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Cavity preparation — heat treatments

Back to John’s Talk — 9T SRF
cavity preparation

Furnace treatment either with
nitrogen doping or without

120C bake
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Reminder from Geng T1 and T3 - losses

Losses in Superconductor: |
We will see how the BCS
measurements

as well as residual terms
are effected by different
heat treatments
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Exponential drop

Exponential drop part is
what we call “BCS”
resistance — it is the
temperature dependant
= part

Limited by a temperature
term: residual resistance
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Heat treatments

Cavity Bakeing

Temperatures from 50C to 300C —

usually 120C

Usually performed after final

chemistry

Done on test stand while the

cavity is the vacuum vessel

Used primarily to remove high
field Q-slope —and enhance Q0

@ 2k in certain cavities

Used to removing residual water

in cavity

Used to reduce multi-packing by

changing secondary yield
coefficient

USPAS SRF Course Jan. 2015
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Cavity fu rnace/heat treatment

Temperatures between 400C to
1800C (600C to 1400C modern)

Usually done before final chemistry

Usually with cavity open is large
vacuum furnaces

Primarily to remove hydrogen from
manufacturing (welding and bulk
chemistry)

Sometimes used to purify niobium
(T>1000C)

Sometimes used to “Soften”
niobium (large grain stress from
stamping)

Used to dope cavities with Nitrogen
and Titanium for high QO

.Jefferson Lab



“Bakeing”
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From Reece 13T — topography not “Q-slope”

CEBAF Prototype cavity LLOO2

@ > 300 micron BCP

Heavy BCP
+30 um EP —| ™ +3UmicronEF The BCP surface 600C
—+—Simulated BCP Topographic Losses for 10H, but still
shows a Q-slope — this
if from topography
(mostly)
§
;é = CULJ[J|ET The Epied Surface was
3 1099 , breakdown also baked @ 120C
= S S : Tn,.npmal Q-
- —{drop for fine- [N for 24 hours,
e grain BCP removing the high
_ __cavities | N field Q-slope
1678 b
0 5 10 15 20 25 30 35 40

Gradient (Mv/m) 2.00K

C. Xu, C. E. Reece and M. J. Kelley, "Simulation of non-linear SRF losses derived from
characteristic Nb topography: comparison of etched and electropolished surfaces,”
http:/farxiv.orqg/abs/1406.7276, 2014.
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Q-slope and bake BCP - LG cavity

B T=1.37K T=2.2K
+ T=2K s T=2K, 120C 48h bake
e T=1.37K, 120C 45h bake e T=2 2K, 120C 48h bake

1EFT

aotat &4 &
ESEEEEg —e e g
L1 I [T == f?f atag g '“Duench
-

I,-Lmlui F "Q-drop™ | e
R, o cavity is because
= e » A AL R T Y WYY SAMAA kakka A hka .
g 1E+10 — A sasssesessares, B ————  cavity was not baked,
*
. not a surface

Q-slope from BCP’ed

im.g * . .
*ay | roughness like the fine
Y grain cavity on
1e+9% —1——+1——+—1—7—"+—+—+—7—+—"—+r—r—r—rrr—r—r———  previous slide
0 20 40 60 ad 100 120 140
Bpear [MT]
Figure 14: Qg vs. By before and after 120°C. 48h
baking.

G. Ciovati et al. Effects of low temperature baking on niobium cavities
http://srf2003.desy.de/fap/paper/We014.pdf
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“Residual” vs. “BCS” before and after bake

+ Data
» data - 120C 48h bake

— BCS fit - 120C 48h bake

Cavity shown is Large

1E-05

i
2
o

grain from previous
slide, but effect is the

1E-O7

1E-08

same for fine grain
cavities

=BCS resistance goes
down with bake

Surface resistance [ohm]

mResidual resistance
goes up

1E-09
0.20

0.30 0.40

0.50 0.60 0.70

1Memperature [1/K]

D_IBD =@ 2.0Kand 1.3to 1.5
Ghz QO goes up

Figure 15: Surface resistance vs. 1/temperature before and
after 120°C. 48h baking.

G. Ciovati et al. Effects of low temperature baking on niobium cavities
http://srf2003.desy.de/fap/paper/We014.pdf
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Side note — HF rinsing on baked cavities

Results on EP fine grain (tumbled)

» 120C baked
« +HF rinse
5)(1010* T=2K « EP ,-..5 L] L]
- 120 Bl HF rinsing does
4x10" .""51'_ +HF(2) Ej: T ™ . Rres-2nomm
| o " HEQ) | S not change BCS
*, +HF(4) o] .
x10" - ....' o +HF(5) 050 058 0.60 085
i - term from
o v oo v" Single HF rinse after mild
x10" - .
210 ﬁiﬁltﬁﬂq:%z:v ) baking significantly improves 120C ba ke, but
| e medium field QO .
1x10° 1 ‘LE. %E% v Multiple HF rinse cycles do |Owe IS re5|d ua I
1 bring the high field Q-slope
- .
o back term — QO In
0 20 40 60 80 100 120 140 160 180 200 v . . . .
LT Onset field is still higher than

peac before baking by ~25 mT m |d flEId gOeS

after total 5 HF rinse cycles
v" Further rinses in queue § p

https://www.fnal.gov/directorate/program_planning/all_experimenters_meetings/s
pecial_reports/Romanenko SCRF%20Cavities 02_06_12.pdf
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Optimal temperature for bake — Large grain

i
T

ARpes/Rpcs (4.2K) [%]

-60 A

-70 : : | : : | : } } : : i
40 70 100 130 160
Baking Temperature [°C]

Figure 8: Variation of BCS surface resistance at 4.2K as a
function of the baking temperature.

From coupons, BCS
change is because
mean free path
changes, coupled to
cavity data

120C to slightly above
is the sweet spot for
best Q0 @2K @~1.3 to
1.5

G. Ciovati et al. Effects of low temperature baking on niobium cavities

http://srf2003.desy.de/fap/paper/We014.pdf
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Optimal temperature for bake — Large grain

& 100
g t .
E -300 I ; Baking changes
- the mean free
_E -500 { path at the
= syrface
i -700 1 1
> T
-EI:II:I | | | | | 1 1

40 &0 80 100 120 140 160 180
Baking temperature [*C]

Figure 9: Vanation of mean free path as a function of the
baking temperature.

G. Ciovati et al. Effects of low temperature baking on niobium cavities
http://srf2003.desy.de/fap/paper/We014.pdf
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Optimal temperature for bake — Large grain

—-—#2 ——#3 - 90C 48h hake
-—#4 ~#5 - 105C 48h bake
—-—#6 + #9 - 120C 48h bake
~#10 #11 - 140C 45h bake
o 4 ] I.‘“.I
E JAY Hydrogen content at
i P27 A\ surface is greatly
= 24 -!' S reduced by bake,
B /1 P RN B room temperature!
o RN Y —
r PR N T T———
gl i ——— T ;—

-0.01 0.01 0.03 0.05 0.07 0.09 0.11
Depth [lum]

Figure 13: Hydrogen concentration vs. depth for samples
baked and not baked.

G. Ciovati et al. Effects of low temperature baking on niobium cavities
http://srf2003.desy.de/fap/paper/We014.pdf
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120 C Baking Effect

Vacancies trap H, Prevent Nb-H formation
Oxide Oxide

.....O. s °0° 'é'
~20 Nm Q% 8.0 8.8 . T

Free interstitial hydrogen

120C
baking

T= 300K T= 300K

Alexander Romanenko

A. Romanenko, C. J. Edwardson, P G. Coleman, P J. Simpson, Appl. Phys. Lett. 102, 232601 (2013)
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Cool down of 120C baked niobium

Oxide Oxide

Q%80 9,8,00", S 10080 0" 8,000, 0%
. — . (2 . . . . (.) .
Hydrogen trapped
Only small hydrides can form
. e Small Hyrdides remairt SC to .
J high field
No HFQS

MFQS still present due to
deteroioration of proximity
* effect with rf field ®

T= 300K T=2K

Alexander Romanenko

.gefferson Lab




120 C Bake Inhibits Nb-H formation Romanenko (SRF 13)

“-!&J.L. Pl LA LN SN LN I

Cold: 120C in situ bake for 48hours ' -1 1-%] b °
Hot: no such bake . . ' .
Y L “ T BN ] g ‘» Y -
e p,,f,—” ® =
50 | . .. ‘ .
| + Baked .
al . ® .

AT {mK)

30 J .

20 I 4 n

I r o
o' T

10 F - -
L M ..... e 4
ol Gessm-gen oty m "
.................
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B {mT)

e Substantia

redus:tion of . 5 e
Hydride formation -

after 120 C Bake

Bked spot: 2 -29% of pl'{}bt:'.d spots
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Multipacting reduction by bake

3 ] | ] | | ] | ] | ] | ] | | ]
5 "l. m Wet Treatment
£ | om o o 300° C Bakeout
S . u A Ar Discharge Cleaned
O n
s 2|= - |
.F) .
7) H g
£ " ag
L i o O 0O p L |
o 0 o
S &AAAAAAA Aocioooo
§ 1 —OA A—a Fa— 0o o]
(]
@ | | |

500 1000 1500

Kinetic Energy (eV)

http://uspas.fnal.gov/materials/08UMD/SRF_Limitations.pdf

USPAS SRF Course Jan. 2015

Baking can reduce
secondary
emission
coefficient so that
Multipacting is
less prevalent —
also has been
shown to work for
120C

16
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High Temperature heat treatments

1970s = ~1800 °C UHV HT for ~10 hrs.

1980s = ~1300 °C solid state getter, such as Titanium,
was used in-side the furnace to "post-purify”.

2000s = 600 10h -800 °C 2-3h, mainly just to degas hydrogen
absorbed
by the Nb during cavity fabrication and surface

treatments.
2010’s > clean furnace studies from 600 to 1400C to reduce need for

final chemistry
2012 = “doping” “polluting” “contaminating” cavity @ 800 to 1400C

with titanium and Nitrogen — Extended Q-rise

USPAS SRF Course Jan. 2015
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Nb PURIFICATION by Ti GETTERING

Te 1200°C Samples (8= 2 mmx w-amﬂj- T=1300"C Samples o= 2mmux wedImm)
1000 y v - 1000
200 /,-”_ i = 900
9
800 / ® * (' o B 500 -
700 f,‘ ? » 00 —1 ——
m - R [3i04] . F—__A-I:—-' | —e
w . ‘ /- ® ]
£ oy —- Ew| A el-et |~
400 | —f+— 400 [— Py
m y r m{( ——
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:
£
gl
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:
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4000 G000 BOCO 10000
Tima {mn) Tima ()

Titanium gettering to improve RRR of cavities , remove impurities

H. Safa, Proceedings of the 1995Workshop on RF Superconductivity

USPAS SRF Course Jan. 2015
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Nb PURIFICATION by Ti GETTERING

L306 T 17k

T T FAFTY

™. AFTER HEAT TREATM Gettering increases RR
of cavity with also
increases thermal

A e iyt conductivity y at low
10” temperatures.

1 1 101l

Qa

¥ F T TETHT

Improves quench field
from localized defects

I T rorrrm

a 5 0 15 20 15
Eoce (MV/m)

Figure 5 — A 3-cell 1.5GHz cavity having a quench at an
accelerating field of 6.5MV/m due to an identified defect. After heat
treatment, its quench level was pushed up higher than 22MV/m.

H. Safa, Proceedings of the 1995Workshop on RF Superconductivity

USPAS SRF Course Jan. 2015
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From Geng T1 and T3 — Q-Disease

Smetom of Residual Losses

« Q-disease e N B RS
— Q, at low field L osme ': tios whi
0 * 24 hrs @ 125K Cavities which are
degrades when B | not high temperature
cavity parked at a Emeﬁw-m werd b MRS heat treated after
temperature 70-150 g [~ “ﬁa;-.' 1 heavy weld
Kfqr extended 10'__ . | manufacturing, after
period of time s 1 bulk chemistry or
— Similar effect when \%“mm . 1 mechanical polishing
cavity cool down N T T I , All show Q-Disease
rate is slower than 0 Eacc [MV/m] ’ 0
1K/min‘in passing Figure 1 : Eacc - Dependence of Q — Degradation on " Holding"Temperature
70-150 K

J. Halbritter, P. Kneisel, K, Saito, SRF1993

USPAS SRF Course Jan. 2015 114 Jefferson Lab
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From Geng talk — minimize Q-disease

Overcoming Residual Losses

* Minimize H uptake from
processing
— BCP etchingat< 15T
- “Hfree” EP
« Hydrogen out-gassing in
vacuum furnace
— 800 T x 2hr
— Or at lower temperature foi
longer time
* Minimum or no chemistry
after out-gassing

USPAS SRF Course Jan. 2015 120 Jefferson Lab
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Standard (600-800 °C) Furnace Treatment

1E+36 Nh

NbH-

(a)

IIIII

11111

g

NbH:

The standard furnace used for the high-
temperature heat treatment of SRF
cavities is an ultra-high-vacuum furnace
with molybdenum hot-zone;
molybdenum (or tungsten) resistive
heating elements and cavities are
heated by radiation from the heating
elements.

(b)

¢ ]

e
Hlazs faormud

a6 100

FIGURE 1. SIMS mass spectra showing difference in H between (a) non-hear treated and (b) heat
treated sample.

Ciovati et al, PRSTAB 13, 022002 (2010)

September 23-27, 2013
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Physical properties with heat treatment — FG 4K

\
, —V— astecaved
f/uf —— 10hrsa 800C
o]k ~
b7 ~0— 6 rsa TFC
old —0— 6 hrsa 800°C
000 00 o002 O00B 004 O00» 00 O0QF O0s
gran
\ NN J

(_q‘ ; %J SRF 2003 3 September ‘03

Thomas Jefferson N'itlorﬁ[{qccelemtor Facility
Institute for SRF Science and Technology

Talk G.R. Myneni - WEO11

Ovperated by the Southeastern Universities Research Ass n for the U.5. Department of Energy
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Physical properties with heat treatment — FG 4K

~— TD data summary N

Summary of the TD niobium mechanical properties

Niobium Yield Strength (KSI) Tensile Strength (KSI) % Elongation RRR Hv
SSR FSR SSR FSR SSR FSR

ASR 7.4 7.9 21 24 44 48 260 52

600 C 7.0 7.5 21 22 48 49 300 47

800 C 57 -- 19 -- 47 -- 350 43

1250 C 4.5 6.3 15 19 32 33 375 36

SSR ~ 5.5E-5

FSR ~ 2.0e-4 up to Yield point and 1.0e-3 until break

Py \/‘\/ /

(_q SEF 2003 3 September “03

Thomas Jefferson N'itlorh[{qccelemtor Facility
Institute for SRF Science and Technology

Talk G.R. Myneni - WEO11

Operated by the Southeastern Universities Fesearch Association for the U.S. Department of Energy

USPAS SRF Course Jan. 2015
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No wet chemistry after heat treatment - JLab

1E+00
'IE_D'I o S —
1E+10
- 'IE_DE o .. ——
=
d = 1E03 {
& 1000C 2+ 120C1 2 1E04 4
& 12000 2+ 120C1 2
m GO0 106+ 120C11 2 | P 1E-05 : . |
1E+09 T T T 0.0 0z 0.4 0.6
0 20 40 60 80 100 120 140 Depth (pm)

Bp' (mT) Figure 8: Depth profile of T1 in Nb samples heat treated at

different temperature.

eTitanium contamination from furnace on surface no matter what heat treatment
eLarge grain cavities are not limited by contamination except for Q slope

G. Ciovati et al. SRF2013 Chicago TUPOO0O51

USPAS SRF Course Jan. 2015
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Heat treatment on Large grain material - FANL

4x10" T T T T T T T T T ' T ' T
m EP+120C
® +800C 3 hrs no chemistry after
h o 1hao0 ders 1 Small~30%
$ improvements to Qo
3410™ %. removing final chemistry
X \ on fine grain cavities.
r“'—- v ..
u o
o ! . Ww' ..'ﬁo ]
2x10" |- 2“5..- Y -
...L
i
--..
'q.
1}(1 D1I.'.I | 1 | 1 | 1 | 1 | ! | ! |
0 5 10 15 20 25 30
E. .. (MV/m)

A. Grassellino - http://arxiv.org/ftp/arxiv/papers/1305/1305.2182.pdf

USPAS SRF Course Jan. 2015
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Heat treatment on Fine grain material - FNAL

10" T

10" |

Before furnace treatment

After furnace treatment

L - Titanium contamination from
furnace on gain boundaries (many
boundaries on FG cavity)

G R % “
%
10° | 2 ke
: %, %
oy
e %
-le_\h_h ® TE1AES003 © +800C 3hrs
R e TE1AES005 O +800C 3hrs
® TE1PAV005 O +800C 3hrs
® TE1PAV006 © +800C 3hrs
108 | | l | 1 | L | | L |
0o 5 10 15 20 25 30 35
E._(MV/m)
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High-Q, by Ti doping during furnace treatment

e A new induction furnace was designed and installed at JLab to
continue the high-temperature annealing study above 800°C
in a “clean” environment and without subsequent chemistry.

 |n 2012, heat treatment at 1400°C/3h of an ingot Nb cavity
with NbTi flanges at JLab resulted in doping of the surface

with Ti (~1 at./%, ~1 mm deep) producing an unprecedented
high Q,= 4.5x10'% at 2 K, 90 mT

.Jefferson Lab



High-Q, by Ti doping

7x10" ——— . Ingot Nb cavity, 1.48 GHz, 2.0 K
6x10" y
5x10™ | TR ".-J ]
4x10"° cotllaanann A“““AAJ:L -
’.o A A J
3x10' F ¢ AAA _
o “ J. mpun Em HuN EgugE N
o 2X1010 B l (Y L T LR - _ |

»—I—|

1
BCP *

1010 ¢ 1400°C/3h
A 120°C/12h

0 20 40 60 80 \ 100 120
B, (mT) | Avg. Qy(2K) at 19 MV/m

measured in VT of C100

P. Dhakal, Rev. Sci. Inst. 83, 065105 (2012) cavities
P. Dhakal et al., Phys. Rev. ST Accel. Beams 16, 042001 (2013)
P. Dhakal et al., IPAC’14, p. 2651

Ciovati
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Ti-doping and nano-removal

Multiple nano-removal, oxypolishing and EP was done

* No performance

degradation while 6
. . o o R 1 L 1 v T T T T T
keeping in cabinet for a o 1400C HT+ 120020
year v SR
. & 10 HF Rinse B -
* Extended Q-rise present < 10 m ospolsin L
() 20 um BCP a "™ "
even afte_r the removal of " Y Y |
~120 nm inner surface K “Ao‘\ . .
n A
e EP after 30 um reproduce | ~ - .“‘ e 49
. P o 228 X
the baseline performance | = - ':,: : ot *e0es 1
N
e Sims measurements o y YT VY YIVYVYY vyyy o

v
74 < %Mmcanc'tocﬁg.ﬁ'ﬁ _
S

0 T T T T v T ' T ' T !
0 20 40 60 80 100 120

TUIOCO04 talk pashupati SRF2013 Paris B (mT)
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HT extended up to 1400°C with new furnace

e |ngot Nb cavity from CBMM (RRR~200, Ta~1375 wt.ppm), treatment
sequence after fabrication: CBP, BCP, HT, HPR

6x10 0 T T T T T T T T T T T
- . BCP
5‘\,1()“! | ) HT _
Samples’ analysis after 1400°C show: = A LTB |
Reduced H content and ~1 at.% & 5 l
Ti content g 4107 .
Higher energy gap and reduced . ‘
broadening parameter M L0 i
o 3Ix10
ol T
~ 10 L * I I % T
> x10°r e [ 1 I T 7| . 1
L E = - ‘
1x10" - .
R (DR DR DR
0 7Y RO P
D o S o S o NN
T SN SN QN

Phys. Rev. ST Accel. Beams 16, 042001 (2013)

September 23-27, 2013 Jefferson Lab



Nitrogen doping during furnace treatment

e 2009 JLab attempted to make a Hydrogen blocking niobium
nitride layer on the surface of a cavity (purposed in the
1970’s), with no post heat treatment chemistry. Limited to
1le”-4 torr because of interlock so higher pressures never
used. ~30% gain in Q0 (not doping)

e 2013 an attempt was made to create niobium nitride
(Tc=NDbN) on the surface of the SRF cavity with nitrogen @
~20mtorr and 800C. The experiment failed at FNAL. Q = 1e7.
But after random removal choice cavity showed new Q-rise
not seem before (except with Ti doping the year before)

.Jefferson Lab



Niobium nitride study JLab

L] I L] L] ¥ l L) L] L) I L) L) ¥ l L] L] L) I L] T L) I L] L) Ll I T L) L) 1021: . . . , . i i : . i i : i i l : l l l :10?
F | —— NN conc —H counts | ]
I ——Nb counts |
3 10°H {10° 4
a :\_"‘—"-—P‘v— ——— e —— 2
2 ! E
g >
O’D 2 %
2 &
' g 107 {10° &
] N !\5
B Baseline (BCP) 1 : '
4 Heat treatment ] . M&&CL 4
O 120°C/12h baki Y Bl Ty
aking 0 02 04 06 08 1
tl
109 I SN T (NN SN TR TR NN TN TN TN SN T S T N Dfrl)l(ﬂlll)

PR T S T S AN TR T S N T
0 20 40 60 80 100 120 140 160
Bp (mT)

Clean furnace, so QO gain was the same as no doping, study
canceled because pressures could not go high enough
Because of safety interlocks on furnace!

G. Coivati et al., PRST - ACCELERATORS AND BEAMS 13, 022002 (2010)
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6.0 10"

5.010"

3.010"

2.010"

1.010"

"15cwmespmmd and te:lednt.anbslnee July 1, 21103
“‘Fabrication: 10 by ACCEL/RI, 6 by AES +  A1-210ct08
Processing following standard ILC recipe : : ::::igz:f
All TESLA-shape fine-grain Nb cavities .
T : |+ AT8-11feb10
; i a  RI19-22jun10
: R —— R A
LCLS-1l one vs. two 2K . i ihocit
; = AESS - 27mar09
cryoplalnts threshold oo ks
- T k sop— o A
42‘.;. e O e |
..... ‘lt.“;‘...t.f‘*:'.. S S s
Vo DR E 0ty Ja . " ; : - pogars
N T
/’ ”"—*'“mr:‘f.(g m ;
Two vs. three 2K cryoplants threshold :"'* c
0 10 20 30 1]

XFEL/ILC recipe vs. N doping

The SRF world is changing

4010 |—

Eace [MV/m]

RLGeng190CT2010

“The best cavities of 2010” (120C bake)

- Could be marginal for 2 cryoplants
(likely to require 3 with slow cooling)

o

4.0x10"

3.6x10"

3.2x10"

2.8x10"°

2.4x10"

2.0x10™

1.6x10"

1.2x10"

“The best dressed cavity of 2014”
(N doped)
TBO9AESO11

T=2K, fast cooldown from 300K

B Pre-dressing

®  Post-dressing 7
= ] EI, ;"F‘

a" % : ) d B

-.= g HNH 4

g PN ]

LCLS-II spec
One vs two 2K cryoplants threshold

Eacc (MV/m)
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Nitrogen Doping Process

LCLS-Il example furnace doping - JLAB

1000
Temperature ramp - 2 hours 40 minutes 3T
= (5 degrees/minute) — 30x10 3
= 800 = 7]
0 Hydrogen degas - 3 hours ) . C
@ = - Nitrogen anneal - 30 minutes — 25 =
O 0]
® 8
©
5 600 - 20 2
g | Id 'C'OD"
@ Nitrogen injection - 20 minutes natural cooldown =
2 26 mTorr average / — 15 g
=
o 400 te)
W
@ =
&) — 10 (e
@ @
= 3
= il
2 200 g @
-
I I T | e
12:00 PM 3:00 PM 6:00 PM 9:00 PM
_ Furnace treatment time
Palczewski

(j A JLab Colloquium 1/30/2015
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What does N treatment do? N depth profiles by SIMS

1.00E+22
itrides| Interstitial nitrogen in Nb
e
See A. Romanenko, talk at LINAC 2014,
1.00E+21
Geneva
And D. Gonnella et al, LINAC 2014, Geneva
Doped
§1.mtuzu  B00C 10 min no pump 5#1
€ ——600C 1hr 25 miTorr N2 #1
E —R00C 20/30 min N2 25 mTorr #1
g 800C 20 min #1
o N\ ——800C 20/30 no N2 #1 . 105 e
51.0(.'&'1‘) | v Non-doped S00C 3 hrs “)E
< | A00C 12hrs 0
| w1
507
Re)
1.00F+18 ..I!...-':i-,.:.”.1'|_'I' e | ! T _.'l - g
L ke AL Ll (A 'IJ e L. L Ak 4 E 10°
C
b}
2 .
@] %
1.00E+17 Q 1 *
0 1 2 3 4 5 6 7 c 10 \.
o e i
Depth (um) o Comell N-Doped
Z o Cavities
' - 00—
0.01 0.1 ] 10 100 1000

Depth [um]
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Amount of nitrogen absorbed

800C 180_N20_A30
AES031

Average pressure over 20 minutes (26mtorr)
Total gas absorbed using pressure drop (540 Torr-liters) - 2500L@800C
Total gas absorbed using mass flow controlfer total flow (155 Torr-liters) - 25C calibrated source
Total gas absorbed using mass flow controller total flow (570 Torr-liters) - converted to 800C from ideal gas law
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Re-doped external BCP - % nitrides

Short injection - Long anneal single cell absorption compare

1

RDT-13 800C_A180_N1@27mtorr_A60 - 4.85 to 6.25 Torr liters @ standard atm (25C)
RDT-14 800C_A180_N2@26.5mtorr_A60 - 6.9 to 8.3 Torr liters @ standard atm (25C)
RDT-15 800C_A180_N3@26mtorr_A60 (external BCP) - 13.2 to 14.5 Torr liters @ standard atm (25C)

0.01—

Convectron Pressure from Nitrogen (Torr)
i

Absortion rate ~ 30% faster @ 1-2min with external BCP

| I | [ |
2:58 PM 2:59 PM 3:00 PM 3:01 PM 3:02 PM

Time around injection (ARB)
Time shifted to line up second injections

Minimum 60 to 70% of nitrogen goes into nitrides on surface, the rest goes into the cavity

USPAS SRF Course Jan. 2015
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Current doping/EP recipes tried that “worked” — rising QO

T T T

JLAB
JLAB
JLAB
JLAB

Cornell

FNAL

FNAL
FNAL

FNAL

FNAL

~26mtorr
~40mtorrr
~26motorr

~26motorr

~40mtorr

~20mtorr

~20mtorr

~20mtorr

~10mtorr

~20mtorr

2
20

20

10

20

60

40,60
10,20,30
10,30,60
6

30

0

6,20
30

5,10,15
5,10,15
10,15,17,20
5

5,12,18,24,30
10

5-30
10,20,30

?

10,40,80

Incomplete list — ones | have verified with my notes, | know there are others
especially at FNAL (Sorry)

—J-A JLab Colloquium 1/30/2015

4efferson Lab



10"

Qo

210"

Multiple cavity_tests — N doping

Mﬁ-&m&&,“

LCLS-Il spec

F-..--lll u HEEEngy Sng

TE1ACCO05 - typical electropolished FG
TE1AESO016 - nitrogen treated LG
TE1NROO5 - nitrogen treated FG

TE1AESQ03 - nitrogen treated FG
TE1AESO005 - nitrogen treated FG
TE1AES013 - nitrogen treated FG
TE1AES011 - nitrogen treated FG
TE1CATOO03 - argon treated FG

TE1AESO008 - nitrogen treated FG
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Problem with N-doping- enviroment

Qo

RDT-15 800C 3h_N20_A_50 + 15micron EP - quench @ 15MV/m

of 3 AT

: ﬁ%ﬁ%{ i

10

EEETEE s

Cavities are highly supposable to environmental factors, where the remnant

T
8
Eacc (MV/m)

10

2K - Dewar 7

O 1.5K-Dewar 7

Rs 1-2 nano Ohms
residual field 1-2 mGuass

2K - Dewar 8

O 1.5K-Dewar 8

Rs ~7 nano Ohms
residual field 6-7 mGuass

magnetic field can dramatically change Q performance, for standard cooldowns

—JA

JLab Colloquium 1/30/2015
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Problem with N-doping- temporary quench degradation

Amount of flux captured during a

RDT-13 (Anneal 20 minutes 15 micron EP) - Quench limited @ 22MV/m (MP?) q uenCh d nd the resu Itl ng d rop In QO IS
5 . .
s quite variable.
1.5K MP processing ~ 5 minutes
X 2.0K
» M 2.0K after 1.5K with MP processing ~ 1 hour
10
:: ~3nQ
7 RDT-5 JLAB/LCLSII Baseline N2 doped cavity (MP limited)
g .
g sy e L : y
ARt i anes oy
~4.5nQ 4
2] ~7.5nQ2
T T T T
5 10 15 20 g "R EE R,
Eacc (MV/m) kd Rl L T
2x10""
2.0K
W 2.0K after quench
2.0K after thermal cycle
1010_ | I | I 1
0 5 10 15 20

Eacc (MV/m)

Example of multipacting-induced quenching Q,
degradation and recovery with thermal cycle

Jlab Ccilerriun, 1/320/2015
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Residual Resistance vs Trapped Flux

 N-doped cavities appear to be more sensitive to trapped flux.
* Higher R, for same flux
* Due to higher R\ from lower mfp?

35 __ .................................................................................................................................
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Cornell University
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Jlab Ccilerriun, 1/320/2015
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The Best Doped Cavities Match the new R, Theory

RDT-15 180/20N/50 + 15 micron EP Not yet sure how to interpret this agreement

= Boi/Eqcc = 4.31
1.3 GHz
T Ao =39 nm
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9 cell studies LCLS-II baseline Q0 and quench field — Nitrogen doping

16 MV/m
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]
n

NbTi flanges

FNALN2 A6 EP 5

Quench field definitely
dependant on doping,
where lower doping is
better! From single cell
higher doping appears to
produce better Q0

> N20 A30 EP~15-25
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Nine cell frozen recipes results

Gas bake Average Q | Average quench | First pass Second pass
details field yield yield

FNAL 800C 3 hours  3.7e10 ~23 MV/m (2"  67% 83%
“recipe 1” in HV pass) @18 MV/m @18 MV/m
N=6 * 2 minat 800C ~21 MV/m (lst
with N~ 20 ass)
mTorr P
* 6 minat800C
in HV
Jlab/Cornel <+ 800C3hours 3.5e10 ~16.6 MV/m 60%
| “recipe 2” in HV (J1ab) (J1ab) @16 MV/m
N=10 e 20 minat
igorﬁT"(‘)”rtrh N™ 3e10 17 MV/m 20%
. 30 min at (Cornell) (Cornell) @18 MV/m
800C in HV

Anna Grassellino, LCLS-II DOE Status Review, June
30th, 2014
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Question?

USPAS SRF Course Jan. 2015
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