1) reactor-grade niobium sheet of about 5mn 
thickness is cut into round blanks, (2) the round 
blanks are die-formed into cupseach of which form one- 
half a cell, (3) the die-formed cups are vacuum stress 
relieved at 9'7'5°C for 1 hour, [IL) the stress-relieved 
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WELD (TYP.) RESISTOR RING (TYP.) 

Figure 1. Schematic drawing of the seven-cell S-band structure. Numbers 
indicate different cell types. 
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cups are machined to final dimensions, (5) the completed 
cups are joined with lOO$ penetration electron-beam 
(EB) welds to form the seven-cell structure, (6) to 
give the structure rigidity and to support it in the 
ultra-high vacuum (WV) furnace, three niobium support 
bars are EB welded to the exterior of the structure, 
and ( -;) the structure is rotated about its axis with 
6 mm diameter ball bearings in all cells to remove 
any niobium spatter produced during EB welding. A 
photograph of the completed structure after fabrication 
and some processing is shown in Fig. 2. 

Figure 2. Photograph of an S-band structure. 

Structure Processing and Assembly 

The structures were processed using a number of 
techniques which included chemical polishing, electro- 
polishing, anodizing, oxipolishing, rinsing and UXV 
firing. The initial processing of both structures and 
the details of the processing techniques are described 
be low. The processing steps subsequent to the initial 
processing are given in Table II. 

The initial processing of the two structures in- 
volved different surface cleaning procedures. For 
structure NO. 1, the surface was cleaned by immersing 
the structure in a solution of 3 parts HF (73;” so- 
lution), 2 parts concentrated HNO and 5 parts H20 
at 220C followed by rinsing in di tilled water and .2 
methanol. For structure No. 2, the surface was 
cleaned by electropolishing with the removal of ,$rn 
and then by oxipolishing. After the initial surface 
cleaning, both structures were UHV fired at l?CO°C 
for 13 hours. 

Chemical polishing was done by immersing the 
structure vertically into a solution 0E 5 parts HF 
( 40,! solution) and 5 parts concentrated HNO-. at -13 
to -2 ‘OC . This solution removes niobium at ibout the 
rate of ;Ikm,‘min. 

Electropolishing was done by iz~ersing slightly 
more than one-half of the structure, whose axis was 
horizontal, in a solution of “5 parts concentrated 
H,.SO. and la parts HF (LO,: solution) at a temperature 
of l-r,,:0 ii) C and by then applying a constant voltage in 
the range of 11: to 1jV.. The voltage and temperature 
were adjusted until good current oscillations were 
observed. The typical electropolishing cycles con- 
sisted of twc steps while the structure rotated at 
LCO/min:’ ( 1) 1.5 min of polishing with the voltage 
on and (2) ,Y. ‘> min of solution circulation with the 
voltage off. One clectropolishing cycle removes about 
Ln of niobium 

Anodizing was done by irrmcrsin& the structure in 
a 14’ solution of ::!lllOH and slowly raising the voltage 
to l,:r;V over a time period of 1G to ;cI min to keep the 
current approximately constant. 

Oxipolishing was done by alternately anodizing 
the structure and then stripping the oxide layer in 
a ‘jO;L solution of HF. This process was typically 
repeated twice, and then a final oxide layer was placed 
on the structure by anodizing. 

Rinsing procedures depended on the sequence of 
chemical and electrochemical treatments. Between 
treatments the structure vas always rinsed in distilled 
water. After all chemical and electrochemical treat- 
ments were completed, the final cleaning steps were 
(1) rinsing in distilled water, (2) rinsing in methanol , 
and (3) drying in filtered nitrogen gas. 

UHV firing of the structure, which was always the 
final processing step prior to assembly, was done in 
an UHV furnace at l?O.i°C for 3 to 1~1 hours. The t)Tic 
pressure in the furnace at tlLi% firing: tc~nlpt.‘fiit ilrc wllh 
in the lo;+ 10-‘-: torr range, .ind this prc;:;surs: dr~crt~,!:.~ 
about a decade during cooldown. 

a 1 

After the final firing of a structl.rr for 3 give:? 
test, the structure was assembled using ir.dium gaskets 
to an rf probe and to a pumping line for evacuating 
the structure. In all but the first test of structure 
No. 1 (test 1 - 1) the assembly took place in a glove 
box filled with a dry nitrogen atmosphere. The rf 
probe provided a fixed coupling as well as a low tem- 
perature ceramic rf vacuum window. The structure was 
evacuated with an UHV pumping system; and, after it 
was evacuated to 1~43 torr or less, a copper 
tubulation was pinched off to remove the structure 
from the UHV pumping system. III test 1 - 1, the 
structure was assembled to an adj;istsble rf probe 
which also served as the pumping line to which a 2i;/:s 
sputter-ion pump was attached at room temperature. 
The adjustable rf probe assembly could reach about 
lo-‘i torr when the structure was at room temperature. 

Measurement Methods 

The low temperature tests were made in a magneti- 
cally shielded dewar where the ambient field ;ras 5 lmnOe 
and the operating temperature was about 1.5 K. The 
tests included measurements of the rf characteristics, 
the rf breakdorm position, and the radiation produced. 
Usually the rf measurements included the low and high 
power QO’s and the maximum attainable field for each of 
the seven modes in the T>bl band. Some of the early 
measurements were limited to the ;T mode and the modes 
nearby in frequency because of limited rf equipment. 
To locate the cell in which breakdown occurred, a 
system was developed for detection of the heat pulse 
produced during breakdown. Eight teflon rings, each 
having thirteen 56:: resistors in series mounted on 
then, were attached to the structure such that the 
rings of resistors were located adjacent to the highest 
magnetic field regions of the cells as indic=kttid in 
Fig. 1. This method of localizing the breakdown gives 
a clear determination of the cell where brcarlkdobn 
occurs. X-radiation mcasurcncnts were typically :::ntl~.: 
with an ionization type radiation meter. 

Measurement Results and Discussion 

Table II is a sunmary of measurement rc>sults Ear 
all twelve tests on S-band structure X:0. 1 :‘SS-1) nnd 
S-band structure No. 2 (SS-2). For cilch test, it in- 
cludes the low power Q,, the maximum surface electric 
and magnetic field attained, thcs Q, and x-radiation 
level at the maximum field, and 3ppropriat~~ comments ; 
as well as tile surface treatment prior to ~aiich teht. 
Both structures attained maximum surface fields oi 
about j,> Oe and 2; W/m, which corresponds to Cl,, i*v(‘r- 

age energy gradient of c;. 2 MoV,/m, with Q,‘s at this 

1198 



Table II 

Results of S-Band Structure Tests Operated in 7: Xode 

Structure 
and Test 

QO at Low 

Power I. 
l-l 4.3 x 1G2. 

H,,( Oe) 
E,,(NV/m) 

on Surface Qo max at H 
'2 

Surface 
Treatment 

Radiation 
(mR/hr at 

h) Comments 

jopm CP 
fired 

l-2 2.2 x 10Q 

l- 
3!/4 1.:; x 13 10 

1 - 5/G 1.6 x lo? 

only rxperi- 
ment with 
adjustable probe 

5@mCP 
anodized 
fired 

59;rn CP 
anodized 
fired 

breakdown on 
bottom of lower 
No. 4 cell 

75nrn CP 
anodized 
fired 

low Q, at high 
power &available 
RF power limited 
fields attained 

l-- 4.G x lC9 l,j% 
11-L 

T 

-7. 5 x 104 501*mCP 
anodized 
fired 

leak in initial 
pinch-of5 break- 
down on top of 
lower No, 4 cell 

l- &' 

1 -$i 

1 - 1G 

i-l 

2 - 2 

1.15 x 10 10 

1. 5 x 10 10 

1.1: x 10 10 

l..? x 10 10 

' ;' x 109 r>, r 

250 
16.3 

7.7 x 109 50pm EP 
anodized 
fired 

breakdown on top 
of lower No. 4 
cell 

282 
16.1 

1 .7 x 10 lo lO@nn EP 
oxipolished 
fired 

330 
13.4 

1.1, x 10 
10 

j0pm EP 
oxipolished 
fired 

breakdown on 
bottom of center 
cell (No. 1) 

breakdown on top 
of lower No. 3 
cell 

230 
li. 7 

2.45 x 10 
10 

IpS 
0.5 

1.1 x 109 

10Cpm EP 
oxipolished 
fired 

Y&m EP 
oxipolished 
fired 

breakdown on 
bottom of lower 
No. 4 cell 

2-3 1.2 x lCIG z5c 
16.2 

2-L 1.; x 18 355 
25, 

j-6 x lc? 

5.1 x l,? 

30pm EP 
oxipolished 
fired 

lC-Z$mCP 
anodized 
fired 

ND 

m 

_. 
1 

ND 

ND 

005 

.03 

0.1 

ND 

ND 

2 .l 

25 

multipacting 
barrier limited 
field, breakdown 
on bottom of up- 
per No. 3 cell 
breakdown on 
bottom of upper 
No. 3 cell 

breakdown on 
bottom of lower 
No. 4 cell 

: .rjlmR;'hr at lm) Legend: CP - Chemically Polished, EP - Electropolished and ND - Not Detected [*: 

iield level of A., x l,i for SS-1 and z.1 x l,,? for 
ss-2. i‘he twelve tests mny be divided i.nto those 
with "poor" performance and those with "good" per- 
formance. ‘The three tests with "poor" performance, 
which included tests 1 - 1, l-s,h, and 2 - L, attained 
:noxixL~ jL m.l,nctic fields of 11, Oe ur less. For tests 
1 - 1 and l-,, '5, the fields were limited by low Qo's 
‘at the! mnxicu-n fields, nnd for test 2 - 2 an electron- 
nultipncting barrier in the upper No. 3 cell appear,d 
to initiate thermal-magnetic breakdown. The remaining 
nine tests with "good" performance attained maximum 
mo$nt;tic fields in the range of 1,;; to 35,: Oc. There 
is a corrcl,ltior. between thL3 Q, at the rl,ixir:.um field 
level and a "poor" or "good" performance. Those tests 

with !'Doorl' 
1 1 x -14 

performance have Q,'s of 1.1 x 1G' to 
. _ L, and those wi,Lh'$oodK performance have Q,'s 

of 5 x l.W to 2.h x lC <. 

The reproducibility of structures processed by 
clectropoiishing appears to be superior to that oi 
chemical polishing, at least as we practice these 
polishing techniques. For chemically polished 
structures; two out of six tests exhibited "poor" 
performance, and the four tests with "good" perfor- 
mance had maximum fields in the range of 1;6 to 551; Oc. 
For clcctropolished structures; one out of six tests 
exhibited "poor" performance, and the five with "good" 
perforrrancr~ had maximum fields in the range of 2;O to 
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Table III 

Breakdown and Q, in TMQl Modes for Test 2-4 

Mode 
Frequency 

MHZ 

Low Power High Power 

QO QO 

Stored 
Energy 
(Joules) 

Radiation 
mR/hr at 

lm 
Location of 

Breakdown 

0 2727 5.1 x LO 
10 

4.0 x 10 
10 

T/6 2743 4.8 x 13 
10 1.8 x 10 10 

m/6 2758 5-4 x 10 
10 0.72 x 10 

1C 

371/h 2798 2.0 x 10 
10 0.50 x 10 

1c 

4716 2518 1.58 x 10 lo 0.21 x lOlO 

%I6 2542 0.95 x 10 
10 0.10 x lOlO 

284y 1.50 x 10 10 0.31 x 10 l-c 
7T 

Legend: ND - Not Detected ( < 0.01 mR/hr at lm) 

300 Oe. Although chemically polished structures re- 
sulted in the highest maximum fields, electropolished 
structures resulted in a higher percentage of tests 
with "good" performance and they resulted in maximum 
magnetic fields which were in a considerably narrower 
range. 

A more complete summary of typical measurements 
made on all seven modes in the "01 band of an S-band 
structure is given for test 2 - 4 in Table III. With 
the information in this table, one can examine the 
homogeneity of the superconducting surface since each 
of the seven modes has substantially different field 
profiles. In particular the homogeneity with respect 

tD thermal-magnetic breakdown field can be examined. 
For example, experimental axial electric field profiles 
show that the field level in the No. 4 cells is at a 
maximum for the 471/5, 5n/6 and 7 modes, and indeed 
thermal-magnetic breakdown is observed in the botabm 
of the No. 4 cell for each of these modes. The-B,% 
mode has a maximum field in the No. 2 cells, and 
thermal-magnetic breakdown is observed at the top of 
the upper No. 2 cell. Likewise, the C mode has its 
maximum field in the center cell, and again thermal- 
magnetic breakdown is observed in the center cell. 
This information indicates that for test 2 - 4 the 
surface was relatively homogeneous with respect to its 
thermal-magnetic breakdown properties. However it 
should be pointed out that the surface was less homo- 
geneous in other tests. For example, in test 1 - ", 
thermal-magnetic breakdown occurred on the top of the 
lower No. li cell in all seven modes indicating a sur- 
face region in this cell which had a considerably lower 
thermal-magnetic breakdown field than in the other 
cells of the structure. 

Conclusion 

The S-band seven-cell prototype structures were 
built and tested to evaluate the performance of large 
S-band niobium structures relative to that of 6-m long 
L-band niobium structures which are used for the 
Stanford superconducting linac. A 2-m long S-band 
structure, which is composed of seven sub-structures 
(each with seven excited cells) and designed for 2.&Hz, 
has been fabricated and partially processed, and we ex- 
pect to test it in May 1975. Because of the greater 
reproducibility of the seven-cell prototype structures 
when processed with electropolishing, the 3-m long 

S-band structure will be electropolished rather than 

.350 .06 

.284 ND 

.447 1.1 

.95 2.1 

Q309 3.2 

.226 4.0 

.4l8 2 5.0 

Bottom of center cell 
(No. 1) 

Not located 

Not located 

Top of upper No. 2 
cell 

Bottom of lower No. 4 
cell 

Bottom of lower No. 4 
cell 

Bottom of lower No. 4 
cell 

chemically polished. One can make an approximate esti- 
mate of the performance of the 3-m long S-band structure 
based on the fact that it consists of seven sub-struc- 
tures of about the same configuration as the seven-cell 
prototype structures. The maximum field of the 3-m long 
structure is determined by the lowest of the maximum 
attainable fields for the seven sub-structures, and its 
Q. is determined by the average of the Q,'s for the 
seven sub-structures. Since five out of six prototype 
structure tests using electropolishing gave "good" per- 
formance, one can expect a moderate probability for 
the 5-m long structure of attaining a maximum field of 
250 Oe, corresponding to an average energy gradient of 
$.6 MeV,/m, and a Q. of 1.3 x 1010. These values may be 
compared with the highest average energy gradient and 

attained in a 6-m long L-band structure0 which are 
& HeVim and 6.5, x 109. The improved reproducibility 
of the electropolished S-band prototype structures indi- 
cates that it is worthwhfle applying the electropol- 
ishing technique to the 6-m L-band structures. 

1. 

2. 

3. 

4. 

5. 

i 
0. 

. 
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