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•  Mainly:	
  obtain	
  first	
  DIRECT	
  measurement	
  of	
  
the	
  magne?c	
  field	
  profile	
  of	
  niobium	
  cutout	
  
samples	
  in	
  the	
  Meissner	
  state	
  (applied	
  field	
  
parallel	
  to	
  the	
  sample	
  ~5-­‐25mT)	
  

•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Extract	
  the	
  ‘penetra?on	
  depth’	
  λ	
  
parameter	
  and	
  mean	
  free	
  path	
  in	
  the	
  first	
  100	
  
nm	
  of	
  the	
  RF	
  surface	
  of	
  our	
  cavi?es	
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Goal	
  of	
  the	
  experiment	
  



•  How	
  is	
  the	
  magne?c	
  field	
  in	
  
our	
  cavi?es	
  truly	
  decaying?	
  
We	
  assume	
  exponen?ally,	
  is	
  
this	
  true?	
  We	
  assume	
  a	
  
lambda	
  of	
  ~	
  40	
  nm,	
  is	
  this	
  
true?	
  	
  

•  By	
  looking	
  at	
  how	
  field	
  is	
  
screened	
  in	
  the	
  SC,	
  we	
  can	
  
make	
  important	
  conclusions	
  
on	
  material	
  proper?es	
  of	
  
the	
  surface	
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Goal	
  of	
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  experiment	
  



Samples	
  used	
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ESR

 Conventional Methods 

                      Probe:    host nuclei  host electrons           muons          radioactive 
                                                                                                            nuclei 
 
                  Lifetime:      infinite         infinite                   2.2 µs       100 ms - hours 
 
Polarization Method:   apply large     apply large            natural            optical                     
                                   field               field                                            pumping 
 
  Polarization (max.):        << 1 %            << 1 %                   100 %              80 % 
 
               Detection:    absorbed       absorbed             anisotropic     anisotropic 
                                   RF radiation   microwave           decay of          decay of 
                                                          radiation             muon               nucleus 
 
              Sensitivity:    1017 spins      1017 spins               107 spins        107 spins 

 Nuclear Beam Methods 

The	
  technique	
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PSR: Muon Spin Rotation/Relaxation
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Method:
�Implant and thermalize ~100% polarized muons 

in matter (stopping time in solid ~ 10 ps, no initial 

loss of polarization, stop site: generally interstitial). 

P(0) # 1

�Magnetic moment of muon  interacts with local 

magnetic fields (moments, currents, spins) Æ P(t)

� P(t) is characterized by precession and/or 

depolarization/relaxation.  

�Observe time evolution of the polarization P(t) of 

the muon ensemble via asymmetric muon decay:  

(positrons preferentially emitted along muon spin).

� P(t) contains information about static and 

dynamic properties of local environment (fields, 

moments,..)
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The	
  technique	
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Measuring P(t): Muon Decay ee� �
PP o � Q � Q

� Muon decay (life time 2.2. ȝs) violates parity conservation

Æ asymmetric decay

� Positrons preferentially emitted along muon spin (along 
polarization vector of muon ensemble)

� Measuring positrons allows to observe time evolution of the 
polarization P(t) of the muon ensemble

� Positron intensity as a function of time after implantation:

� A0:  Maximum observable asymmetry

theoretically:  A0=1/3

practically it depends on setup (average over solid angle,  

absorption in materials):  A0 = 0.25 - 0.30

� A0P(t) is called asymmetry: A(t)

T
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(polarization) and positron 
direction
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Principle of a PSR experiment
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The	
  technique	
  



Low	
  energy	
  muons	
  @	
  PSI	
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Results:	
  field	
  profile	
  hot/cold	
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‘Dead’	
  layer	
   Clean	
  (hot)	
  vs	
  
dirty	
  (120C)	
  layer	
  

bulk	
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Dead	
  layer:	
  possible	
  interpreta?on	
  	
  

Coherence	
  length	
  ξ	
  

Supercurrents	
  

“Stagnant”	
  areas	
  where	
  supercurrents	
  cannot	
  flow	
  

DEAD	
  LAYER	
  

NANOROUGHNESS:	
  roughness	
  of	
  the	
  order	
  
or	
  smaller	
  than	
  the	
  coherence	
  length	
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Results:	
  field	
  profile	
  hot	
  

<z> (nm)
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1.  	
  15	
  nm	
  +-­‐3nm	
  of	
  ‘dead	
  
layer’	
  

2.  NON	
  LOCAL:	
  not	
  an	
  
exponen?al	
  decay!	
  

3.  Non	
  local	
  fit	
  (obtained	
  from	
  
Gaussian	
  fimng	
  model	
  as	
  in	
  
Phys.	
  Rev.	
  B	
  72,	
  024506	
  

2005):	
  λ	
  =	
  24	
  +-­‐2	
  nm	
  
4.  Magne?c	
  penetra?on	
  depth	
  

in	
  quan?ta?ve	
  agreement	
  
with	
  high	
  quality	
  Nb	
  films,	
  
measured	
  previously	
  with	
  
LEM	
  

5.  Different	
  lambda	
  in	
  the	
  first	
  
50	
  nm	
  from	
  below?	
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Results:	
  field	
  profile	
  cold	
  
1.  	
  	
  ~15	
  nm	
  of	
  ‘dead	
  layer’	
  
2.  NOT	
  an	
  exponen?al	
  decay!	
  

But	
  also	
  non	
  local	
  fit	
  does	
  
not	
  work!	
  Lambda	
  much	
  
larger:	
  
•  Es?mate	
  in	
  the	
  first	
  50	
  

nm:	
  	
  
λ~	
  100nm,	
  below	
  ~	
  40	
  nm	
  
•  à	
  Mfp	
  ~	
  2	
  nm	
  

3.  Possible	
  interpreta?on:	
  	
  
•  a	
  distribu?on	
  of	
  mean	
  

free	
  paths	
  with	
  
extremely	
  short	
  values	
  	
  

•  the	
  surface	
  is	
  only	
  
superconduc?ng	
  due	
  
to	
  proximity	
  effects	
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Results:	
  magne?c	
  impuri?es?	
  

NO	
  SIGN	
  OF	
  MAGNETIC	
  
IMPURITIES	
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Results:	
  field	
  dependence	
  of	
  λ?	
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Conclusions	
  

•  Magne?c	
  field	
  profile	
  inside	
  SRF	
  cavity	
  cutouts	
  has	
  been	
  
measured	
  for	
  the	
  first	
  ?me	
  via	
  low	
  energy	
  muon	
  spin	
  
rota?on	
  

•  Results	
  show	
  that	
  screening	
  is	
  NOT	
  following	
  the	
  simple	
  
‘exponen?al	
  falloff’	
  model	
  that	
  we	
  have	
  always	
  used	
  

•  λ	
  =	
  24	
  +-­‐2	
  nm	
  for	
  hot	
  sample,	
  significantly	
  longer	
  (5	
  ?mes)	
  
for	
  cold	
  sample	
  

•  Existence	
  of	
  15	
  nm	
  of	
  ‘dead	
  layer’	
  
•  Hot	
  sample	
  very	
  ‘clean’,	
  cold	
  sample	
  very	
  ‘dirty’:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

mfp	
  ~	
  400	
  nm	
  for	
  the	
  hot	
  sample,	
  mfp	
  ~	
  2nm	
  for	
  the	
  cold	
  	
  
•  NO	
  MAGNETIC	
  IMPURITIES	
  detected	
  in	
  the	
  niobium	
  surface	
  	
  
•  Niobium	
  cavity	
  surface	
  =‘Three	
  layer’	
  structure?	
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Lesson	
  learned?	
  

RF	
  LOSSY	
  SAMPLE	
  
HAS	
  A	
  MFP	
  ~	
  400nm	
  

à	
  RRR	
  ~	
  200	
  

NO	
  RF	
  LOSSES	
  SAMPLE	
  HAS	
  A	
  
MFP	
  ~	
  2nm	
  à	
  RRR	
  ~	
  1	
  

Op?mizing	
  sample	
  parameters	
  ‘blindly’	
  can	
  be	
  dangerous	
  



Thanks	
  for	
  your	
  aqen?on!	
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a=1/3

a=1µ+
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Gaussian	
  field	
  distribu?on	
  6 Non local effects in superconductors

Figure 4: B

p

vs. z

p

reconstruction for a Gaussian p(B) and an exponential B(z).

1. A background at the external field Bext is very often present in the real data. A correction
by hand of this background may lead to a slightly wrong p(B).

2. MaxEnt has a hard time to cope with small B-fields4. The reason is the exponential decay
of the Muon (life time), leading to a final line width of the signal which first has to be
taken care off. From this point of view, it is better starting the z-integration at the very
surface of the sample.

In practise one has to decide for every single run what makes more sense, however, very often
the second point proofed to be the more sever handicap. Furthermore one finds very often some
artefacts at the very beginning of B(z) and the very tail in the reconstruction. Some are very
well understood and are going to be described in the following. (i) Kink upturn for z ! 0:
This is due to the uncertainty in the external background. The feature (if there) is always
very pronounced and hence it is very clear where to cut. (ii) Downturn for z ! zmax, where
zmax is the maximal implantation distance for the muon: I am not quite sure yet. I think the
reason is that n(z)trim.sp for z ! zmax does not show a perfect correspondence with the real
n(z) anymore. Another effect enters through the difference in the binning of the data. This
also can lead to a downturn as on finds from crosschecks with artificial data. This feature is
always there and it less clear where to cut. I always cut off rather more to be on the save side.

6 Theory

One is used to think in the London approximation in which “perfect diamagnetism” leads to
the very simple relation between the current density jD and the vector potential A [2, 3, 4]

jD = ° 1
µ0

µ0
ne

2

m| {z }
=: ∏

°2
L

A (8)

with µ0 the magnetic permeability of free space, e the electronic charge, m the electronic mass,
and n is the superfluid density5. This results, for a semiinfinite surface, in an exponential
decaying magnetic field

h(z) = hext exp(°z/∏L)

Since the Meissner–Ochsenfeld effect is not only “perfect diamagnetism” this picture is
somewhat too crude. A very simple picture might also help to realize that something is missing.

4

small means smaller than the life time of the muon, or more precise B / 1/(∞ø) = 5.34 G

5

In a phenomenological twofluid model, e is the electrical charge of the charge carriers, i.e. 2e for a Cooper

pair, and m the mass of these charge carriers, i.e. 2m for a Cooper pair.

— Andreas Suter – 19th March 2003—
PAUL SCHERRER INSTITUT



7/19/12	
   TFSRF	
  workshop,	
  Jlab	
   20	
  

Gaussian	
  field	
  distribu?on	
  

Non local effects in superconductors 5

Since we are only interested at the peak position, the normalization factor was suppressed. This
is the formula which one allows to get B

p

which is

B

p

= B0 exp
∑
°1
2∏

≥
z0 ° 5∏ +

p
(z0 + 5∏)2 ° 4z0

¥∏

= B0 exp(°z

p

/∏)° g(z
p

), g(z
p

) > 0, lim
zp!0

g(z
p

) = 0

This result is similar to the one in the last section, except that the curvature of g(z
p

) is negative.

(ii) “Extreme Anomalous Limit” B(z): The peak position can not be calculated analyt-
ically.

4 Peak Value Reconstruction assuming Gaussian p(B)

The last case which can be calculated analytically and is perhaps closest to the online-analysis
is that we assume a Gaussian field distribution

p(B) =
1p

2º±B

exp

"
°1

2

µ
B °B0

±B

∂2
#

. (5)

According to Eq.(1), n(z) can be calculated if an exponential B(z) (Eq.(3)) is assumed, it takes
the form

n(z) =
1p
2º∏

B0

±B

exp

"
°1

2

µ
Bexte

°z/∏ °B0

±B

∂2

° z

∏

#
(6)

The peak values are than given by

B

p

= B0

n

p

= ∏ ln
∑

Bext

2±B

2

µq
B

2
0 + 4±B °B0

∂∏
,

which leads to

B

p

(z
p

) = Bext e

°z/∏

"
1°

µ
±B

Bext

∂2

e

+2zp/∏

#
. (7)

This results are collected in Fig.4. As one can see, it shows the same trend as the peak value
reconstruction described in Sec.3. The n(z) profile seems the be a little less realistic compared
to the one used above.

5 Integral Reconstruction

In case the statistics of the data is not too bad it is possible to reconstructed the B vs. z relation
directly from Eq.(1). Integrating both sides of Eq.(1) leads to

Z
z

0

n(≥) d≥ = 1°
Z 1

z

n(≥) d≥ =
Z 1

B

p(Ø) dØ = 1°
Z

B

0

p(Ø) dØ,

which is, for a given z, an equation for B. However, this is only true if p(B), n(z) are monotonic
functions. Figure 5 visualizes this very idea.
Mathematically starting the z-Integration at z = 0 (red shaded area in Fig. 5) is equivalent as
to start the z-Integration deep inside the sample (blue shaded area in Fig. 5). However, with
real experimental data this is not always true. There are two main reasons:

— Andreas Suter – 19th March 2003—
PAUL SCHERRER INSTITUT


