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Intro to the flux expulsion problem for 
LCLS-2



•  2014: LCLS-2 choice of doping surface processing as only pathway to Q>2.7e10 
at 2K, 16 MV/m, to attempt to fit linac refrigeration need in one 4KW @ 2K 
cryoplant 

•  2014-15: High Q collaboration FNAL-SLAC-Jlab-Cornell established to transfer/
validate doping recipe, and verify high Q in dressed nine cell in horizontal test 
stands

•  Early 2014, FNAL finds that slow/homogeneous cooling through Tc causes full flux 
trapping, and that larger thermogradients can help drive magnetic flux out of Nb

•  2014-15: High collaboration plus doping transfer to vendor proves very successful 
at demonstrating repeatably Q>2.7e10 on single and nine cells 

•  2015: But risk of degradation due to magnetic field trapping due to non ideal 
cooldown drives the choice of a second cryoplant to mitigate risk of insufficient 
refrigeration

•  However, fast cooldown and obtaining Q>2.7e10 remains LCLS-2 goal
•  2015 – FNAL observation that bulk material of different vendor batches respond 

differently to flux expulsion capability as a function of thermogradient
•  2016 – Following CD2/3 recommendation LCLS-2 launches assessment of flux 

expulsion capability of production material – TD and Ningxia

Timeline of High Q activities for LCLS-2
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2014: Vertical Test Bare Nine Cell 2.0K Results, 
doping recipe 2/6
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Table 1: Performance of the N-doped 9-cell cavities for the LCLS-II prototype cryomodules. VT: vertical test. HT: horizontal
test. Adm.: administrative field limit. Q0 values are corrected for cavity flange losses during performance testing, which
will not be present in LCLS-II cryomodule installation.

Cavity 2K Q0 at 2K Q0 at 2K Q0 at Max. Eacc �R VT bare �R VT Note
ID 16 MV/m VT, 16 MV/m VT, 16 MV/m latest test to VT dressed dressed to HT

bare [1E10] dressed [1E10] HT [1E10] [MV/m] [n⌦] dressed [n⌦]

ACC015 3.5 24.0
AES016 3.0 20.2
AES019 3.2 3.1 18.8 0.3 a.
AES021 3.4 2.8 3.1 23.0 1.7 -0.9 a.
AES022 3.1 26.2
AES024 3.2 3.2 22.0 0.0 a.
AES026 2.8 2.8 21.4 0.0 a.
AES027 3.6 2.7 2.8 22.8 2.5 -0.4 a.
AES028 3.5 3.0 23.0 1.3 a.
AES029 3.6 3.6 23.7 0.0
AES030 2.9 2.5 18.2 1.5
AES031 3.5 2.4 (8MV/m) 19.4 b.
AES032 4.2 2.8 23.0 (adm.) 3.2
AES033 3.9 3.6 21.3 0.6
AES034 3.9 3.5 22.5 0.8
AES035 3.6 2.9 3.0 17.5 1.8 -0.3 c.
AES036 4.1 3.7 19.0 (adm.) 0.7
Average 3.5 3.1 3.0 21.6 1.1 -0.5

a. Dressed VT test in VT2 dewar, which has ⇡ 5 mG higher fields than VT1 used in VT test of bare cavity.
b. HOM coupler heating in horizontal test due to manufacturing error.
c. Unknown quench drop from 23 MV/m undressed to 20 MV/m in horizontal test to 17.5 fully dressed.

Bulk EP (~110 um)

Ultrasonic degreasing, HPR

3 hours, 800C heat treatment in vacuum + 
2 min N-doping at 800C in ~25 mtorr + 6 

min, 800C heat treatment in vacuum

Light EP (5 um)

Ultrasonic degreasing, HPR

Vertical performance test 

LHe tank welding

Ultrasonic degreasing, HPR

Dressed cavity performance test

Figure 2: Baseline cavity preparation process for LCLS-II
production cavities.
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Figure 3: 2K Q0 vs Eacc performance of bare N-doped
cavities in vertical test. Q0 values are corrected for cavity
flange losses during performance testing, which will not be
present in LCLS-II cryomodule installation.

dressed N-doped nine-cell cavities are shown in Fig. 4. A
small degradation in Q0 (refer to Fig. 5) and quench fields
was observed in some cavities as tested in the jacketed state.
At FNAL the slightly lower Q is justified by the di�erent
dewar conditions with remnant fields ⇡5 mGauss higher
than in the dewar used for testing the bare cavities. A small
⇡10% degradation in quench field was observed in some
cavities, of yet unknown origin.

Record values: Avg Q (16 MV/m, 2K)= 3.5e10, Avg Quench 
field ~ 22 MV/m 



2014-15: Record Q > 3e10 at 2K, 16 MV/m  
in cryomodule environment for LCLS-II cavity 
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2015: Successful nitrogen doping technology 
transfer to industry for LCLS-II production
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–  Four  &mes  higher  Q  (cavity  efficiency)  at  LCLS-­‐II  opera&ng  gradient
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2014: Discovery of slow cooldown trapping all 
flux
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2014: It’s a matter of thermogradient along the cell 
(at the phase front)
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FIG. 4. Residual resistance at 1.5 K as a function of the
temperature gradient present at the normal/superconducting
front as measured when equator reaches Tc.

FIG. 5. Residual resistance at 1.5 K as a function of the
cooling rate measured when equator is reaching Tc.

of 0.1-0.2 K/cm along the cavity surface. This increase
in trapping causes the increase in Rres shown in Fig. 5.

An identical TESLA shape cavity but prepared by

electropolishing/120�C baking was measured in some
cooldowns as well and exhibited a very similar qualita-
tive behavior (red circles in Fig. 6). This suggests that
the expulsion e�ciency is primarily determined by the
bulk pinning properties, as 120�C baked cavities have a
drastically lower electron mean free path ` at the surface
(and therefore di↵erent pinning strength) [6].

In this paper we have shown that optimized Meiss-
ner expulsion procedure allows to completely eliminate
the magnetic flux contribution and results in ultralow
residual resistances even in high magnetic fields of up to
190 mG. If coupled with the ultralow BCS and non-flux

FIG. 6. Ratio of the magnetic field at the equator in super-
conducting state (Bsc) to that in the normal state (Bnc).

residual resistance achieved via nitrogen doping, record
quality factors of > 2 ⇥ 1011 emerge up to high fields.
As one of the immediate practical implications, a vari-
ety of large-scale SRF-based projects , i.e. LCLS-II at
SLAC, PIP-II at FNAL, can have a significantly lower
operational power even with poor magnetic shielding.

The implications also extend to any other supercon-
ducting devices involving trapped flux, where changing
the temperature gradient during the transition through
Tc can allow to tune the trapped flux amount for the
fixed applied magnetic field.
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2015: Do inner or outer surface conditions affect expulsion? 
Surface Alteration has No Significant Effect on Expulsion
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2015: But the bulk does : Clear Trend With 
Batches of AES Cavities
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2015: We can convert to from poor to strong 
expulsion – to hear more from Sam
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•  “What level of flux expulsion is needed to achieve the 
LCLS-II specifications in cryomodules?”

•  Answer depends on the average magnetic field that 
cavities will see in cryomodule at transition 
temperature

          Q = G/ Rs  where RS = RBCS + R0 + RTF

          RTF= s * η* Bamb

So, how to preserve Q > 2.7e10 at 16 MV/m, 2K?
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1) Flux expulsion efficiency: bulk 

Flux expulsion efficiency and trapped flux sensitivity: 
two different things (bulk vs surface treatment property)
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2) Trapped flux sensitivity: surface
3
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FIG. 3. Measured curves of flux expulsion as a function of
temperature difference ∆T from bottom to top of the cav-
ity cell as the cavity passes through Tc during cooldown. The
cavities measured from production group 1 (AES007-AES016)
showed strong expulsion behavior (top) while those from pro-
duction group 2 (AES017-AES022) showed strong trapping
(bottom). The cavities within a production group showed
similar behavior in spite of different preparations.

FIG. 4. Grain growth in AES011. The cavity was fabricated
from material with ∼100 µm sized grains, some of which grew
to the few mm-scale after only a few UHV furnace cycles at
800◦C that were each 3 hours long or shorter.

for several hours, and the impact appears to be stronger
for the cavity that received 1000◦C treatment.
The cavities measured in the survey had been treated

with a wide variety of surface processing techniques. By
comparing cavities from the same production group, with
similar furnace treatment history but different surface
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FIG. 5. Flux expulsion measurement in two 1.3 GHz fine
grain cavities, single cell ACC002 and 9-cell NR010, and one
large grain 1.3 GHz single cell, CBMM-D. It should be noted
that CBMM-D received more furnace cycles than ACC002 or
NR010.
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FIG. 6. AES017, a cavity from production group 2 that
showed strong flux trapping behavior, was converted to ex-
pel strongly after a 1000◦C 4 h furnace treatment. The inset
image shows the grain growth after treatment.

processing, we can study the effect of the surface on flux
expulsion. We can also study the effect of a given surface
treatment by comparing flux expulsion on a single cavity
before and after treatment. Figure 8 shows a number of
such comparisons, such as electropolished (EP) surface vs
buffered chemical polish (BCP) surface, N-doping with
2/6 recipe (see Refs. 1 and 15 for information on the
nitrogen-doping process and 2/6 recipe) vs EP, and as-
treated outside surface vs outside BCP. In each case, the
flux expulsion is nearly the same for cavities with similar
bulk history regardless of surface conditions.

3

TABLE I. Summary of the treatments done on the analyzed cavities with the estimated values of mean free path, trapped flux
sensitivity and BCS surface resistance.

Cavity Name Surface Treatment l (nm) Sensitivity (nΩ/mG) RBCS(nΩ)

AES011 2/6 min N2 + 5 µm EP 122 ± 3 1.2 ± 0.14 5.3 ± 1.7

AES017 2/6 min N2 + 5 µm EP 140 ± 20 0.8 ± 0.11 5.5 ± 0.9

AES018 30 min He 860 ± 90 0.43 ± 0.08 12.1 ± 0.9

AES019 10 min N2 + 5 µm EP 134 ± 7 1.0 ± 0.15 5.45 ± 0.7

ACC002 20 min N2 + 5 µm EP 60 ± 10 1.6 ± 0.2 5.7 ± 0.8

AES014 120 ◦C bake 10 ± 8 0.39 ± 0.05 6.9 ± 1.6

AES009 2/6 min N2 + 5 µm EP 80 ± 10 1.3 ± 0.3 4.72 ± 0.7

AES017 2 Additional 2/6 min N2 + 5 µm EP 128 ± 4 1.2 ± 0.15 5.9 ± 1

AES021 Air 30 min + 3 µm EP 30 ± 20 0.58 ± 0.08 4.6 ± 0.8

CBMM 2/6 min N2 + 5 µm EP 90 ± 10 1.52 ± −

AES019 2 50 µm BCP 1200 ± 200 0.29 ± 0.03 9 ± 2

AES019 3 30 min N2 + 5 µm EP 99 ± 2 1.3 ± 0.2 5.9 ± 0.7

AES005 1 hour N2 (at 1000 ◦C) + 60 µm EP 40 − 5.4 ± 0.8

FIG. 1. Trapped flux sensitivity calculated at 5 MV/m (or-
ange diamonds) and 16 MV/m (green dots) as a function of
the mean free path. The x-axis is break from 160 to 700 nm
in order to underline the distribution of doped cavities data
points.

For 120 ◦C bake cavity we used instead the mean free
path measured with LE-µSR in a representative 120 ◦C
bake cavity cut-out16. Indeed, the 120 ◦C bake treatment
modifies the mean free path of the very surface of the
cavity, about 60nm, and for temperatures close to Tc

the penetration depth becomes larger than the modified
layer, about thousands of nanometers, probing a region
which is not representative of the mean free path in the
RF layer at low temperature.

The data of trapped flux sensitivity as a function of the
mean free path are shown in Fig. 1. This graph shows
that the sensitivity has a bell-shaped trend as a function
of the mean free path. The sensitivity is minimized for
both very small (120 ◦C bake cavities) and very large (EP

FIG. 2. Sensitivity dependence on the accelerating field.

cavities) mean free paths, and it is maximized around
l ≃ 70 nm (over-doped cavities). Taking into account
nitrogen doped cavities, the 2/6 recipe appears the one
that gives the lowest values of sensitivity. From the trend
we can also infer that going towards even lighter doping
recipes it should be possible to decrease even more the
trapped flux sensitivity.
The experimental data show some scattering that may

be due to uncertainty on the mean free path values, which
might be larger than the error bars since the large number
of parameters of the fit. Another reason of this scatter-
ing may be the different nature of the cavities analyzed
as for example differences in terms of pinning force and
dimensions of pinning centers. This parameters becomes
indeed relevant when the dissipation is governed by the
vortexes oscillation17.
It is well known that the vortex dissipation may be

due to two contributions: i) static due to the normal-
conducting core of the vortex and ii) dynamic due to the

4

FIG. 3. BCS surface resistance at 2 K as a function of mean
free path, at 5 MV/m (upper graph) and 16 MV/m (lower
graph). The green diamonds represents doped cavities, while
the pink circle rapresents non doped cavities.

vortex oscillation driven by the Lorentz force in presence
of the RF field18–21. The bell-shaped trend may be found
considering simply the static contribution22 but a bet-
ter interpolation of the data appear considering dynamic
dissipations23.
From Fig. 2 it can be seen that the trapped flux surface

resistance, so also the sensitivity, increases with the RF
field. A field dependence of the trapped flux surface resis-
tance was also found studying large grain cavities17 and
niobium on copper thin film cavities24. As hypnotized
also in24, a possible explanation of this field dependence
might be that as the field increases vortexes are depinned
progressively, depending on the force of the pinning cen-
ters.
The BCS surface resistance at 2 K is extrapolated af-

ter the cooldown with no flux trapped, as the difference
between the surface resistance at 2 K and at 1.5 K (Eq.
2). The BCS surface resistance contribution measured
at low field is shown in Fig. 3 as a function of the mean
free path. The upper graph shows the results obtained at
low field (5 MV/m), while the lower the one at medium
field (16 MV/m). The mean free path was calculated
as explained before, except that in case of AES005 the
mean free path was directly measured on a cavity cut-
out with LE-µSR14. The green diamonds represent the
doped cavities, while the pink circles are Niobium cavi-
ties with different standard treatments (120 ◦C bake and

EP). The black curves are theoretical curves ofRBCS ver-
sus mean free path estimated for different reduced energy
gap values.
In both field regimes, doped cavities show lower val-

ues of RBCS than non doped cavities, proving that the
BCS surface resistance is lowered with the introduction
of interstitial impurities. At medium field the difference
in terms of RBCS between doped and non-doped cavities
is maximized due to the opposite trend of this surface
resistance contribution as a function of the accelerating
field.
The values of RBCS obtained for all the cavities an-

alyzed cannot be interpolated with one single theoret-
ical curve, for both cases low and medium field, sug-
gesting that the mean free path is not the only param-
eter changing with the introduction of impurities. Fol-
lowing this hypothesis, one of the other parameters on
which the BCS surface resistance depends on (λL, ξ0, ∆,
TC) is changing as well. Indeed, fixing all the other pa-
rameters and changing the reduced energy gap ∆/kTC ,
the 120 ◦C bake and EP cavities are interpolated with
∆/kTC = 1.95, while doped and BCP cavities seems to
be better interpolated setting ∆/kTC = 2 for the low
field case. At medium field the difference is even larger
being ∆/kTC = 1.87 for 120 ◦C bake and EP cavities
and ∆/kTC ≃ 2.05 for doped cavities.
This possible changing of the reduced energy gap after

the introduction of impurities might be due to both an in-
creasing on the energy gap ∆ or a lowering of the critical
temperature Tc. As already mentioned, other parameters
may also change with the presence of impurities, however
the energy gap seems to be a good candidate since ex-
perimental changing in energy gap ∆ have already been
measured for different amount of doping in high temper-
ature superconductors25,26.
In addition, comparing the two graph of Fig. 3, ap-

pears that from 5 to 16 MV/m the reduced energy gap of
doped cavities increases. This variation may be the rea-
son of the decreasing of the BCS surface resistance with
the RF field for doped cavities. Increasing of the energy
gap with the RF field has been measured in the past27,
and in that case the enhancement of superconductivity
was attributed to non-equilibrium effects28,29. For the
Eliashberg theory the minimum frequency at which non-
equilibrium effect may be visible depends on the inelastic
collision time of quasi-particles scattering with phonons
τE and for niobium this minimum frequency is around
15 GHz (ADD REF LIBRO). In our case, the introduc-
tion of interstitial impurities may cause the increasing
of τE allowing non-equilibrium effects be visible at lower
frequency respect with the case of pure niobium.
Adding together the BCS and the trapped flux surface

resistance trends as a function of the mean free path, it is
possible to understand which treatment gives the highest
Q-factors depending on the amount of flux trapped. The
2/6 N-doping treatment is the one that so far showed the
lowest values of sensitivity, adding this at its low values of
BCS surface resistance this appears to be the best treat-
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Q-factor vs Trapped Flux for different surface processing, 
as a function of trapped magnetic field
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To reach specification: Q=2.7e10 → Btrap=2.5mG 
à percentage of expulsion needed as a function of ambient B: 
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What level of magnetic fields to expect for the CM? 
Preliminary measurements on pCM (ongoing)
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Δ from 
previous

Δ from 
previous

Δ from 
previous

Δ from 
previous

Serial
On 

string µT mG µT mG % µT mG % µT mG % µT mG %

Inside cavity helium vessel
1295 L/T T 45 - 0.202 2.020 -0.054 -0.540 -126.73 -0.068 -0.680 25.93 -0.072 -0.720 5.88 -0.064 -0.640 -11.11
1296 T B 90 - 0.141 1.410 0.120 1.200 -14.89 0.155 1.550 29.17 -0.295 -2.950 -290.32 -0.273 -2.730 -7.46
1381 L/T T 45 - 0.001 0.010 0.186 1.860 18500.00 0.233 2.330 25.27 0.660 6.600 183.26 0.015 0.150 -97.73
1378 T B 90 - 2.495 24.950 2.600 26.000 4.21 2.594 25.940 -0.23 -4.567 -45.670 -276.06 -4.509 -45.090 -1.27
1366 L/T T 45 - 0.044 0.440 0.094 0.940 113.64 0.073 0.730 -22.34 -0.183 -1.830 -350.68 -0.124 -1.240 -32.24
1365 T B 90 - 0.133 1.330 0.084 0.840 -36.84 0.056 0.560 -33.33 2.736 27.360 4785.71 2.660 26.600 -2.78
1287 L/T T 45 - 0.970 9.700 1.042 10.420 7.42 1.011 10.110 -2.98 0.157 1.570 -84.47 0.159 1.590 1.27
1290 T B 90 - 0.140 1.400 0.104 1.040 -25.71 0.015 0.150 -85.58 -4.130 -41.300 -27633.33 -4.139 -41.390 0.22

Between magnetic shield layers 1 and 2
1397 TB9AES021 1 L Ext - US 0.144 1.440 0.023 0.230 -84.03 0.157 1.570 582.61 -0.254 -2.540 -261.78 -0.214 -2.140 -15.75
1396 TB9AES019 2 L Ext - US 0.047 0.470 -0.075 -0.750 -259.57 0.060 0.600 -180.00 -0.076 -0.760 -226.67 -0.095 -0.950 25.00
1395 TB9AES028 5 L Ext - DS -0.139 -1.390 0.159 1.590 -214.39 0.282 2.820 77.36 0.066 0.660 -76.60 0.182 1.820 175.76
1398 TB9AES022 7 L Ext - DS -0.067 -0.670 0.050 0.500 -174.63 0.228 2.280 356.00 0.016 0.160 -92.98 0.058 0.580 262.50
1400 TB9AES027 8 L Ext - DS 0.578 5.780 0.659 6.590 14.01 0.370 3.700 -43.85 -0.288 -2.880 -177.84 0.370 3.700 -228.47

Work done on the pCM since last measurement

File updated: June 27, 2016.
Saravan K. Chandrasekaran

CM at WS5 - 20160627

Magnetic field

FG 1395 to 1397 were soldered to 
flange.

CM at WS5 - 20160623

Magnetic field

TB9AES024

Vacuum vessel was slid over the 
coldmass.

CM moved to WS5. 

Cryogenic lines were welded on; 
welds were X-rayed twice; inside 
cavity FGs were soldered to CF 
flange; coupler warm ends were 

installed.

TB9AES027

TB9AES028

8

5

CM at WS5 - 20160601

Magnetic field

TB9AES021

4

1

Serial #

Upstream or 
downstream 
on cavity?

Magnetic field Magnetic field

Coldmass on Big Bertha w/ 
vessel on it - 20160526

Fluxgates
Coldmass on Big 
Bertha w/o vessel 
on it - 20160519

Cavity # Longitudinal 
or Transverse 
to cavity axis?

Angle 
(degrees)

Top or bottom 
of cavity?



Conclusions
•  Given the current magnetic field measurements in pCM, 

percentage of flux expulsion efficiency needed to reach Q of 
2.7e10 goes from 60% to even full trapping being acceptable;
–  Slow cooldown measurements in pCM testing will tell us more 

about real average field seen by cavities
–  If fields in CM can be kept at ~ 2mGauss average it is not a 

problem, but we still need to verify that

•  Given the preliminary assessment of flux expulsion capability 
in the production material (close to none), if no corrective 
action is taken (eg 900C) we could obtain ~ 2e10 in CM, 
versus potentially up to 4e10
–  Moreover, if things worsen with mag field (eg mag hygiene, 

shielding quality), Q could lower further

•  What does this mean practically? Second cryoplant mitigates 
this risk. Why worry? See next slide
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LCLS-2 –HEà 8GeV 
Power diss of nine cell cavity, Q at 3.5e10 vs 2.7e10 vs 1.7e10
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