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Particle Acceleration via SRF Cavities

* Superconducting radiofrequency (SRF) cavities

* High quality EM resonators: Typical Q,> 100

* Large electric field generated along the cavity axis
e Particle beam gains energy as it passes through

Input RF power at 1.3 GHz Slowed down by factor of approximately 4x10°
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Superconducting RF Cavities

* Niobium (Tc=9.2 K), T operation 2-4.5 K
* RF surface resistance - fighting against nQ)

* Losses concentrate on the first ~100 nm of the inner surface

<0.1% of
thickness

RF fields \
RF currents

<100 nm

Helium cooling

Final treatment is crucial to performance
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SRF Cavities Figure of Merits

Standard ILC cavity

10—
gHigh-Q :
| High- |
_ Wts

o 10°} E»‘;
T=2K
10° L e

0 5 10 15 20 25 30 35 40
E_ (MV/m)

acc

Q-factor (Qy):
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Rs = Rpcs(T) + Ryes
High Qo - lower power consumption

Accelerating field (E,..):

Determine the energy transferred to
charged particles

High E,.. - lower accelerator length

High Q at large gradient may reduce both capital and operational
costs of accelerators
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The Discovery of N-doping

1" I Typical Q vs Eacc curve
' obtained with 120 °C baking
(standard ILC treatment)

Average Q at 16MV/m:
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A. Grassellino et al., Supercond. Sci. Technol. 26, 102001 (2013)
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The Discovery of N-doping

Q-factor improvement after N-doping — up to 4 times
higher Q than standard Nb cavities

o 'y/" — ) Typical Q vs Eacc curve
E W obtained with 120 °C baking
v'y”':w (st_andard ILC treatment)

] v
nti-Q-slope

Average Q at 16MV/m:

e Standard ILC treatment:
(0)~1.7 - 1019

* N-doping:
(Q)~3.5-101%°
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A. Grassellino et al., Supercond. Sci. Technol. 26, 102001 (2013)
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The Discovery of N-doping

Q-factor improvement after N-doping — up to 4 times
higher Q than standard Nb cavities
10" —— 'y/' — Typical Q vs Eacc curve
3 M"‘VW obtained with 120 °C baking
V . v (standard ILC treatment)
Anti-Q-slope
o 10 | —@— nitrogen treatment
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A. Grassellino et al., Supercond. Sci. Technol. 26, 102001 (2013)
A. Romanenko and A. Grassellino, Appl. Phys. Lett. 102, 252603 (2013)
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Anti-Q-slope emerges from the BCS

surface resistance decreasing with field
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Interstitial Nitrogen After Doping Treatment
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Interstitial Nitrogen After Doping Treatment
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For CW accelerators the refrigeration cost is of the

Jefferson Lab Cryoplant
(completed 2012)
- SLAC / LCLS-Il to be similar €«

| _- Q, X 2 = half cryo-power is required
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Linear Coherent Light Source-Il (LCLS-II)

e 4 GeV, 0.3 mA CW SRF LINAC
* 35CM, 8 cavities/CM + 1 quad

e TESLA-type 1.3 GHz 9-cells
cavities

e Specs: E, .. = 16 MV /m with
Qo = 2.7x101Y
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HIGH-Q PRESERVATION IN CRYOMODULES



SC Transition in Presence of External Magnetic Field

Bc2(0) Normal-conduting

Rs(T, B) = Rpes(T) +|RA(B) |+ Rg

Rpcs = temperature-dependent

o] H.F. Hess et al.,
part of the surface resistance i &2, 318 (1989)
Bc1(0)
R,y = intrinsic residual resistance
Cooldown

B < X
Rfl - ntSB=>trapped flux ) >
C

Temperature

Pinning points

surface resistance:

Meissner state introducing dissipation ®

0
y
* If pinned, vortices may survive in the )f T~

* n—flux trapping efficiency

@
e S—trapped flux sensitivity ’ °
e B—external magnetic field >
; TC1 TCZ / X
I :
Trapped vortices
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Trapped Flux Surface Resistance

Rrpp =1-5- By

~

* Trapped flux sensitivity

N\

* Flux trapping efficiency

« External magnetic field
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Trapped Flux Surface Resistance

Rrpp =1-5- By

* Trapped flux sensitivity]

* Flux trapping efficiency
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Sensitivity Higher in N-doped Cavities
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Q-factor Degradation Due to Trapped Flux

5x10™° - I - ! - I

—— 2/6 N-doped
—— 120 C baked

4x10" -\ EF

£ N-doping gives the highest Q.
= as long as the field trapped is
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M. Martinello et al., App. Phys. Lett. 109, 062601 (2016) BTrap (mG)
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Q-factor Degradation Due to Trapped Flux

5x10" ; ,

4x10"° -

—— 2/6 N-doped
—— 120 C baked
——EP

To reach LCLS-II spec we can
afford to fully trap 2.5 mG

(2K, 16 MV/m)
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M. Martinello et al., App. Phys. Lett. 109, 062601 (2016)
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Trapped Flux Surface Resistance

Rrpp =1-5- By

* Flux trapping efficiency}
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Fast Cooldown Promotes Flux Expulsion

 Fast cool-down lead to large thermal
gradients which promote efficient flux

expulsion

* Slow cool-down = poor flux expulsion
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A. Romanenko et al., Appl. Phys. Lett. 105, 234103 (2014)
A. Romanenko et al., J. Appl. Phys. 115, 184903 (2014)
M. Martinello et al., J. Appl. Phys. 118, 044505 (2015)

S. Posen et al., J. Appl. Phys. 119, 213903 (2016)
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High-T Baking for Flux Expulsion Improvement

* Not all materials show good flux expulsion even with large
thermal gradient

* High T treatments are capable to improve materials flux
expulsion properties

18- rul expulsion 1.8 Full expulsion
N * ) 1.7+ - o o 5 = l:‘l:I > oo
‘|6*tfA A‘,‘:“‘ 16F o e
o * (sl After 900C
o
@Z 1.4 14l « &%
% After 1000C Q o
o m(l) 1.3+ Y
1.2- 1.2}0
5] [ J
nE @ 11|
o . n AES017 2/6 outside BCP :
g 1 A AES017+1000C 4h + 2/6 dope T o Baseine teatment -
Full trapping # AES017 additional test Full trapping o Reset+900C
r r r r T T T [ 0.9 1 1 )
0 5 10 15 20 25 30 35 40 0 5 10 15
AT During Cooldown [K] AT During Cooldown [K]

S. Posen et al., J. Appl. Phys. 119, 213903 (2016)
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Usable Q0 @16MV/m*
Gradient* 2K
[MV/Im] | Fast Cool Down

TBYAES021 18.2 2.6E+10
TBYAES019 18.8 3.1E+10
TBYAES026 19.8 3.6E+10
TBOAES024 20.5 3.1E+10
TBYAES028 14.2 2.6E+10
TBYAES016 16.9 3.3E+10
TBOAES022 19.4 3.3E+10
TBYAES027 17.5 2.3E+10 \\\7
Average 18.2 3.0E+10 x\
Total Voltage | 148.1 MV T ¥) \

ith twice efficiency :
World record cryomodule with tw y 2% Fermilab
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FIELD AND FREQUENCY DEPENDENCE OF
THE SURFACE RESISTANCE



Study of Cavities at Different Fequency

7 ¥, N-doping

650 MHz

120C baking
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Summary of the Frequency Dependence of Rg.s(Eacc)
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R; or Rges: temperature-dependent component of the surface resistance, also called BCS surface resistance

* The physical mechanism underneath the R; reversal has a stronger effect

M. Martinello et al. SRF 2017 (TUYAAO02), TTC Meeting FNAL 2017, TTC Meeting Milan 2018, IPAC 2018 (WEPMLO013)

at high frequencies

* On the other hand, N-doped cavities at low frequencies do not show the
Rgcs reversal observed at 1.3 GHz

* The Rysreversal, that has been considered the signature of the N-doped
treatment, is actually visible also in clean Nb (EP BCP) but at high

frequency
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Summary of the Frequency Dependence of Rg.s(Eacc)

N-doping 120C baking EP/BCP
13 T T T T T T T T T T T T T T T T T T T T
2.7 4 B
. NS 254 2
254 ¢ 1. / 4 »
1] ] —A—26GHz i ¥
: 234 ¢ 39GHz / . »> L
S G
1.0 20000, = . 2.1 » o ] 1.1 ' I
g 8, .b.\OOo P > (<D}
g =
E_ 0.9 ?‘4 ., oo ceceee, g 4 ‘ﬁ\: 1.9 4 }f B 4 2 ﬂ\;A-A~A~A~A»A—A~A—A-A_A_A N <
o Aa, %9 e <= ® ~A-4
o lhay, o0 X 47 / = ] & 094 o0
081 To ey = B0 - ¢ o
AAAAA = 1.5 >y e i ey
g A, 4 LAAAAAA A g N
0.7 %00 A 15 R ‘fAAA ac Adaa 1 ®oq.
. TN : .»”k‘“‘ 084 —»—13GHz_EP *0.0
Vo A/ \\
0.6 1 —p— 650 MHz —— 650 MHz %004 . 11 ng/‘. ] —A—26GHz_EP ;
—@— 1.3 GH: g N . 06666640 g VON
& oo ML 28 PG00 000000000-044,, —e—1.3GHz_BCP e W
059 & 3ocH: 7 0.9 7900064 p . 4 3.9GHz_BCP V000
J T T T T T T T T T T T T T 0.8 T T T T T T T
20 30 40 50 60 70 80 20 30 40 5 60 70 80 90 100 10 20 30 40 50 60 70 80
By (MT) Bk (MT) Bk (MT)

R; or Rges: temperature-dependent component of the surface resistance, also called BCS surface resistance

* The physical mechanism underneath the R; reversal has a stronger effect
at high frequencies

* On the other hand, N-doped cavities at low frequencies do not show the
Rgcs reversal observed at 1.3 GHz

* The Rysreversal, that has been considered the signature of the N-doped
treatment, is actually visible also in clean Nb (EP BCP) but at high

frequency
M. Martinello et al. SRF 2017 (TUYAAO02), TTC Meeting FNAL 2017, TTC Meeting Milan 2018, IPAC 2018 (WEPML013)
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High Frequency Cavities Favorable at High Field

10" - T - . - ; - .

1120C baking

Q-factor of 2.6 GHz cavity
converge to the one at 1.3

A GHz at high gradients.
_ "0..,....

o 2.6 GHz
e 1.3GHz
10° : . - . - I - .
0 10 20 30 40
M. Martinello et al. SRF 2017 (TUYAAO2), TTC Meeting FNAL E (MV/m)
2017, TTC Meeting Milan 2018, IPAC 2018 (WEPML013) acc
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Unprecedented Medium Field Q, at 3.9 GHz

10"

Q-factor of N-doped 3.9 GHz
comparable to 120 C baked
1.3 GHz cavity at ~

20 MV /m

10" 4

m  120C baking, 1.3 GHz
© N-doping 800C, 3.9 GHz
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M. Martinello et al. SRF 2017 (TUYAAO2), TTC Meeting FNAL
2017, TTC Meeting Milan 2018, IPAC 2018 (WEPML013) E CcC (MV/m)
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Doping and Frequency Effect on the QPs Distribution

THERMAL EQUILIBRIUM _ NON-EQUILIBRIUM

f(E)

Condition for non-
_| equilibrium SC:

f(E)

v>1/t,, 1/,

N/N(0)

* Higher the frequency, higher the probability to match the
condition for non-equilibrium

* N-doping (surface treatments in general) may modifies 7.,
and 7,- enhancing non-equilibrium effects

A. Romanenko, LINAC 2014
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Non-equilibrium Lowers Surface Resistance

When the SC is out-of-equilibrium the surface resistance is minimized

Equilibrium distribution of QPs Non-equilibrium distribution of QPs
E - EF 4 E - EF
A A
£ -
hv hv
e 1
hv f(E) — f(E + hw) hv% \f(E) = f(E + hw)
hv % I hv 4
LA > - I >
f(E) f(E)
a1 2 > . ,
2= 2 T - £(B + holn (1B
ON hw A

<

Smaller with non-equilibrium QPs distribution
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Conclusions

* N-doping promote very high Q-factors at medium field,
but larger sensitivity to trapped flux so important
minimize trapped field

* Trapped flux minimization can be achieved by
maximizing flux expulsion via fast cooling

e BCS surface resistance field dependence more favorable
at high frequencies. High-Q at medium and high field
achievable with high frequency cavities

 Understanding of the surface resistance critical to
improve further performance of SRF cavities and enable
realization of future machines
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