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Ozone Cleaning

« Well-established technique to use ozone for removing biological material, hydrocarbons

« UV/ozone cleaning of surfaces mentioned in the 1970’s

- using UV radiation in air or low-pressure oxygen (<mTorr)
R.R. Sowell et al., Surface cleaning by ultraviolet radiation, J. Vac. Sci. Technol. 11, 474 (1974)

* during cleaning, the partial pressure of O, decreased, while that of CO, and H,O increased.

- UV also desorbed gases from the vacuum chamber walls
J. Vig, UV/ozone cleaning of surfaces, J. Vac. Sci. Technol. A3, 1027 (1985)

- used at Brookhaven Nat. Lab. for NSLS-2 vacuum chambers

H. Hseuh, private communication; K. Wilson, private communication.

* Ozonized water cleaning used in semiconductor industry since 1990’s
- remove organic impurities from the wafer surface, 1-2 ppm O, concentration

T. Ohmi et al., Native oxide growth and organic impurity removal on Si surface with ozone-injected ultrapure water, J. Electrochem. Soc. 140, 804 (1993)

7 Glass plate before (a) and after (b) UV-
% ozone cleaning for 1 min. No water beads

on cleaned surface.

R. Kohli, UV-Ozone Cleaning for Removal

of Surface Contaminants, In Developments in Surface
Contamination and Cleaning, Vol. 8 (2015).
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H,O, and Ozonized Water Cleaning at KEK

 Mid 1990’s, Asano et al. at KEK copy technique from semiconductor industry

- experimenting first with H,O, later also test O, rinsing

« Superconducting niobium single cell 508 MHz for KEK-B, electro-polished
- rinse with H,0O, or ozonized water: fill cavity and empty after 10, 20 or 30 minutes
- observed reduced field emission and improved accelerating gradient

- O5 rinsing has stronger effect than H,O, rinsing

Field Emission after H,0, rinsing
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Fig.3 Field emissions for 508 MHz single cell Nb cavities with and

without H,0. rinsing after EP. K Asano, Ozonized Ultrapure Water Treatment of Nb Surfaces
for Superconducting RF Cavities, KEK Preprint 93-216 (1993).
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Recovery after O, rinsing

o 10th measurement
- < 11th measurement

Eace (MV/m)

Performance recovery of the 508 MHz Nb cavity with Cu plated SUS cxtended
beam pipes, SUS flanges sealed by In ribbons and ALO; ceramics. 10th and
I Ith measurements show bzfore and afier ozonized ulirapure warter rinsing,
respectively.

K. Asano et al., Stable Performance of 508 MHz Superconducting RF
Cavities for KEKB, Proc. 1995 Workshop on SRF (1995) 419.
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Surface Characteristics Measurements at KEK

After ozonized water rinsing

« Superconducting niobium cavity
- The carbon contamination on the electropolished Nb surfaces, ...,
was removed completely by this ozone treatment
« Aluminium and copper samples

- The ozonized surface was exposed to synchrotron radiation with a critical
energy (e.) of 26 keV.

« photo-desorption coefficient was two orders of magnitude lower
than non-treated and oxygen-plasma treated samples

» suggests low desorption coefficient of the ozonized surface.

EP 20um
« Niobium-oxide XPS spectra for electropolished (left) and 07 .
electropolished plus H,O, rinsed (right). “0i | TEREZ)
(X-ray photoelectron spectroscopy) . | Nodg [
~50
NBO
S. Mitsunobu et al., Activities of Superconducting Cavity for KEK-B Factory, Proc. SRF (1993) JO5. b

T. Momose et al., Surface characteristics of aluminium and of several metals from view point to reduce dynamic gas desorption,
Vacuum 47(4) (1996) 319.

N. Ota et al., Reduction of photodesorption yield by oxygen discharge cleaning, ). Vac. Sci. Technol. A12(3) (1994) 826.

K. Asano, Ozonized Ultrapure Water Treatment of Nb Surfaces for Superconducting RF Cavities, KEK Preprint 93-216 (1994).

Addilional adsosptions are
detecled toabout 30A after
exposing lo the air for 24
nours 4t room temperalure,
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Fig. 5 Auger spectrum of Nb surfaces (a) electropolish only (b) ozonized ultrapure
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Air Exposure after Ozonized Rinse at KEK

« Asano et al. report
relatively stable performance after ozonized water rinsing and subsequent exposure to air

« Successfully applied to 508 MHz KEK-B niobium cavities
- 3 ppm ozone in water at 5 [/min for 20 min
- O4 rinsing has stronger and cleaner effect than H,O, rinsing
- cavity performance was not degraded by air exposure for 4 days
- attributed to formation of a stable and clean Nb,O; layer
* Nb,O formed acts passively and is not able to absorb water or hydrocarbons
Q, vs. Eacc after air exposure

g T '\ T e Qo (1st measurement) 10 Qo vs Eacc after air exposure Table] The comparison of weak superconductors (NDQ+NbO2) and
410 X Qo (2nd measurement) = < Qo (03 U.P.W-Air 4days) hydrides of Nb for ozonized ultrapure water rinsed and
3 10° EITIN a Qo (3rd measurement) o Qo (H202-Air 4days) H202 rinsed Nb surfaces after electropolishing
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K. Asano et al., Stable Performance of 508 MHz Superconducting RF
Eacc (MV/m)
Fig. 1 Stable performance of the 508 MHz Nb cavity rinsed by ozonized ulmapure Fig. 2 Thecomparison of the cffect of air exposures on cavity performance rinsed by Cavities for KEKB, Proc. 1995 Workshop on SRF (1995) 419.
water. The 2nd and 3rd 1ests were measured 2fter 1 amm air exposures for 23 ozonized water and HyQp. The clean and sable oxide layers on Nb surfaces
hours and 69 hours, respectively. formed by ozonized water can keep the cavity performance after air exposures.
Roger Ruber - Ozone Processing 5

9 April 2025 Jrg_tf;-?son Lab




Follow-up Experiments at KEK

* Fails on high-gradient 1300 MHz single cell cavity
- electro-polished (EP) but no heat-treatment
- high-pressure rinsed (HPR)
- ozone (O,) rinsing
- multipacting around 15 MV/m
- field emission onset around 18 MV/m

e Method abolished

- kept for cleaning KEK-B cavities and
for power couplers,
overflow with ozonized water for 5 minutes

- used for Taiwan Photon Source vacuum chambers 10 °k

* C. Chan et al., Cleaning of aluminium alloy chambers with ozonized water,
J. Phys. Conf. Ser. 100, 092025 (2008)

2 EP+0O, rinsing
v EP+03 rinsing+ HPR
A EP+HPR+O rinsing j
X HPR only after EP+HPR+O, rinsing L

. . 0 5 10 15 20 25 30 35 40
* Built prototype system to produce clean ozone ice Eace [MV/m] |
- Ccan I‘eaCh 150 ppm ozone in Wa’[el’ K. Saito, Recent Developments in SRF Cavity Cleaning Techniques at KEK, Proc.

- idea to use for in-situ cleaning of vacuum systems 1998 Workshop on RF Superc. {1399) 118

Roger Ruber - Ozone Processing 6 9 April 2025 Jrg_tfe; Son Lab




Why Not Try Again?

« Cavity processing techniques have evolved
« Ozone effect seems very similar to plasma processing with oxygen mix
Ozonized water and in situ ozone cleaning

« Simple
- any shape or volume, if materials are ozone resistant

« Cost effective
- ho RF required
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Ozone Processing Layout
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First Sample Testing

» Niobium samples contaminated with “Sharpie”

* Visible clean after ozone treatment

* Analysis: SEM EDS

Ozone/Oxygen Mix
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Elevated Temperature Processing
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C75-RI-032 Ozonized High-pressure Rinse

1.5 GHz 5-cell elliptical

10" 310°
° I -| + Baseline -Rl- ]
Basellne i HH  After ozonized high-pressure rinsing C75 RI 032 ]
- 6 MV/m FE onset - g :
L - 2
- 10 MV/mE, ., L. 110
1010 - P fudl- Gl _-'.==:= ]
| 10'1
+ O3HPR _
- 4 hrinse T
- 49 °C OD 109:— 4100 .E
i T
- 2 ppm ozone - E
b 410
 RF test 10°F _
- 15.5 MV/m FE onset : ) e 4102
- 18 MVIm E, ; % e® %T% hﬂ:ﬂ:m:m—:_% —a
%m %%m g P—E:m_' —— —a— |
‘107 Mi ! ! . ' — . ! 10'3
0 2 4 6 8 10 12 14 16 18 20
E (MV/m)

acc

Roger Ruber - Ozone Processing 12 9 April 2025 J}g_tfe-; Son Lab




Ozonized High-pressure Rinsing (O3HPR) Summary

* Ozonized HPR
- was effective
- did not affect the cavity performance negatively

Postulate

« Ozonized water enhances the HPR by removing hydrocarbons
In addition to removing field emitting particulate
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C75-RI-032 In Situ Ozone Processing
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C100-RI-086 In Situ Ozone Processing
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In Situ Ozone Processing (O3 Cleaning) Summary

* |In situ ozone processing
- was effective
- did not affect the cavity performance negatively

 Methane processing was not effective after ozone processing

- used same cavity and procedure as Powers et al. used to demonstrate controlled contamination by
methane processing and subsequent cleaning by plasma processing
- T. Powers, N. Brock, and T. Ganey, In Situ Plasma Processing of Superconducting Cavities at JLab, Proc. NAPAC, Albuquerque, USA, (2022) 22-25.

Hypothesis

* Ozone removes hydrocarbons and
reacts with NbO, to form a more stable Nb,O. surface impeding adsorption of hydrocarbons
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Effect of Plasma Processing (1/2)
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- P.V. Tyagi et al., Improving the work function of the niobium surface of SRF cavities by plasma
processing, Appl. Surf. Sci. 369 (2016) 29. o0
- T. Powers, et al., In Situ Plasma Processing of Superconducting Cavities at JLab, Proc. NAPAC, 544 a a
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P.V. Tyagi et al., Improving the work function of the niobium surface of SRF cavities by plasma processing,
Appl. Surf. Sci. 369 (2016) 29.
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Effect of Plasma Processing (2/2)
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Immunizing the Niobium Surface

« Argon-methane mixture used for artificial contamination
« However, not successful after He/O, plasma or ozone processing

- T. Powers, private communication.
- R. Ruber, Reducing field emission in superconducting cavities with ozone, Phys. Rev. Accel. Beams 27, 122001.

Hypothesis

« Stabilizing the upper oxide surface layer on niobium to Nb,O,
- Increases the work function energy level, and
- Immunizes the surface layer against adsorption of contaminants, and thereby
- decreases the potential for field emission
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Conclusions

« Ozone is an effective cleaning agent Suggestion
- organic, hydrocarbons, and some inorganic, e.g. sulfur e After heat treatment in furnace,
- improves the top Nb,O; surface layer vent (<100 °C) with dry air to build a

- reduces adsorption of hydrocarbon contaminations
- global effect on cavity’s interior

« Similar effectiveness as plasma processing

« Simple and promising cleaning method for all cavity shapes
- and other vacuum chambers

homogeneous oxide surface layer
and immunize the surface

Hypothesis

« Stabilizing the upper oxide surface layer on niobium to Nb,O.
- increases the work function value and
- immunizes the surface layer against adsorption of contaminants
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