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I N T R O D U C T  I O N  

Accelerator special ists real ised the importance of the 
technology of working surface treatment for SC cavities long 

ago. 
Only use of -very clean SC materials and special methods of 

technology treatment will help to resolve the problem of higher 
gradients in SC RF" cavities. 

In this report some experimental results *on different 
electropolishing methods for superconducting cavities from 
Niobium are compared: electropolishing under current 
oscillation control method (SIEMENS), horizontal rotation 
electropol ishing with current density control (KEIO , 
electropol ishing with potent ial control mekhod ( Wuppertal , 
Warsaw), a1 ternat ing current electropolishing and 
electropolishing with control by "pocket current oscillations", 
desZri bed by strange attractor ( IHEP) . 

The purpose of our report is to discuss different 
electropolishing methods for SC cavities from Niobium. 

P L A N  of R E P O R T  

1. Motivation, comparison and possibilities of different 
methods of Nb Superconducting cavities polishing. 

2. Classical methods: 
- Electropolishing under current oscilation control method 
( S I E M E N S , G e r m a n y )  / l - 3 1 .  
- Horizmtal rotation electropolishing with current density 

control ( K E K , Japan ) 4 - 6 1. 
- Electropolishing with potential control method ( Wuppertal 
University, Polytechnical Institute, Warsaw, Poland ) / 7 1- 

- 
3. New methods of electropolishing: 

- Method of continuous electropolishing with alternating current 

control ( I H E P, USSR ) / 8 - 10 1. 
- Method of final electropolishing with control by "current 
oscillation~o~k~t.s", described by strange attractor ( I H E P, 
USSR ) 1 12 - 16 / 

4. Comparison of experimental results. 
5. Conclusion. 
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COLPAR I SON a-IJ FOSS I B I L IT I ES of D I FFERENT METHODS 

Chemical and electrochemical p01 ishing are effective 
methods of suppression of emission effects in SC RF structures, 
Therefore presently every company dealing with SC cavities is 
advancing one of these methods. 

This table shows advantages and disadvantages of every 
method. 

ELECTROCHEMICAL POLISH ING I CHEMICAL POLISHING 

A D V A N T A G E S  

Less field emission. 11. Bigger process efficiency (to 
I lZOfldmin, with H 3P0 may 
I be 4-6&m/rnin). 

Allows to avoid a chemical 1- 
run-away reaction, which is I 
a big danger to CP. I 
Higher Q. I 
Facilitates defect detecting1 
on the polished surface. I 
Allows to use less dangerous l 
electrolytes for alternating1 
current EP. I 
Allows to protect Nb surface1 
against hydrogen by screen. I 

D I S A D V A N T A G E S  

Lower process efficiency 11. Usage of CP for large cavities 
(to 40JUm/h) 1 i S very ca:plicated. 
Surface is contaminated with 12. Defects detecting is hard beca- 
reaction products (H 2 S ,  S). I use the surface is not very smooth. 
Large current density (300- 13. Surface is contaminated by 
1000 A/m ) and, according- l a large amount of hydrogen. 
ly, large dissipated power I 

2 (3-15 kW/m ) in electrolyte. I 
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It seem to us, electl-3opol ishing mtl-lods have advantages 
as compared with chemical polishing. So, we w i l l  discuss this 
one in a more detail. 

The following table shows the fundamental methods of 
electropolishing and t y p i c a l  r e s u l t s .  

COMPARISON OF DIFFERENT ELECTROPOLISHING METHODS 

Met hod lreductionlheight of 
l rate I micro- 
I l roughness 

1. Electrochemical polishing under current 140 flm/hI 
oscillations control method (SIEMENS). l(0.1-0.6 1 

lywmin) I 
2. Hori zontal rotat ion electrochemical l 0, r4m/ . 

10.15-0.2 
polishing with current density control 1 ""r ,U m 
( KEK) . I I *** 3. Electrochemical p01 ishing with potential I < 1 2 0 " ~  10.20 $ m 
control method (Wuppertal University and 1 vF/h I 
Polytechical Inst i tute, Warsaw) 1 I 

4. Alternating current electrochemidal 12.5-3.0 10.05-0.08 
polishing ( IHEP). I&m/min I J/m 

5. Electrochemical p01 ishing with current l0.01-0.87 10.05 m 
osci l lat. ion "po~kets", descrihed by Jjom/pocket l 
strange attractor ( IHEP). I I 

Methods 1-3 are known well and we believe them to be 
classical ones because they permit to receive the height of 
microroughnesses of about 0.15-0.9, The rot ivat ion for the 
development of the horizontal rotation EP and EP with potential 
control methods (methods 2,3) is the possibility of continuous 
electropolishing. It is very important for large-scale SC 
cav i ty product ion. 

The most important parameters in EP of Niobium are current 
density, voltage or potential, bath temperature and solution 
concentrat ion. 

These parameters of EP methods, used in different 
laboratories, are shown in the table below. 
** dependenton t h e  I ib -c rys ta l  morphology and p u r i t v  

*** and t h e  chosen e l e c t r o l y t e  ( i - I .Hein ,  Di? lomarbe i t ,  WUD C7-3 (1987 ) )  
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C L A S S I C A L  M E T H O D S  

1. Electropolishing under current oscillation control method 
( EP- COC) . 

2. Horizontal rotation electropolishing with current density 
control (HR-EP). 

3. -Electropolishing with potential control method (EP-PC). 

COMPARISON of CLASSICAL METHODS 
I I I 

Method! Control I Rotat ion I Solution 

~ ~ - ~ ~ ~ ~ @ u r r e n t  IIntermittent horizontal I HF:H SO =1:8.5 
~oscillation~rotation of the cavity I 2 4 

HR- ER l Current I Cont i nuous hor i zontal I HF: H 2 SO =l: 8.5 
Y l dens i ny [rotation of the cavity I 

EP-PC IPotential lContinuous up-down I HF: H 2 SOy l a c t i c  acid 

I ]cavity stroke l =  1. 79: 2. 08: 6. 13 

The regimes of cavity treatment were optimized to meet 
specific require'ments of different laboratories, which depend 
on the frequency, shape and size of cavities. 

Methods 1 and 2 developed by SIEMENS /l - '3/ and KEK 14- 6 /  
are known .we1 l. 

So,' we would like to tell some words ab~ut electropol ishing 
with potential control method developed by L. Ponto (WPI) and 
U Hein ( W ) .  

Figure 1 shows the potential-current density curve obtained 
by L. Ponto and U Hein . They used a special reference 
electrode placed close to the anode. The optimal potential was 
in a range of 4.5- 7 V. The authors be1 ieve the potential to 
be a mre important characteristic than the current density. 
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Fig. 1 The potent ial-current density curve. 

They showed that the quality of surface polishing is dependent 
on the bath temperature which shou ld  lie in a range of 50-58 C. 

The best resuIt,s were obtained in the solution 
21.5% v01 HF + 25.0% v01 H ?So4 + 53.5% v01 lactic acid. 

Agitation of the solution is obligatory. 

ADVANTAGES of the CLASSICAL METHODS 
1. All thes? methods have already been studied very well. 
2. Good results for SC cavity and RF stru~tures were obtained. 
3. This process can be computerized using a fairly simple scheme. 

D I SADVANTAGES of the CLASSlCAL METHODS 
1. It is impossible to protect the working surface of the 
cavity against hydrogen without using special diaphragrrws /7'/ 
or cathode bags /4. /. 
2. All these methods apply EP solutions containing hydrofluoric 
acid. 

In term of large scale applications, hydrofluoric acid is 
an aggressive agent because it is very dangerous for people and 
environment. m d  also causes corrosion of the equipment. If. so, 
then why should we use it? Cannot we manage without it? 

As is well known, hydrofluoric acid is added into EP 
solution in ol'der to dissolve the oxide film Nb 0 .  However, 
there are other techniques applied to dissolve this film. They 
wi 11 be treated in the next section of our talk. 
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N E W  M E T H O D S  o f  E L E C T R O P O L I S H I N G  

1. Method of continuous EP with alternating current control 
( CE- AC) . 

2. Method of final EP with control by current oscillation 
"pockets" described by strange attractor ( EP-CPSA) . 

These methods have been developed by the group for 
Technology and Study of Superconducting Cavities of Institute 
for H i gh Energy Phys i CS. 

We use method 1 for. hard electropolishing. It permits to 
remove metal at a rate of 3 ~ (  m/min. 

We use method 2 for very precise removal of rnetal from the 
working surface of SC cavities. This method gives the 
possi bi l i ty to reduce the rate from 0.01 to 0.87~ m/ rocket. 

1. Method of continuous EP with alternating current control 

In this Section of' the t.alk we would like to draw attention 
to the following quest ions: 

1. What value of' voltage should be applied? 

2. The features of reduction rate f'or metal removing at 
different frequencies and for Nb with different values of RRR. 

3. The role of agitat.ion. 

4. The optimal content of' hydrof'luoric acid 
in EP solution. 

5. The requirements imposed on t.he experimental setup. 

6. The advantages and disadvantages of this method. 

440  
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Exper.1 nerntal studies ca.> l.. l (-J out. by A. I. i t jnk in  
(Polytechnical Institute, Novocherkassk)/l7/ and-by the group 
for technology and study of SC cavities (IHEP) /8/ showed that 
polishing at fixed-frequency of electric fields facilitates the 
destruction of oxide film Nb205. 

Therefore one rray conclude that polishing at 
to 

f ixed-frequency alternating current may help one avoid the use 
of hydrof luor i c acid. 

1. What. value of voltage should be applied ? 

Figure 2 shows the voltage-current curves recorded for the 
9 GHz SC cavity at frequency from 50 to 1000 Hz. This cavity 
was manufactured from Niobium with RRR=15. 

Fig.:! Voltage - current curves at EP of 3 G'Hz SC cavities 
at frequency from 50 to 1000 Hz and RRR = 15 

I t  is seen from the figure that 
- voltage-current curve is N-shaped 
- with an increase of the frequency of the voltage applied 
the area of the horisont.al part is shifted to higher 
v01 tages. 

Beginning with a frequency of 300 Hz t.his part of' curve is 
less pr-onounced. 

Therefore the EP process h to be carried out at. a 
frequency less than 300 Hz. 
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2. The features or r~eduction  ate 
for metal remov.ing at different frequencies 

and for Nb with different values of RRR 

A very important problem is the removal of metal across the 
thickness of SC cavities. 

In this connection, this process was st.udied aversus the 
frequency of voltage applied and RRR of the initial material. 

As is seen from fig. 3, the reduction rate for asingle 
crystal Niobium cavity and for Niobium one with R R R > 3 0 0  
decreases monotonously with the frequency of the field applied 
and RRR of the initial material. 

Fig.3 Reduction rate for a single crystal Niobium 
cavity and for Niobium with different RRR. 

As is seen from fig. 3, the reduction rate for a single 
crystal Niobium one with RRR > 300 decreases monotonously with 
the frequency of the field applied. 

However, for cavities mufactured from Niobium with RRR 
from 5 to 20 an anomalous increase of .the reduction rate is 

observed at. a freyuencv of 200 Hz. It may be due to an 
intensive dissolution of impurities at gr-ai n boundaries. The 
rax i mum spec i f i c 51-lrface grai n boundar i es are  observed just. for 
Niobium with t.his RRR. 

T]-ie l~:~;'r r- ciir.ve w.3-  c -> cjkt , .al - l‘leij for t.}-,e (;av i t. i n.ade ~ ' I * . G K I  

single crystal Niobium with KRR < 40. It still remins an 
enignn for us why it is a mirror reflection of the curve for 

the cavity made from polycrystal Niobium. 
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3. The 1.ole of agitation 

As was shown in ref. / 8 / EP of cavities causes the 
react ion products to accumulate to the electrode. Therefore in 
order to have a uniform diffusion layer the electrolyte should 
be agitated, which is a very complicated thing to do espesially 
with complicated shapes of cavities and a high-aggressivity of 
the electrolyte. 

During alternating currrent EP of cavities a pulse of the 
reverse polarity playes the role of agitation. A variation in 
the ratio between the amplitudes of the cathode and anode 
constituents of the polarity current is equivalent to 
variations in the rotation velocity of one of the electrodes. 

The best quality of the surface is obtained for the ratio 
i& /l a = 7. 

4. What is t.he optimal content of hydrofluoric 
acid in EP solution ? 

Our studies showed that for alternating current €P the 
following ratio of electrolyte constituents is quite sufficient: 

H F  : H S O .  = 1 :  25 
2 4 

It is known that the amount of hydrofluoric acid can be 
decreased by increasing the EP voltage 13 /. 

Our preliminary experiments with samples showed that one 
can manage wit.hout hydrofluoric acid. But in this case one 
shoui d Ge very careful -when choosing the amp1 i t.ude of 
alternating carrent voltage. In our case this amplitude is 
18 - 25 V. The lower limit. is bounded by the conditions of 
etching the boundaries of grains while the upper one is bounded 
hy the formation of pittings on the working surface. 

The mentioned above value of EP voltage differs for 
different shapes and dimensions of SC cavities. 
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5. The I-equ i r .enet~fs i iti~posed or.] 
the e'xperimental setup 

Alternating current E P  of S C  cavities in a .solution without 
hydrofluoric acid ( or with a very small amountof at) 
necessitated the development of a precision power source. 

The requirements on the setup are as follows : 
-Capability to maintain the frequency deviation to on 

accuracy of + 0.01 Hz within the whole range of volt.ages. 
-The ratio between the cathode and anode const itclens should 

be adjusted from 1 to 15. 
We have developed such a power source jointly with 

Corporation " Standard " according to our request ./1'9/. 
Figure 4 shows a shematic of the setup used for E P  of SC 

cavities. 

Fig. 4. Block - diagram of setup for E P  with alternating 
current control (CE-AC).  

The setup consist? of audio-signal generator 1, amp1 if ier 2, 
unit 3 for control1 ing the ratio of cathode and anode cur-rent 
constit.uent.s, electrochemical resistor 4, solution bath 5 for 
EP of S C  cavities, scope 6 for observing the shape of the 
signals from polarized currents, measuring units 7 f'or 
recording the currents and volt.ages, matching block 8, 
commutation block 9 and recording potentiometer 10. 
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6. Advantages aid d i sadvaitages of the cotit i nuos EF inethod 
with alternating current control 

Advantages 
1. Saving of expensive materials due to removal of the high 

-corrosive component from solution. 
2. Reduction of corrosion degradation of the ventillation 

ducts and equipment. 
3. EP solution is not very dangerous for people. 
4. No need to agitate solution. 
5. It is possible to use horisontal rotational EP of SC 

cavities like at K E K together withalternatingcurrent 
control. 

Disadvantages 
It is imposible to prevent. hydrogen from reaching the 

cavity surface, but it may be corrected by hight temperature 

treatment 

ll. Method of final EP with a control 
by current osci llat ion "?oc ket" described 

by strange attractor 

The technological process of DC EP of Niobium SC cavities 
hass been developed proceeding from a very interesting 
phenjrenon, i. e. self - excitation of low frequency current 
oscillations after applying constant voltage. 

Such oscillations develop in the range of the voltage 
current curve having a negative differential conductivity. 

Figure 5 shows a voltage - current.curve recorded for EP of 
the 9 GHz SC cavity . 

The figure shows that. this curve is N - shaped and that 
periodic current. oscillations are observed in the strictly 
determined range. It is very important, that t.his curve has a 
f e  W ranges of cl~rrent osc i l l at i ons. 

This phenon~non kecarne the under.lyirig idea t o  cont.ro1 the 
method of €P of SC cavities according to the shape of current 
osci l.lat ions. 
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The e~llployees of the " S I E h4 E N S " Cotnpa-~y /l ,  2- /welye 
the first obtain pacxet -shaped oscillations shown in fig. 6 

Fig. 5. The voltage- 
current density curve 
for anodical dissolution 
of Niobium with RRR>GOO 

4 1 l 1 I ! 0 
3 1 0 - t [min] 

Fig. 6. Electropol ishing niobium current osci llations 
obtained by using "SIEMENS" wthod. 
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F ' -+ure 7 st-]ows t j e  i 1 l at, icjlIs 'v2oc k e t "  cjbtai y p - j  &, ou* 
1 B 

laboratory. Each.2ocket has quite a specific shape and duration 
and also quite a specified frequency of oscillat.ions filling it. 

In add i t ion, each socket corresponds to quite spec i f i c 
metal remval across the cavity thickness. 

Fig.7. Oscillations "pockets" at electrochemical polishing 
of Niobium SC cavity. 

How may we receive such pockets ? 
To answer this question we need to consider in more details 

the first current oscillations area of the curve shown) in Fig. 8 ,  

Fig. 8. Potential-current 
curve at electrochemical 
polishing of Niobium. 
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So,= was obtalt-~eil e i i p e r ~ i r ~ ~ n t a l l y ,  t he  cu~-*l-ent oscillations 

arise at point A. First, oscillations have a quasisinusoidal 
shape, then the osci l lat ior~ period doubles, quadruples, etc. 

A further increase of the voltage appl ied causes the 
oscillation process to transform into quasistochastic one. 

Fig. 9. Doubling scheme of current oscillations period 

Fig. 9 shows the doubling scheme of current. oscillat,ions period 
We see that af't.er sequen t i a1 doubl i ng and quadrupl i ng 

ur~der.  specific potent. i a1 our system t.ransfor-rrc i nt.0 the f i cl1 d 
of' osci llat ions described by a strange attractor. 

Fig. 10. Shape of current oscillations in the area A-B. 
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Cur.r.ent o s c i  l lat  i o n s  i n  t h e  area  A-B a r e  S ~ O W I - I  i n  Fig: 10. 

F ig .  11. Phase 1 
L 

p o r t r a i t  o f  t h e  dI 
s t r a n g e  a t t r a c t o r .  E 

In Fig.  11 one s e e s  t h e  phase p o r t . r a i  t o f  t.he s t r a n g e  a t t r a c t o r  
at. po i nt. B. 

It. i s  a v e r y  impor tant  p o i n t  for  t h i s  p r o c e s s  ! 

wit.h The 1ocat . ion  o f  t h e  b0undar.y p o i n t s  A and B is very  s t a b l e  
\ r e s p e c t  t o  t h e  f l u c t u a t i o n  o f  t h e  e x t e r n a l  cond i t . ions .  Our 

e x p e r i m e n t s  showed t h a t  wit.h EP o f  SC c a v i t . i e s  at t . h i s  p o i n t  
t h e r e  are no flaws caused  by p i t t i n g s .  
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S o ,  u s i n g  special condi t . ions  of the  experiment,a vol tage - 'current 
Curve with 3 a reas  of e l e c t r i c  i n s t a b i l i t y  was obtained 

P r a c t i c a l l y ,  t h i s  means the  p o s s i b i l i t y  t o  conduct the  EP 
process  at th ree  l e v e l s  with metal rerroval varying in  thickness  

\ (0.01 Ju &p, 0 . 1 ~  d p ,  0 . 8 7 / d p ) .  The c u r r e n t  o s c i l l a t i o n s  
descr ibed  by the  s t range  a t t r a c t o r  are at every leve l .  

Fig. 12. "Pockets" at pauses of  5 min. 

Fig. 13. "Fockets" at pauses of  45 sec.  

"Pockets" in f i g .  l2 correspond t o  0.01 m of  metal .removal J' 
per  "pocket" (pause between "pocket.sl' is 5 min). 

"Pockets" i n  f i g .  13 have pauses of  45 sec.  

Advantages of  t h i s  mthod  : 

1. There a re  a c t u a l l y  no d e f e c t s  caused by developrrent of 
p i t t i n g ,  which saves s o w  m u n t  of  expens i ve N i ob i um. 

2. E l  imi nat-ion of pi t t i n g s  and smoot.hing the  microroughness 
on t h e  working surf'ace of SC c a v i t i e s  reduce the  e f f e c t  of 
f i e l d  emission. 

3. Since the boundaries of  the ex i s t ence  of osc i  1 lat ions 
descr ibed by the  s t range  a t t r a c t o r  a r e  s t a b l e ,  i t  is possible  
t o  aut.omtize t h e  process using a f a i r l y  simple sheme. 
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COWAR 1 SON O F  EXF'ER l K N T A L  REZUtTS. 

1. All laboratories working on SC cavities arrived at the 
conclusion that it necessary to remove by hard EP or CP 
60-100 vrn from t.he working surface of a cavit.y. This is 
actually the layer thickness deteriorated by mechanical 
treatment or roll ing. 

2. The techniques of hard EP of SC cavities were developed 
at . KEK, WU, IHEP. Among them are: 

- horizontal rotat ion electrochemical p01 ishing with 
current density control; 

- electrochemical polishing with potential control method; 
- alternating current electrochemical polishing. 
They are all cont.inuous EP methods used for preliminary 

treatment of the working surface. 
3. In addition, KEK and IHEP have developed the techniques 

of the final EP of' SC cavities: 
- -horizontal rotat ion electrochemical p01 ishing with 
current density control; 

- electrochemical p01 ishing with current osci llat ion 
" ~ o c  kets", described by strange attractor ( IHEP) . 

4. All classical methods, i.e., 
- electrochemical polishing under current oscillations 

control 
- horjz ontal rotat ion electrochemical p01 ishing wi t.h 
current density control, 

- electrochemical p01 ishi ng with potential control method, 
when compared, make it possible to obtain the height of 

microroughnesses within a range of 0.15-0. +m. The results 
obtained by different methods are summarized in t ab le  1. 

I I 1 

JMethod I height of microroughnesses,~ m I 
t l 

IHR-ER I 0.15-0.20 I 
IEP-PC I 0.20-0.25 I 
ICE-AC / 0.10-0.08 I 
IEP-CPSA I 0. 04-0.05 I 
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F some wol--ds about tl-ie EP ~riethod with the control of 
oscillations "packets" shape. 

Fig. 14. The height of' microroughnesses versus the voltage. 
U ,  v 

Figure 14 shows the height of microroughnesses on the 
niobium surfase versus the EP voltage. 

The minimum of this dependence coincides with the region of 
format ion of oscillat.ions "pockets", shown in figs. 12 and 13. 
This means that the control of EP p01 ishing according to the 
form of current osci llat ions "pockets" ensures the most 
efficient smoothing of the working surface in the 0.04-0.05 m 
range. 
5. Process rate. 

A very important factor during large-scale production of SC 
cavities is the reduction rate, especially when it is necessary 
to remove 50-100 W from the working surf'ace of a cavity. 

The most productive methods are: 
- horizontal rotation electropolishing with current density 

control ; 
- electropol ishing with potential control method; 
- method of cont.inuous EP with alternating current control. 
Since it is expedient to obt.ain the best results during the 

final EP, one should sacrifice some time for treatment as in 
this case only 6-20 urn of the working surface are removed. 

Proceedings of the Fifth Workshop on RF Superconductivity, DESY, Hamburg, Germany

SRF91E08



The shSe3t t - per-<sontie 1 atid e q u  i psiient i 5 

alt.ernat ing-current. EP developed by IHEP. The ratio of' the 
r~olut.i.on used in this process is HF: H SO =l : 25 or even less. 

4 
5. C O N C L U S  I O N .  

So, the EP technique is presently getting more popular among 
the people working on SC cavities. The results oht.ained in 
different laboratories testify to the promising nature of this 
technique for the technology of SC cavities. These results 
a1 low us to hope that we can improve the working surface of 
cavities and, using the EP technique, raise the gradients of SC 
RF structures. 
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