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Pushing the Performance of Nitrogen Doped SRF Cavities

* New optimized N-doping surface treatments of Single Cell Cavity Post Various
niobium SRF cavities have pushed the limits of | N Doping Treatments
performance
— Qy=3E10 above 30 MV/m

« To drive down the cost of future accelerators, . »,,,m
need to improve further . > R .’:;;»»..\

« What are the mechanisms responsible for S Cds s ."\‘

high gradient performance?

* This presentation will:
— Present a study on the quench behavior in N-doped

> 2/6 + 5um EP

single cell cavities using thermometry mapping f,= 1.3 GHz > |2/0 + Sum EP
(TMAP) 101 {T=2K »  3/60 +5um EP
. : " 0 5 10 15 20 25 30 35
— Make a connection to early quench in 9-cell cavities E..c(MV/m)
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Sequential TMAP Study of a Single
Cell Niobium Cavity Post Various
N-Doping Surface Treatments
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Sequential TMAP Study of a Cavity Post N-Doping treatments
* One 1.3 GHz single cell was subject to the following N-doping surface treatments
* Inner surface was reset between each treatment with 40 um electropolish (EP)

» After each treatment, cavity was equipped and tested with TMAP to study the
nature of quench at Ty, =2 Kand Tg,;,<1.5K

Treatments Used in Sequential Study

Treatment 1: Treatment 2: Treatment 3:
3/60 + 10 pym 2/0 +5 um — 2/0 +5 um
Failed treatment

36 boards

16 RTD 3min in 25 mTorr N @ 2minin 25 mTorrN @  2minin 25 mTorr N @ Add + 2 pym
sensors 800 C 800 C 800 C
60min in UHV @ 800 C +5um EP +5um EP

+10um EP

an YT -,
b 40 um EP reset 40 um EP reset

Photos courtesy of . Martinello .
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Sequential TMAP Study 1/4: 3/60 + 10 ym EP

« 1sttreatment: JLab developed 3/60 N-doping surface treatment:
— 3 minin 25mTorr of N at 800 C + 60 min in UHV at 800 C + 10 ym EP
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A
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m T=2K Test aborted to
ol A T<LSK prevent quench
0 5 10 15 20 ' 30 35 40
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Sequential TMAP Study 1/4: 3/60 + 10 ym EP

« 1sttreatment: JLab developed 3/60 N-doping surface treatment:

— 3 minin 25mTorr of N at 800 C + 60 min in UHV at 800 C + 10 ym EP
Q, Vs E, . pper TMAP Profile Just Before Quench

-15.0
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- il Ll 5.0
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m T=2K Test aborted to " I Hll “IHIHI Js
A T<15K prevent quench ~ '
10 — — Lower ~ HRNNNNNEER Y N
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Eacc(MV/m) 0 2 4 6 8101214 16 18 20 22 24 26 28 30 32 34
i I Board Numb Eacc: 29,941 MV/m
« Strong, localized pre-heating above equator o
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Sequential TMAP Study 1/4: 3/60 + 10 ym EP

« 1sttreatment: JLab developed 3/60 N-doping surface treatment:
— 3 minin 25mTorr of N at 800 C + 60 min in UHV at 800 C + 10 ym EP

Q, Vs E, . TMAP Profile Just Before Quench
Uppe -15.0
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o | ]
f;}_III -12.5
sttt L Quench @ -l
w2 “;‘ 30 I\/IV/m 5 E_III 100
S = B || Lo F
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<1l ]
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Lo A T<LSK prevent quench : '
N I B 'I'I
o —= HINIIRINRRRNARANANAN | el 0.0
Eacc(MVIm) 0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34
« Strong, localized pre-heating above equator oara fumber
Quench location coincides with area of strongest pre-heating
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Sequential TMAP Study 2/4: 2/0 + 5 ym EP

« 2"d treatment: 40um EP reset + FNAL developed 2/0 N-doping surface treatment:

Qo

6

— 2minin 25mTorr of Nat 800 C + 5 ym EP

QO Vs Eacc

A A
“‘AA A

101! + 7y
1= lla“

Not a quench

g ....‘-II.“-

Quench @
18 MV/m

m T=2K
a4 T=1.56K

lo]ﬂ' 4

Eacc(MV/m)
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Sequential TMAP Study 2/4: 2/0 + 5 ym EP

« 2"d treatment: 40um EP reset + FNAL developed 2/0 N-doping surface treatment:

— 2minin 25mTorr of Nat 800 C + 5 ym EP

QO Vs Eacc

RGA data showed higher levels of impurities (N) during
furnace bake =» likely cause of poor performance

S
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AhdAda
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4
Quench @
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Sequential TMAP Study 2/4: 2/0 + 5 ym EP - Falled Treatment
« 2"d treatment: 40um EP reset + FNAL developed 2/0 N-doping surface treatment:

— 2minin 25mTorr of Nat 800 C + 5 ym EP

QO Vs Eacc

RGA data showed higher levels of impurities (N) during
furnace bake =» likely cause of poor performance
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Sequential TMAP Study 2/4: 2/0 + 5 ym EP - Falled Treatment

« 2"d treatment: 40um EP reset + FNAL developed 2/0 N-doping surface treatment:
— 2minin 25mTorr of Nat 800 C + 5 ym EP

Qg vs E, upper TMAP Profile Just Before Quench
! : _ — — S | [ [ 1 (LT
RGA data showed higher levels of impurities (N) during iris = o ||
furnace bake =» likely cause of poor performance EIIIII III o0
- AN
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~ QuenCh @ Equator —»2 ii Ii E
- 18 MV/m E - SENENEN NNR mn g
| gty - JE IR I
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acc(MV/m) 0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34
 Highly localized pre-heating near lower iris poard Humber
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Sequential TMAP Study 2/4: 2/0 + 5 ym EP - Falled Treatment

« 2"d treatment: 40um EP reset + FNAL developed 2/0 N-doping surface treatment:
— 2minin 25mTorr of Nat 800 C + 5 ym EP

Q, Vs E, . ! TMAP Profile Just Before Quench
' | P, o RN NNNARRNANRNANNARNARRRRRANEE
RGA data showed higher levels of impurities (N) during | 5 = -JNENNNANNNNNNNNNNANENANEN NNARRUAAE
furnace bake =» likely cause of poor performance E 50
1011-: “. 411.1141“1“ & BE 1.5
S Eo g
Quench @ Equator =2 ~ 5
- 18 MV/m £ o 1.0
g ...-‘-I..“- "
[ | = m 0.5
I ~ R
e == —— tower ~@ JINNRNNNNNRR: ARENNARRRRRRENNNEND
A N iris > T NRANARRARERRNSRANERNRE lllllll 00
EaCC(MV/m) 0 2 4 6 81012141618 2022242628 303234
 Highly localized pre-heating near lower iris poard Number
* Quench location coincides with area of strongest pre-heating, due to nltgéje7
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Sequential TMAP Study 3/4: 2/0 + 5 ym EP (Again)

« 3 treatment: 40um EP reset + 2/0 N-doping surface treatment:| Successful

QO VS Eacc
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A
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Gunn Y

Test aborted to
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Qo

38 MV/m
m T=2K
oo | A T<LSK
0 5 10 15 20 25 30 35 40

Eacc(MV/m)

Jt H
3¢ Fermilab
7 2/3/2020 Daniel Bafia | TTC'20 ILLINOIS INSTITUTE V'
OF TECHNOLOGY



Sequential TMAP Study 3/4: 2/0 + 5 ym EP (Again)

« 3 treatment: 40um EP reset + 2/0 N-doping surface treatment:| Successful

Qq Vs E, ! TMAP Profile Just Before Quench
CaahAkadda, R | | | | [ | [ ][]
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Eycc:37.803 MV/m
Board Number Helum Temp: 1.51475 K

« High level of pre-heating below equator
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Sequential TMAP Study 3/4: 2/0 + 5 ym EP (Again)

« 3 treatment: 40um EP reset + 2/0 N-doping surface treatment:| Successful

Q, vs E, . TMAP Profile Just Before Quench
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« High level of pre-heating below equator

Quenches near equator - DOES NOT coincide with area of strongest pre-heating
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Sequential TMAP Study 4/4: 2/0 + 7 ym EP

« Add +2 um EP on top of the previous treatment: net treatment 2/0 + 7 um EP

QO VS Eacc
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Sequential TMAP Study 4/4: 2/0 + 7 ym EP

« Add +2 um EP on top of the previous treatment: net treatment 2/0 + 7 um EP

 HFQS re-emerges — ~10 MV/m higher than standard EP
— Losing benefit of doping — different mechanisms governing quench?

QO VS Eacc
HFQS onset shifted up from
25 MV/m =» 35 MV,
O RPULY YW ‘u‘“‘h‘ /m /m
Ax “A“IT‘_\
S ““‘A
N e — e
| "] 'y
e
101 - Quench @ \
m T=2K
A T<1.5K 39 MV/m
0 5 1I0 1'5 2I0 2‘5 3I0 3I5 40
Eacc(MV/m)
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Sequential TMAP Study 4/4: 2/0 + 7 ym EP
« Add +2 um EP on top of the previous treatment: net treatment 2/0 + 7 um EP

 HFQS re-emerges — ~10 MV/m higher than standard EP

— Losing benefit of doping — different mechanisms governing quench?
Qg vs E, . upper_ TMAP Profile Just Before Quench
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« TMAP profile shows strong global heating = resembles EP cavity with HFQS
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Sequential TMAP Study 4/4: 2/0 + 7 ym EP

« Add +2 um EP on top of the previous treatment: net treatment 2/0 + 7 um EP

 HFQS re-emerges — ~10 MV/m higher than standard EP

— Losing benefit of doping — different mechanisms governing quench?
Qg vs E, . TMAP Profile Just Before Quench
Uﬁifr m-IIIIIIIIIIIIIIIIIIIII=======IIIIIIII
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« TMAP profile shows strong global heating = resembles EP cavity with HFQS
Quench location coincides with area of strongest pre-heating
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Comparison of TMAP Profiles
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Comparison of TMAP Profiles

3/60+10 um EP

2/0+5 um EP: Failed Treatment
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fy=1.3/GHz fo=1.3 GHz LR LT, fo=1.3GHz fy=1.3 GHz |
\
o .,
JUTTTY IYVeTIRp . s, Quench @
B a ron | AMAAML AL, 39 MV/m
qoud 4 4 [P Y VYV Y Y 100 Miaa,
i, S Maa,,, ““‘h
S "‘ 5 S S s,
- -IIII--
'-—.— e L] -...- ‘.
s - "
?(l;i/:]\j? @ Quench @ Quench @ 100
" T=2K m m T=2K - » T=2K
o] A T<LSK ] & TLS 18 MV/m : Lfix 38 Mv/m o
7 10t
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 20 5 10 15 20 2% 30 38 a0 5 10 15 20 25 30 35 40
Eacc(MV/m) o (MVIm) Euce(MVIm) EacelMVIM)
Top n ‘I : -15.0 i n 20 n -120
iris ™ =1 Quench location s s e
fu] -12.5 a m u - 100
o il o 5 16 N
= ] = pa- =}
° 10.0 g py o 80
[ - — L=
T o %o o 12 a o -
o 2 to 2 g 8. g
3 75 £ 2 3 E 3 s E
Eq® 5" B 5" Z~ 5 a” 5
3 3 Ew 8 «© @
0 5.0 wn w 40
< - =
- - P
~ 25 “ 4 ~ 20
Bot - i - - Quench location
Lo mp o ° °
0.0 T — 0
Irls 0 2 4 6 810121416182022242628303 aeseum 0 2 4 6 8 101214161820 2224 26 28 30 32 34 12372 W 0 2 4 6 B 101214 16 18 20 22 24 26 28 30 32 34 0 0 2 l‘l é 8 1012 14 16 lﬂ ZU 22 24 26 28 30 32 34
Board Number Helium Temp: 1.515775 K Board Number i Temp: 13645 K Board Number L Lo Board Number i Temp. 1952 K
2% Fermilab
9 2/3/2020 Daniel Bafia | TTC'20 ILLINOIS INSTITUTE ¥

OF TECHNOLOGY



Comparison of Quench Spot Heating Profiles: AT (H)

Response of RTD sensor nearest
to quench location is plotted as
a function of magnetic field
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3/60+10um EP: Low pre-heating, sudden quench
— Likely to be of magnetic origin
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Comparison of Quench Spot Heating Profiles: AT (H)

3/60+10um EP

Top_ =
WE™ 5 11 G | |
Response of RTD sensor nearest iy ]
to quench location is plotted as e :: I
a function of magnetic field st .-
Bot_’— | - .
Ll e ay ey ey o LN

3/60+10um EP: Low pre-heating, sudden quench
— Likely to be of magnetic origin

2/0+5um EP - Failed treatment: Strong heating with a
jump @ 34mT — jump seen @ both 2 Kand 1.5 K

— Due to proximity breakdown of nitride? Drives quench?
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2/0+5um EP - Failed Treatment

Response of RTD Sensor Closest to
Quench Spot vs Magnetic Field
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Comparison of Quench Spot Heatlng Profiles: AT (H)

10

3/60+10um EP

Top
Response of RTD sensor nearest - B
to quench location is plotted as

a function of magnetic field
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3/60+10um EP: Low pre- heatlng sudden quench
— Likely to be of magnetic origin

2/0+5um EP - Failed treatment: Strong heating with a
jump @ 34mT — jump seen @ both 2 Kand 1.5 K

— Due to proximity breakdown of nitride? Drives quench?
2/0+5um EP: Late onset (~60 mT) of low pre-heating

— Not @ point of strongest pre-heating: likely magnetic origin
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Comparison of Quench Spot Heating Profiles: AT (H)

3/60+10um EP
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to quench location is plotted as
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Comparison of Quench Spot Heating Profiles: AT (H)

3/60+10um EP

Response of RTD sensor nearest
to quench location is plotted as
a function of magnetic field

3/60+10um EP: Low pre-heating, sudden quench

2/0+5um EP - Failed Treatment
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— Quench is of thermo-magnetic origin o 10 " H(mT) 100
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Possible Source of Low Quench Fields: Nitrides

« Results suggest that if N-doping “goes well,” cavity SEM and TEM Studies of Nitrogen
Baked Samples — 2 min, NO EP

will quench at point of highest field (equator)
 If N-doping “doesn’t go well” (i.e., furnace

contamination, poor EP, etc.), cavity will quench

at a low field closer to the iris - could be due to

localized defects such as nitrides:

— Excess nitrogen near iris due to “line of sight”

— Residual nitrides left post EP?

" Yulia Trenikhina
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Possible Source of Low Quench Fields: Nitrides

« Results suggest that if N-doping “goes well,” cavity SEM and TEM Studies of Nitrogen
Baked Samples — 2 min, NO EP

will quench at point of highest field (equator)
« If N-doping “doesn’t go well” (i.e., furnace 2 min with Nz

contamination, poor EP, etc.), cavity will quench

at a low field closer to the iris - could be due to

localized defects such as nitrides:

— Excess nitrogen near iris due to “line of sight”

— Residual nitrides left post EP?

Yulia Trenikhina
Response of RTD Sensor Closest to

Quench Spot vs Magnetic Field « Estimate of minimum nitride size for a proximity breakdown to
IR R occur @ Hy,m, = 34 mT (assuming values of Nb):
r 1 &
glo- .....V d g - = % 30nm
5. . ‘ | Hyypop =34 T 6 )\nHjump

» Small, but above TEM and SEM images taken on samples
that haven’t received any final EP — 30 nm could be a
SETCD = reasonable approximation — topic of future study
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Connection to Low Gradients in N-Doped 9-Cells

* Previously observed that excess nitrogen may
cause poor RF performance and surface quality in
9-cell cavities

Ce

S

Nitrogen inlet in the

H#1/

furnace sits near the door

12

2/3/2020
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See talk by Arely Cano for more on this study
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Connection to Low Gradients in N-Doped 9-Cells

* Previously observed that excess nitrogen may
cause poor RF performance and surface quality in

O-cell cavities

@ 19.5 MV/m; Cell #5 @ +30 MV/m
- Difference in N concentration?

Cell closest to door/N inlet (Cell #1) quenched

Field-FPC Facing

Front (MV/m)
v g /19.5
L Cell m N 30.8
X
L ey >25.3
>23.3
>30.8
>23.3
Nitrogen inlet in the 25.3
furnace sits near the door

>30.8
>19.5
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Connection to Low Gradients in N-Doped 9-Cells

* Previously observed that excess nitrogen may
cause poor RF performance and surface quality in
9-cell cavities

Cell closest to door/N inlet (Cell #1) quenched
@ 19.5 MV/m; Cell #5 @ +30 MV/m
- Difference in N concentration?

CAV18 Quench Cell #
Field-FPC Facing
Front (MV/m)

Samples cut
from each cell

Cell# 1 cutout: clearly

' A /19.5 1
Celt #h ] 30.8 2
! \
8 o _).i’ >25.3 3
k A >23.3 4 :
" >30.8 5 Cells # 2-9: pristine
»23.3 6 surface
Nitrogen inlet in the 25.3 7
furnace sits near the door -
>30.8 8
>19.5 9
4 W
1 21312020 Daniel Bafia | TTC'20 See talk by Arely Cano for more on this study
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Connection to Low Gradients in N-Doped 9-Cells

* Previously observed that excess nitrogen may
cause poor RF performance and surface quality in
9-cell cavities

SEM studies of
Cell# 1 cutout

Cell closest to door/N inlet (Cell #1) quenched
@ 19.5 MV/m; Cell #5 @ +30 MV/m
- Difference in N concentration?

CAV18 Quench Cell #
Field-FPC Facing

Samples cut T ;
from each cell y AN

Cell# 1 cutout: clearly

- Front (MV/m)
19.5 1
Ce”h‘ / 30.8 2 - Clearly etched grains
ig: : » Could excess nitrogen have left
>25. . .
-30.8 : some grains subject to
e Z prefereptlal etchl_ng, and scoop
Nitrogen inlet in the 25.3 7 OUt nltrldeS, IeaVlng a rOUgh
furnace sits near the door .
>30.8 8 surface? — topic under study
>19.5 5
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Conclusions & Future Work

Conclusions:

« For the N-doping surface treatments studied, the treatments that yielded higher quench
fields quenched closer to the equator with a mechanism that is likely of magnetic origin

« The treatment that gave the lowest quench field (18MV/m) quenched near the iris and is
likely due to the heating of a nitride

« Idea that an excess of nitrogen causes early quench is consistent with results from 9-cell
cavity study

« Decreasing the concentration of nitrogen in an N-doped cavity via EP shows the re-
emergence of HFQS at an elevated field (35 MV/m instead of 25 MV/m) and a heating
behavior that is a combination of N-doped and standard EP cavities

Future Work:

« Get a better estimate for nitride size that corresponds with a certain breakdown field

« Perform this same TMAP study but with the sequential removal of the surface by EP

« More material science studies on N-doped 9 cell cutouts to pinpoint cause of early quench
& Fermilab
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