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Review of Bulk Niobium Heat Treatments: Timeline
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Nitrogen Doping

• Nitrogen doping turns 10 this year!

Image from Amazon
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Nitrogen Doping

• Nitrogen doping turns 10 this year!

• Proposed birthday for N-doping:
– February 6 (USA)
– June 2 (everywhere else)

NIM-A, Vol. 883, pp. 143-150 (2018)

Image from Amazon



• Nitrogen doping is now successfully 
implemented in production for LCLS-II, resulting 
in the highest Q0 SRF linac to date

• Very high reliability is now achieved with 
industrial vendors, but it took substantial efforts

• Impetus and investments from LCLS-II efforts 
helped to drive progress in these challenges

Nitrogen Doping
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Open question: Cause of anti-Q-slope – but 
there are theories (e.g. non-equilibrium)

However, materials studies helped achieve a mature 
understanding of the impact of N-impurity profiles

Open question: Cause of lower quench field



Nitrogen-Doped Cavity Experience in LCLS-II
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Q0 in the Linac

VT Performance
<Emax> = 23 MV/m

<Q0> = 3.3x1010

Linac 
Performance

Gradient preserved
<Q0> = 2.8x1010

• High Q0 from nitrogen-doping has been 
preserved in the linac

• Expect further improvement over time 
from improved cool downs, degauss, etc

Slide from Dan Gonnella – more in his talk on Monday

LCLS-II constructed 373 
nitrogen-doped cavities



• ~900 C heat treatment to reduce flux 
pinning, improve expulsion of ambient 
magnetic fields during cooldown

• Implemented successfully in LCLS-II 
production

• Improve Q by changing bulk, not surface
• Still challenging to find the right temperature 

to balance expulsion and mechanical 
properties, variations from one niobium 
production lot to another
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Open question: specification to ensure strong 
flux expulsion without making material too soft

Heat Treatment for Flux Expulsion



• Motivation for N-infusion: knew N-doping 
helped Q: try to combine with low T bake to get 
both high Q and high gradient

• Procedure: 1) 800 C+ to remove oxide, 2) 
plateau at 120 C for 48 hours with nitrogen 
injection

• Has led to very high cavity gradients
• Reproducibility in other labs has been 

challenging, likely due to no EP after 800 C in 
furnace -> even small contamination from 
furnace is a challenge

• To avoid degradation from contamination, great 
care is needed: clean furnace, caps

Nitrogen Infusion
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120 C infusion



Results of Nitrogen-infusion at KEK Example of good results

N-infusion

Reference

Example of bad results

120 degree C
N-infusion (3.3Pa = 25mTorr)
48 hours

800 degree C
3 hours

Example of very heavy
Q-degradation

Example of Q-degradation
This kind of Q-slope was 
often obtained.

• N-infusion at KEK showed 
improvement of Q-value, but 
not for gradient.

• Reproducibility of N-infusion 
was very poor.

• Very often, Q-degradation was 
observed.  Contamination 
from the furnace??

• Quality control was difficult.
Slide from Kensei Umemori
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Lessons learned on furnace infrastructure

• Studies show a correlation between furnace pressure and/or partial pressure of CO/CO2 to surface resistance

→ lower pressures resulted in higher Q0

• Clear excess of carbon in hot spots vs. cold spots shown by SIMS, SEM and EBSD/EDX studies 

• No nitrogen observed in any samples from infusion runs

”Forensic“ study to identify key process parameters

Related publications:
Marc Wenskat et al 2020 Supercond. Sci. Technol. 33 115017
Arti Dangwal Pandey et al 2021 Appl. Phys. Lett. 119 194102
C. Bate, PhD Thesis 2021

Cold Spot

Hot Spot

• Conclusions: 

• RGA analysis is mandatory - low partial pressure of CO 
and CO2 is crucial.

• Extreme cases of carbon contamination cause grain 
decoupling.

• Minor carbon contamination will prevent N adsorption and 
limit performance improvement 

Slide from Marc Wenskat
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JLAB Infusion Recipe and Results
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• 0.75 – 3.0 GHz single-cell fine-grain Nb cavities (RRR>300)

• N-infusion: 800 °C/3h, N2 at ~25 mTorr ~300°C, cooling to hold temperature maintained for 48 h.

• R&D to understand the mechanism and depth of the N2 diffusion (in any) on going (SIMS and XPS)

• Multi-cell are being prepared to valid the recipe.

P. Dhakal
Talk: 06/27/2023
10:30 AM

Slide from Pashupati Dhakal



Low-T Doping at Cornell 
• Performed various 160C bakes in N2 and 

Ar+CO2
• All cavities showed strong reduction in 

BCS resistance with field
• HF rinsing required in some cases to 

remove surface contamination (Ti)

HF rinse

Peter Koufalis, PhD Thesis, Cornell 

Slide from 
Matthias Liepe



• Accidental oven setting, adding 4 hours 
at 75 C before 48-hour 120 C bake, led 
to improved performance

• Unprecedented gradients in 1.3 GHz 
single cell TESLA cavities, up to 50 
MV/m

• Consistently high gradients in single cells 
observed at Fermilab (always combined 
with cold EP) – reproduced in vertical 
tests at other labs

2-Step Low-T Bake

8/19/2023 Sam Posen - SRF'23 - Thermal Treatments14

Open questions: cause of improvement still 
unclear - needs to be studied; also bifurcation

Reproducible in VT 
at different labs
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2-Step Baking results on 1AC3 1300MHz 1Cell 
• Cavity used for different R&D experiments (alternative acid concentration, doping…)
• Best gradient: 37MV/m after standard baking (48h @120°C)
• Last treatment: + VEP 15µm (T<15°C, 19V)
• 2-step baking : Field Emission observed
• + HF rinse: significant improvement: 

Gradient > 50 MV/m achieved
• Cavity tested again after new cleanroom assy
and modified calibration 

4h @ 75°C + 48h @120 °C

1C cavity on VEP set-up

1.8K
Slide from 

Fabien Eozenou



Ryo Katayama, TTC@Aomori, 2022 「2-step baking & mid-T baking of 9-cell SRF cavities」

• Higher Q tends to be obtained for 2-step baked cavity.
• On the other hand, improvement of gradient can not be obtained.

⇒ Why higher gradient for high-Q/high-G recipe is difficult at KEK?
Cavity? EP? Furnace? Baking procedure? Cooling procedure at VT?

Slide 
from 

Kensei
Umemori



• Eight 9-cell cavities under 
consideration for HGC reached 
an average of 41.0 MV/m, 
several now tanked

High Gradient Cryomodule Collaborative Effort
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All cavities treated with cold EP + 2-step bake

T = 2 K, bare 9-cell 
TESLA cavities



• In-situ mid-T bake: cavity assembled
• Developed initially for quantum applications to 

remove Nb2O5 layer, enabling high Q at mK and 
low photon counts

• SIMS studies determined 300-450 C temperature
• Accelerator regime: anti-Q-slope similar to N-

doping; high Q even after oxide regrows
• Currently understood mechanism is adding 

impurities like N-doping, but in this case oxygen
• Advantages compared to N-doping:

– No post-doping light EP: key for complex geometries 
where uniform EP is challenging; removes step

– Lower temp reduces risk of contamination

Mid-T Bake
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• Under US/Japan 
collaboration, 
process was shared 
with KEK and they 
adjusted it to their 
facility

• Furnace mid-T 
bake: unassembled 
cavity in furnace

• More accessible 
than in-situ mid-T 
bake, just use 
normal furnace!

KEK: Furnace 
Mid-T Bake
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Heat treatment R&D is ongoing and reproducible

• Two very good furnaces at DESY and U Hamburg
• New single-cell furnace & refurbished niobium retort furnace for 9-cell 

cavities.

• 2-step bake
• 4h@75°C/24@130°C as standard treatment in the last 4 years.
• Thorough analysis not done yet - no obvious improvement compared to 

regular 120°C bake.

• Mid-T heat treatment
• Reproducible and stable process. 
• RF tests of 14 single-cell cavities, treated in three furnaces. 
• All succeeded in improving RBCS (anti-Q-slope) and resulted in varying 

maximum accelerating field.
• Partially enhanced Rres is under investigation.

Furnace upgrades improve research capabilities

All in DESY Niobium retort furnace medium temperature treated cavities. 
Open markers depict curves which were intentionally stopped to avoid 
quenching.

Related contributions at SRF: 
C. Bate – Poster ID 2030
R. Ghanbari – Poster ID 2101 
A. Zaidman – Poster ID 2421
M. Wenskat – Poster ID 2054 & Talk 2901

Slide from Marc Wenskat



Baking 300 °C – 400 °C at JLab
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• SIMS measurements show that O in the main 
impurity for mid-T baked cavities [1]

• SIMS measurements show fewer impurities 
introduced during vacuum annealing vs N 
doping

• Baking too long or too high in temperature 
shows EP-like performance (O absorbed into 
bulk)

• Sensitive to multipacting at ~20 MV/m
• High Q0 but low Emax observed in multi-cell 

cavities
[1] Lechner, E. M., et al. Applied Physics Letters 119.8 (2021): 082601.
[2] Angle, Jonathan W., et al. Journal of Vacuum Science & Technology B 41.3 (2023).

O
   

[1]

Single-cell cavity RF tests

300 °C/2.3hr EP Baseline 3N60 N-dope + 5 µm EP
[2]

For More info:
See Poster by E. Lechner

Slide from Pashupati Dhakal



Mid-T Bake for Fermilab PIP-II LB650 Cryomodule
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PIP-II LB650 Cryomodule

Jacketed 
Cavity

Bare Cavity

• High Q recipe using Mid-T furnace 
baking was endorsed by a review 
committee and adopted for LB650 
cryomodules

• Uniform few-micron EP proved 
challenging on LB650 geometry, but 
mid-T bake doesn’t need it!

LB650 Cavity Processing Final Design Review Report, April 4, 2023

Slide from Genfa Wu

See also Rich Stanek’s talk on Monday: 
“PIP-II Project Overview and Status”



650 MHz 1-
cell beta=1 
cavities

6.4 
E10@30MV/m

• 14 1.3GHz-9cell cavities was mid-T baked at 
300C for 3hrs upto now. Average Q0~4.5e10 at 
16&21MV/m (ss flange loss corrected), average 
Eacc ~ 26MV/m

• After mid-T baking (300 C for 3 h), 650 MHz 1-
cell cavities achieved state-of-the-art Q0, which 
reached 6.4E10 @ 30 MV/m (at 2.0 K).

Mid-T furnace baking of 1.3GHz 9-cell & 650MHz cavities
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Note: stainless steel flange loss corrected

 N5 EP
 N6 EP
 N7 EP
 N8 EP
 N10 EP
 N5 mid-T
 N6 mid-T
 N7 mid-T
 N8 mid-T
 N9 mid-T
 N10 mid-T
 N11 mid-T
 N12 mid-T
 N13 mid-T
 N14 mid-T
 N15 mid-T
 N16 mid-T

Eacc (MV/m)

Q
0

LCLS-II&SHINE spec LCLS-II-HE spec

CEPC spec

EXFEL spec

N9&N11-N18N5-N8&N10
1.3GHz 9-cell cavities vertical test at 2K

Slide from Feisi He



First cryomodule of 8 mid-T cavities tested at IHEP
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• IHEP is developing the cryomodule for the DALS project
• Dynamic heat load at 133MV is 61W (Q0~3.6±0.5e10 at 16MV/m)
• Dynamic heat load at 174MV is 104W (Q0~3.6±0.4e10 at 21MV/m)
• Usable voltage up to now (stable>1hr, <1mSv/h) is 185MV (~22MV/m), which is limited by 5.2kW power source.  
• More details will be published later, after all measures are finished.

Slide from Feisi He
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Summary of Surface Treatments
N Based Treatments Vacuum/O Based Treatments

Low Temperature            
(90 C – 200 C)

Mid Temperature                                                     
(300 C < T < 450 C)

High Temperature                
(+700 C)

Oxide dynamics are 
important here!

800C HT Baked

No extrinsic 
impurities

Under exploration

Sam Posen - SRF'23 - Thermal Treatments

Slide from Daniel Bafia’s talk on Tuesday: “The role of nitrogen and other impurities in SRF cavity performance”
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N-Doping Mid-T Bake

2-step Low-T Bake

N-Infusion

HT for Flux 
Expulsion

Getting to see 
everyone here at 
SRF’23! 😊😊

…

Low-T bake

H-degas

1998

1981

…

The exciting 
innovations of 

SRF’25!



• In the last decade, several thermal treatments were 
developed, leading to unprecedented Q and gradient

• Not all are reproduceable everywhere – high gradient 
heat treatments N-infusion & 2-step bake have shown 
~50 MV/m in some cases, others not

• N-doping took a lot of development to make 
reproducible but is now industrialized. Still more 
development was needed for LCLS-II-HE

• Furnace Mid-T bake has shown to be comparatively 
straightforward to reproduce successfully, even when 
scaling up to multicells or to complex geometries

• Mid-T bake benefits a lot from the R&D done on N-
doped cavities for reducing trapped flux dissipation

Summary

8/19/2023 Sam Posen - SRF'23 - Thermal Treatments27

N

N

O

O



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.000 791.000]
>> setpagedevice




