| National Synchrotron Radiation Research Center

Introduction to
Superconducting RF and Cryogenics

Chaoen Wang

National Synchrotron Radiation Research Center

For 6t" OCPA Accelerator School, Aug. 6, 2010

FRABHIFLRE - TR ERSRANS - J07 [ a2 e 2apgs o pHp R REr g .



SRF Cavities: from low to high 3

B<1 resonators, from very low (~0.03) to intermediate (~0.5):
many different hales and sizes
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(Courtesy of A. Facco)

B=1 resonator (cavity)
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Historical Roadmap of

SRF Modules for Light Sources
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SIHC cavity
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Options of 500-MHz SRF Modules

SRF module of Cornéll design SRF module of KEKB design
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Historical Remark

to Low Temperature Physics

The study of the electronic behavior of materials at extremely low temperatures
was possible only after the successful liquefaction of helium. The Dutch
physicist Heike Kamerlingh Onnes made liquid helium (and in a large amount)
possible in 1908 at the Cryogenic Laboratory of the University Leiden. Onnes
d|scovered the superconductivity in 1911!
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Progress of experimental science is led by development of instrumentation. 8
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100-Year Journey

Toward Absolute Zero
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Behavior of Metallic Resistance
near Absolute Zero

0.15

0.10

R{L2)

0.05

Mercury
superconducting
transition

A zero
resistance
state!!

0 4.1 a2 4.3 44

Temperéﬂure (K)

H. K. Onnes, Commun. Phys. Lab.12,120, (1911)

The mercury (Hg) was a
material well known for
processing a very high
degree of purity.

On cooling the mercury,
Onnes found the resistance
of the material dropped off
abruptly at 4K. Onnes
assigned a value of
resistance to the mercury
corresponding to the
lowest level of sensitivity
of his apparatus, as he
simply could not believe
that the resistance was zero.

The DC resistance of a

superconductor is lower

than 1029 Q. 10
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Superconducting Elements
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Superconductivity is not a rare phenomenon. About half of the metallic elements have been
found to become superconductor at low temperatures.

New elements keep being added to the list. In 2002, Li was shown to superconducting under
pressures of 23 to 36 GPa with critical temperature of 9 to 15 K. V.V. Struzhkin et al., 11

Science 298, 1213 (2002). Historical Remark




Superconducting Elements
TR FEF - W

Transition temperatures (Tc) and critical magnetic fields
(Hc) are general low;

Metals with the highest conductivities are not
superconductors;

The magnetic 3d elements are not superconducting;

12
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Milestones in Superconductivity
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How to Verify Zero Resistance?

Can we determine an upper limit for the
resistivity of a superconductor?

This is done by injecting current into a
loop of superconductor

The current generates a magnetic field,
and the magnitude of this field is
measured as a function of time

This enables the decay constant of the
effective R-L circuit to be measured:

B(t) « i(t) = K0)e R/LY

Using this technigque, no discernable
change in current was observed over
two years: '

Pe. < 102uQ.cm |

SC —

rmaximum current 's/R)

percent of

time constants

1<t
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Superconductor vs.
Normal Conductor

Resistivity (X 10-10 4. )

2.0

1.5

1.0

1. Low temperature resistance of a typical

3 normal metal (ex copper), showing a dc

( resistivity at low temperatures of the

" } form p=p,+AT°

- Tin

’ 2. A superconductor showing zero

3 resistivity below the superconducting

e g transition temperature T..

# : 3. Is a superconductor a

. perfect conductor

T; : or more than a

o perfect conductor?

s i A perfect conductor

- 4 . s is an electrical

A R R S conductor without

0 Te S W B3 & 8 N resistivity.
Temperature (K) 15
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* RRR

— DC resistance vs. AC/RF resistance
— Resistance vs. thermal conductivity

* What is the superconductivity?

* Type | and type Il superconductor?
» Futures of superconductor

17
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What is the
Residual Resistance Ratio (RRR)?

Temperature, F

-a -400_ -3O0-200
Resistivity at 300K o L ]
RRR = f——
Residual resistivity at low temperature (normal state) C '
i u 1o
1
« High-purity metal has /-
— high RRR values —lower residual _
resistance. " / 1 =
i L ”_C)_ 10 7 -E
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Question: How to measure the RRR of a superconductor? Basic of Superconductivity




Measurements of RRR

How to Measure the RRR of a Superconductor?

L

1A

Aluminum block

Niobium sample

100L x 25T x 5W
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Purification of Niobium Bulk

* Reactor grade niobium: RRR=40

* High purity niobium for SRF cavity:
RRR=300~400

20
Basic of Superconductivity




DC and AC/RF Resistivity

The dc resistivity p=1/c

_F

R=A

The AC/RF resistivity: If skin depth > >
mean free path, the ac/rf surface
resistance is given by

Rs= 0'5 79?&4_

But at very low temp and/or high rf
frequency, skin depth may be shorter than
the mean free path.

— This makes the electron less effective
to carry the rf current.

— This make the ac/rf surface
resistance larger....

For copper with RRR of 100, its dc conductivity increases by a factor of 100 at low
temperature, but the ac/rf surface conductivity increases only by a factor of 6.

21
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Thermal Conductivity of Niobium

1000

100

AWimK]

The electrons bound in Cooper pairs (superelectrons) do not
contribute to the heat conductivity, so the heat has to be
transported by the (few remaining) normal conducting
electrons and phonons;

The higher the RRR (the higher the electrical conductivity),

- -. " the lower the degree of impurities and imperfections;
. " - The increase of superconducting electrons may not be
-"";‘l.' stepwise (Tc of Nb is 9.2K);
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Temperatur, K

High RRR means high electrical and thermal conductivity at low temperature. 22
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RRR
What is the superconductivity?

Type | and type |l superconductor?
Futures of superconductor

23
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What is the Superconductivity?

A perfect conductor or more than a perfect conductor?

0.15
Mercury
superconducting
transition
010}
A zero
R(cy| resistance
state!!
0.05| Onnesi+1911F
3R
R<10% 0 - rﬁﬁ ﬁ@g;@ﬁ%‘
L \ MERlperfect conductor ©
O
Ty 42 4.3 44

Temperéuure (K)
H. K. Onnes, Commun, Phys. Lab.12,120, (1911) 24
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What is the Superconductivity?

Phase diagram of the solid - liquid - gas system.

 Aphase transition from the normal
conductivity state to
superconducting state ....

— A phase transition is the transformation
of a thermodynamic system from one
phase to another. At the phase transition,
there is a change of the degree of
disorder.

— Examples of phase transition in daily life:
from gas to liquid; from liquid to solid etc.
The molecules in a gas state do not
interact with each other, forming a
gisordered sLated. As the ]’E(-*ampe(rjature

ecreases, the degree of disorder —
decreases. The quguid is more ordered temperature
than the gas state, and the solid state is
so ordered that we can know where its Phase diagram of a type-I superconductor.
molecules are situated.

— What is the change of the degree of H (0)
order of the phase transition from
normal conducting to superconducting?

pressure ——— =

gas

normal state

H_(T)
 This transition is reversible
(quench).
—  Critical temperature
— Critical magnetic field
— Critical current

superconducting state

applied magnetic field

« It happens within 10 K for pure temperature Z:" 25

elements. Basic of Superconductivity




Quench of Superconductivity

- Critical Temperature, Critical Magnetic Field, and Critical Current Density

Experimentally it is found that
H(D) =H,{1-(T/T. |

Maximum Critical Magnetic Field

/ e
q
Normal Conductor 8% 108

Magnetic Quench

5x10*

4x104

. 3x10*
‘ritical Temperature

2x10*

Critical magnetic
field strength (A/m)

Magnetic Field

1 x104

> 1 1 1 ] I 1 |

Temperature o 1 2 3 4 5 6 7 8

Temperature ("K) ————=

The lower the operating temp (always below critical 26
temp), the higher the critical magnetic field. Basic of Superconductivity




Quench of Superconductivity

- Critical Temperature, Critical Magnetic Field, and Critical Current Density

current density

Critical Critical =2:10* A/mm?
temperature | magnetic field !
Titanium | 0.4K 0.01T i
— i pure titanium
Niobium 9.2K 0.19T i T. =0.4K,Be =0.01T
| NoTi ~10K ~15T : —
y pure niobium

Te =9.2K,B:=019T

temperature magnetic field

Sketch of the critical surface of NbTi. Also indicated are the regions where pure
niobium and pure titanium are superconducting. The critical surface has been
truncated in the regime of very low temperatures and fields where only sparse data

are available. Basic of Superconductivity




.........

iisbee Hypothesis

Superc nduc tivity'

a7 1P ey §
Critical Current -

* When the electric current flowing in a type-|
superconductor produces a magnetic field at
the surface of the material which equals or
exceeds the critical magnetic field, the normal
state is restored.

28
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What is the superconductivity?

Type | and type Il superconductor?
Futures of superconductor

29
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Meissner Effect (1933)

auperconuuc‘;fc‘ﬁ IS perre Iy ulamagneuc

. . e

superconductor a

Superconductor @ Trﬂ"m"_:'"t':' U
ZEro resistance

- = a ﬂnnpo—:t-10 1% EEE;[%J;VE;'%
ALIAVY ‘], 4 /711 24 u YT T o
(ELRL1933F T} HEiIMeissner3E.

SURRRLFI T 22 HiF,
~ PN R EEREER L per fect

conductor.

-

Screen current will exclude Bext penetration.
30
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Type | & Il Superconductor

z Typel|  bez Type Il
o o
o 5 NOF Ml
o o
= NOT 1] ol

L Mixture of

= | normal an:

0 SUPErConducTIng

Superconduchor ¢ ”

Temperature T, Temperature T,

Niobium 1s type II superconductor with T.=9.2K under Bext=(3"
Basic of Superconductivity




Type | Superconductor

- Complete Meissner Effect

=

LT

Magnaetic Figeld

Type |

O T M|

superconductor

Type l

. = FHll — (T/To)]

Temperature Te

T>Tc

Bext

32
Basic of Superconductivity




Type Il Superconductor

- Incomplete Meissner Effect

-
=

-
=

Magnetic Field

Mixture of
narmal and
51 P Canductng

Temperature

Type ll

NOF il

Ie

Type ll

7t .

7 (0.081 + In &)

I~
\/ 2k T,

KV 2

T>Tc

Basic of Superconductivity




Type | & Il Superconductor

- Niobium Belongs Type II.
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Type |l & i Superconductor

=] AT

-+ € Type 1I&EHE

Type | Superconductor
yp P ”I: Critical magnetic fielda at 2ero Kelvin - hb
— Lead (PDb),... = | for Tupe | superconductors LBVHEI
G- | .
Type Il Superconductor [ ofter Ronf, Motern Physc R Ta’HgF'lJ
g
— Niobium, Vanadium(*) ,Technetium(&) =~ N T
0 L2 T1' 0
— Alloys, transition metals, metallic glasses, = Ru, Mo -m L
— High Tc superconductor v : T
= | a3 Cd
g 10 Ir -
Parameter E.,
T.(K) £ n
_10 -
B, (T) -
Application E
=Ly nY -
T
[ |
(J . -
T T e 10
| | | | |

Critical temperature T, (K)
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What is the superconductivity?

Type | and type |l superconductor?

Futures of superconductor
— Zero DC resistance (1911) in Meissner state

Small AC/RF resistance
Meissner effect (1933)

» exclusion of magnetic fields (perfect diamagnet)

Quantum effects
» Magnetic flux quantization
» Josephson junction (tunneling effect)

Isotope effect (1950)
Phase transition

36
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RF Surface Resistance

..... A o oa L PR v a=de =~

~ ~ DAL Tl o) =il o P}
LOTNectlorn to reriorimarice Oor Rr vdvity

Qo =

wW f f w 1RS/S|H|2 dA

g -

T e

Power dissipation is reduced because of low BCS-value

®11521 Fud Trans Log Mag 3.8 dB/ Ref -26.8@ dB

B20ff

* Normal conducting material (e.g. copper)

dB

-1y

BN: 0. 126 MHz | 79(_

of:  A14.1@3 MHz

N f458. 14 R¢=—— :ﬂ ﬂ/
:: -16. 137 dB 0-5 (o)

-17

B
]

— anomalous skin depth (at cold)

» Superconducting material (e.g. niobium)
/ \ — BCS resistance (Rgcs)

/ \ — residual resistance (Ryes)

-2G

— trapped magnetic flux (Ry)

-32

/ \ R =4 [l] S -exp[—@ ]+ R +R  forT< Tei2
! KT

=35

S N

v ™,

-38

-

T

1 Rm - 0_3|.rr£.r] . J'{E-:U"] - _fhl(‘H"]

o0

Center B14.@A@ MHz Span 2.0@8 MHz
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~rmaal O
NOTIITidl VO

RF Su rf R sistance

0.83

1.00

1.25

1.67

R (mQ)

2.50

5.00

¥ 12
_ ”wfa =
'Fz: K-L e
i f-""' dos 1
. C
i, g doe £
65K -
_ 404 ' »
nd
B Ry=—== P/ H0.2
293K 5T 5T o
1 | 1 (0]
0 20000 40000 60000 80000
~/o(Qm)~!

Surface resistance of OFHC at
500MHz - comparing between
anomalous and normal skin
effect. (W. Weingarton)

Rs (nQ)

Superconductor (Nb)
105- 1 Trm 1 | T 1
- Rucs @4.16K
10‘_ RBC‘.S @I.SOK
-
i
10°%F
L E

0.01 0.1 0316 1 10 100

Frequency (GHz)

Surface resistance of Niobium

cavity (in superconducting sate).
(W. Weingarton, 1999)

R =4 [ ] [ -ex p[ QPSP)]+ R.tK forT<Tecl2
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Why Does a Superconductor Have a Small RF Resistance?

 The phenomenon of
superconducting can be explained
by two-fluid model:

— N = Nnormal +Nsuperconducting
— Nsuperconducting=0 at T > Tc
— Nnormal # 0 atT <Tc

>‘|'
=
1]
C
()
©
L
Q2
L
| -
4V
O

— Nnormal — 0 when Tc — 0 Here we are talking about the volume
We will see the evidence from the density of electrons.
change of thermal conductivity
after phase transition from normai - //\ |
conducting to superconducting; / \\m

Watls
i degK

 The cooper pairs are :
superconducting electrons. L e

ot S~
e | |_—T1 ~——

] 1
i
i
1
1
: T

o 1 =

[+] E- = - = & T
4u
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Why Does a Superconductor Have a Small RF Resistance?
- RF Surface Resistance of a Subnerconductor

v- - W’ B I Wi Wl W uUwr

Cooper pairs have inertia = can't follow immediately RF fields

- Unpaired electrons feel electric field = RF losses proportional to n,,

A A
ka> =D 7. pcs X €xXp ( ka)

T, OX €Xp (

2
L 17.67
Ropos =210 "o (1.5) i (_ T )

Rs — RBCS Rmagnet RO ‘ R, = nQ

41
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BCS RF Resistance

- The Higher the RF Frequency, the Larger the BCS RF Resistance.

as function of frequency

500 | | | |
450 -
400 | .
350 |-
=300 -
E 250
©'200
150
100

T=18 K

) |
e —— 1

00 05 10 15 20 25 3.0
f (GHz)

Low frequency =2 4K

R =4 L 7 exp —@&Rmﬁﬁm
: { ] KT

as function of temperature

400 T

f=1000 MHz

f=100 MHz

1.5 2.0 2.0 3.0 S 4.0 45
T (K)

high frequency =2 2K

for T=Tei2
42
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BCS RF Resistance

- The lower the temperature, the smaller the BCS RF Resistance and
the higher the quality factor (Q,) of the cavity.

Q vs_Eacc
1.0E+10
LHC cavily
25K
MEK
1.0E+08
R =4 L T eexp -@ +R +R_ for T=Tei2 |
1 ! Kl -
1.0E+08 T T T
0 2 4 6 8 10 12 14

Eacc [MV/m]
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BCS RF Resistance

- The lower the temperature, the smaller the BCS RF Resistance.

. 1000
R [NQ] T a2k
100 % —i - RECE+Hmee
Dia . 2K
gramm taken from: "',r‘
Review of Models of RF Surface 10k 13K
Resistance in High Gradient Niobium F
Cavities for Particle Accelerators itk Lt -
F. Bauer
Fermilab, Technical Division Freq ~ 1.3 GHz
TD-04-014, June 2004 R TP T P SRR ST PR P P P
2 3 £ 4] i T 2 B 10
TelT (K)
R=A|=|/expl -——= |+ R _+R_ forT<Te?2
L Y 8 e s i
{ Kf
44
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BCS RF Resistance

- The lower the temperature, the smaller the BCS RF Resistance.

3.00E+10
Frgg ~ 1.3 GHz
2.50E+10
1.6 K : s
2 .00E+10 2
BT IRERS
1.50E+10 = e o
1 DDE+10 2 . 0 K ((Ijourtesy of R.ILange et al. DIESY MKS)
0 5 15 20 5 30 35

Eacc[MV/m]

R =4 l [7eexp Lj) +R + K for T< Teil
/ Kl : .
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Efficiency of Large Cryogenic Plant

COP= Primary Power/ Power at LT

Some Refrigerator COPs

COP=1/( K* n CARNOT)

Refrigeration | Carnot 1/n XFEL-Spec | % Carnot n CARNOT =T/(300 -T)
Temperature | IDEAL REAL
WORLD WORLD COPvs T
1200
2K 149 870 wiw 17 1000 i; Bernd|Petersen
g
o 800 \
oK 79 220 ww 36 g 6007y
400 :m
. - 200 ——=—~——
1 W useful refrigeration at 2 K 0 — —
= 870 W Primary Power !!! 0 10 20 30 40

Temperature [K]

Efficiency cannot be better than Carnot limit.
The large the capacity of the cryo-plant,
the higher the efficiency (Coefficient of Performance, COP).

46
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Efficiency of Small Cryogenic Plant

Operation mode TPS cryogenic TLS cryogenic
4.5 K) system (700 W) system (460 W)
[% of Carnot Cycle] | [% of Carnot Cycle]
Liquefaction N/A 9.29%
without LN2
Liquefaction 15.9% 12.9%
with LN2
Refrigeration 15.1% 12.2%
without LN2
Refrigeration 16.9% 13.8%
with LN2

(Courtesy of Huang-Hsiu Tsai)

47
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RF Surface Resistance
of a Superconductor

Material ] Pb Sn Nb
Ag (Nm) 24 32 30 32

——— e e e Rz(1.5 ~5um, BCP,
e —— Polycrystalline Nb)
RF Penetration Depth i
N (~40nm)
%c& Cxides L
(3~8 nm)
Drawing courtesy of H. Tian | Bulk Nb
|| }
2~3 mm 48
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Theoretical Performance Limitations

* Surface magnetic field limitation
— lower than rf critical magnetic field Hgp,;

— for niobium at OK, Hpeak < Hgh (0) = 2300 Oe;
or Eacc < 49 MV/m for typical SRF elliptical cavity.

» Surface electric field limitation
— larger than 120 MV/m demonstrated

 TESLA cavity

— larger than 30 (20) MV/m for 1.3GHz single cell

cavity (multicell structure) demonstrated. .



Eacc[MVim]
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40
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0
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SRF Performance:

Achlevement and Challenge

I # BEP 1 I I 1 1 .i 1

I u EP I : I I I .I
i | =10 per. Mov. Avg. (BCP) ] ' ' ' '
' —1[] per. Mav Avg. I[EF"l
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SY/I = ssold/N® =0

Limitations of
the SRF Cavity Performance

Ideal performance

Thermal instability

. . .
\ Quench
Hydrogen Q-disease

\I
'~
Hl

’ "

Eacc



« Existence of normal conducting area in a size of sub-millimeter.

A thermal defect (copper)
(J. Kneblech, 1995)

Low RRR T.?Z/\/\ o8
‘l i

Defect

Quench! Z

RF

High RRR T,

Defect

Surface power dissipation on the defect increases with the E,..

and results in quench after reaching threshold of thermal

instability.

Temperature instability can be suppressed by using

superconducting material with higher thermal conductivity
(larger RRR!)

(P. McIntosh)
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low thermal conductivity at low temperature. Thermal Defect




RRR and Quench Field

4x(Tc-Th) (Tc- Th)
Quench Field : Hq= »R.(Th) 1p - Rs( 300K )
20004 . - S
He LSt Wuppertal Uni
e ' RRR
1000 : - -
: i
: i
- !
UL I i
1 Rt 0
RRR=135 at r,=3um | .
Hq~15000e - My
Eacce,max ~34MV/m : g Ny
:
3 I b Y
|
. L i
1 10 100 l'ull.lﬂ'll
Defect radius
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Performance Limitations vs. RRR
- Eacc vs. RRR of TTF Cavities
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Hydrogen Q-Virus (Q-Disease)

— = Residual Resistance due to Excess Hin the Nb Bulk

after thermal cycles

«  Excessive hydrogen can be condensed i 3

into the RF surface of the cavity made by [ )

high purity niobium. - ]

1E10 -

*  Q-virus results in Qg drop at low field but : '\&_‘ — st
without field emission. f

*  The hydrogen contamination may be 169 b

avoided by controlling the temperature of :

(=]

a0

acid etch (lower than 15°C) and other . FT0h coutesy of Saclav)

factors which is used to prepare a € |- o -

sufficiently clean surface. 5 9 12 -
Eacc [MeV./m]

* Solutions:
Thermal cycles

— Baking of niobium cavity in a o the 1.9 G Covlty

vacuum oven to 700-900°C is
sufficient to remove the hydrogen
from the niobium.

—  Quick cool down between 150K
to 60K can minimize the extend
of hydride formation and the

accompanying residual losses
(problem with thermal stress owing to
fast cool-down needs be considered).

7 T —_—

O N o

L

Temperature (K

Aa . . Vo U
i

10 ETIJ .120 57

Time (hours)




Hydrogen Q-Virus (Q-Disease)

— =Mechanism and Symptom Explanation

At room temperature hydrogen
(H) moves freely inside the
niobium bulk.

When a cavity is cooled, the
dissolved hydrogen precipitates
as a hydride phase.

At room temperature, the
required concentration of
hydrogen to form hydride
phases is very high, e.g. 4600
wt ppm, but the required
concentration drops to < 10 wt
ppm below 150 K.

The hydride phase has high rf
loss. This explains the Q-drop of
a Q-disease (Q-virus) cavity.

C, (at ppm)
104 -
Hydride
10° k
----- Solid solution
102 }

100 200 300 T(K)
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Buckling of Nb Waveguide of SRF

~ Module after High-Pressure Test

25 |

P1 P3

e

g
o
b

Pressure (bar)

1.0 b2

0.5 ——U A
?: —-—U B

0.0
0 10 20 30 40

displacement (mm)
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RF Multipacting

« Multipacting is
— an avalanche effect under high vacuum rf/e-beam
environment;

— aresonance process between secondary emission electrons
and RF field oscillations (dependent on RF frequency and
ratio of forward to reverse power level, etc.);

— Number of secondary emission electrons per impact is very
sensitive to the surface conditions (pre-treatment, baking,
post rf processing, and post gas condensation);

— not always processable (soft barrier and hard barrier);
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Secondary Emission Coefficient
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SEC of Niobium vs.

Surface Treatment

Secondary Emission Coefficient

m Wet Treatment

o 300° C Bakeout -
4 Ar Discharge Cleaned

ol

(R Calder et al., 1986)
J L I 1 Il 1 1

500

1000 1500
Kinetic Energy (eV) 2508400

2.00E+00
1.50E+00
S LOOE+00

5.00E-01

0.00E+00

FI%SRE module®! i1 ¥ ]indium e FEfEr
* ﬁljindiumﬁlfﬂi?}’%l!ﬁl"éj156°}f[ ’
SRF modules 3 fi— JLpve &5 [ Hf
FFYbaking > Niobium cavityfV
baking » Z2E F 7 (FAUfE¥EbakingH
= o bIt » LHe vesselpyytp
E|superinsulation » *4E 3 baking °

+ COPPER AS RECEIVED

= COPPER BAKED TO 300 C

*
e

......... COPPER + A.G.D.
"y .

..
.
*
‘e,
*
.
*
.......
-y .,
.......
.........
............
L] *e
000000000

0

t t t t t 1
500 1000 1500 2000 2500 3000
ENERGY [eV

Multipacting



SEC of Copper at Cold

« Multipacting may be enhanced after cryogenic
condensation/adsorption of water/gas on the cold
metal surface.

The S.E.Y. of copper covered with condensed water (N. Hilleret, 2000)
-=Clean sample

—45 monolayers of water

-85 monolayers o I water

-=200 monolayers of water

SECONDAREY EIECTRON YIELD

0 500 1000 1500 2000 25003

ENERGY (eV) Multipacting



RF Multipacting

« Multipacting was a problem of the SC cavity
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Multipacting in SRF Cavit

Cavity
Equator ———

Cavity
Equator

~Multipacting __  __ —
Trajectories

Cavity
Axis

-

Cavity Iris

Rectangular Cavity Elliptical Cavity
(70" (807
Comparison of multipacting trajectories in rectangular and elliptically shaped RF
cavities. In the rectangular cavity, the electrons return to essentially the same point from which
they were emitted, where they can cause secondary emission, eventually cascading such that all
available RF energy is absorbed. In the elliptical cavity, the emitted electrons drift towards the
cavity equator, where the electric field is not strong enough for secondary emission to recur.

(Courtesy of Cornell)
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~ Cornell’s 500 MHz SC Cavity

Electron count

1e+35

Multipacting Simulation for
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(E. Calder et al.. 1986)
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Multipacting in SRF Cavit

g 10"
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[ § electronic trajectory "
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RF Multipactin

* Multipacting IS
now more a headache problem of the in-vacuum RF
main power coupler (for both coaxial and waveguide
types) owing to the requirements of high power 68

transmitting. Multipacting



RF Input Power Coupler

Waveguide , input coupler Total length: 3.7 m

HOM Absorber

HOM Absorber - LHe Transfer Line
(SBP) i| Ty (L-BE)
]
I g

| ; [

/ /
300 /s
Ton pump ?32 :I:ismp

PR S O ETEFET TS TET TS
KEK-B Cavity in Cryostat
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RF Input Power Coupler

Parameter LEP LHC SOLEIL CESR KEK-B (HER)
| beam tot [MA] 6 560 (per ring) 500 750 1100
Al [MeViturn] 3000 0.7 13 3.5
P beam [MW] 18.2 0.4 0.98 4
frf [MHz] 352 400.8 352 500 508.9
V rf tot [MV] 3500 32 3.8 74 17.9
E acc (design) [MW/m] 7.5(9) 53 5 6 (10) 5
N eellicav 4 1 1 1 1
Cavity length [m] 1.702 0.373 0.425 0.3 0.293
N cav 288 16 (8+8) 2 4 8
N cavicryomodule 4 4 2 1 1
Modular length [m] 2.553 3.2 2.86 3.7
L active [m] 490 6 0.9 1.2 2.36
N Kkly 36 1 4 8
SC material Nb/Cu Nb/Cu Nb/Cu Nb MNb
R/Q [Ohm] 465 89 80 89 93
G - geometry factor [Ohm] 265.7 2525
Qo [10°] >3.2 (6 MVim) | >2 (5 MVim) | 3 (6 MV/m) 1(6 MV/m) 1
Epk/Eacc 2.3 2 2.5 1.68
Qext 2x10° xar 2x10° 2x10° Zx10°
Input coupler Coax Coax Coax WG Coax
Prf at window 176 (500

tatic heat leak per cryomodule [W]
P refr @ 4.5K [KW] 4x16 0.15 2x0.6
HOM couplers Coax Coax Coax Beam-line Beam-line
k - cryomodule loss factor (@ mm) |[V/pC] 1.76 (13)/ 5 (10) 3(5) 0.48 (13) /0.6 (10) 1.8 (4)
ktr. [V/pC/m] 8 (10)

*without couplers & second beam tube, 2 cavities



Multipacting needs be processed away
off-line (w/o beam) for reliable
operation.

— How long will the surface remain in
multipacting-free for a specific MP barrier
after processing?

Without beam, the RF feed-line is
always operated in the standing wave
condition.

— How to process the multipacting barrier in the
mixed wave condition (partially reflected)?
Beam processing -> low efficiency.

» DC bias (only available for coaxial coupler);
* magnetic coil;

 high pulsed power processing;

* helium processing;
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Figure2: Multipacting zones for the B-cell reduced
height rectangular waveguide supertmposed with loading
curves of the CESR SRF cavities for the total beam
current from 0 to 800 mA.

72
Multipacting



P owwer [kKw]

- S el
_

10

100

200 300
Beam current [mA]

400

500

ih J ) ! L
100 200 300 400
I
P, [kW]
FIG. 3. (Color) Multipactoring zone map for the coaxial line of
the ARES input coupler, showing the quantity /M defined in

Eq. (5). The horizontal axis indicates the time average of the
input rf power, and the vertical one for the reflection coefficient.

Multipactoring zone map of an rf input coupler and its application
to high beam current storage rings

Tetsuo Abe,” Tatsuya Kagevama, Kazunori Akai. Kiyokazu Ebihara, Hiroshi Sakai, and Yasunao Takeuchi
Accelerator Laboratory, High Energy Accelerator Research Organization (KEK), Tsukuba, Iharaki 305-080, Japan
(Received 16 November 2005: published 20 June 20063
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RF Processing (beam-off)

Operational conditions: Vc = 1.6 MV, RF Conditioning: Up to

Q0= 1.0e9, Qext=9¢e4, 1)Vc= 2.2 MV, or

Pb @400 mA = 280 kW/cavity, 2) Pf =150 kW

Two cavities in operation. By detuning from -85° to 85¢.

The voltage along the waveguide power
coupler is normalized to the voltage at detuned
short position under operational conditions,
which is equal to the voltage in the traveling
wave with an RF power of 319.58 kW

1.6 2.0
—1Ib=0 mA 18
14 |— —1b=100mA (Pb=70KW) :
1b = 200 mA (Pb = 140 KW) g
1b =300 mA (Pb = 210 KW) g 16
12 [— —Ib=400mA (Pb=280 KW) v
g 14
a
— =
5o . S
£~ 212
T 0s glo — Ne= =
g 0.6 g 08 ‘ i T‘\ N\
g o
z > />< >< —— Loading Angle = 0 deg
E 0.6 —— Loading Angle = 15 deg (0.74 kHz)
04 = Loading Angle = 30 deg (1.60 kHz)
£ Loading Angle = 45 deg (2.78 kHz)
5 04
z

o
N

—— Loading Angle = 60 deg (4.81 kHz) Xﬂ
02 — Loading Angle = 75 deg (10.37 kHz)
- —— Loading Angle = 85 deg (31.75 kHz) \
\/\V- = - Full Power Voltage
0o e ‘ i K / \/ ‘ | |

0 15 30 45 60 75 90 105 120 135 150 165 180 0 30 60 90 120 150 180
Waveguide Position, kz*z [deg] Waveguide Postion, kz*z [deg]

o
o
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Hard Multipacting...

3 T T T T T T T T T T T T T T T T . y . . .
. Review of Secondary Emission Coefficient
2 ® Wet Treatment
% - ¢ 300° C Bakeout - S(K) +If an electron impacts the cavity surface with
[} ” . . -
8 A Ar Discharge Cleaned P . a Kinetic Energy between 150eV and 750eV,
s 5 i i LT then more than one secondary electron will
? : | o be emitted, on average, and multipacting will
/i ! LT~ e sustamed. 'Lhis 1s a “hard multipacting
£ /i o be sustained. Th hard mult
";",ﬁ i ,,-f ! i i o ~_7 barrier”.
i | I = .
K [ | I 2 +The more contaminated the surface. the
1 0 I = .
5 1 = L | : K lower K1 becomes and the higher K2
3 ) ) RS £y LS} becomes, thus broadening the range that
w (K. Calder et al.. 1986) . . . . . . = =
e o ey 1y | Figure 2. Generic dependence of SEY on kinetic energy. multipacting can occur.
500 1000 1500 , «If an electron hits the cavity surface with a
Kinetic Eneray (eV) Table 1. Approximate parameters for SEY curve of Nb. Kinetic Energy less than 150eV’ or higher
Condition £ £ than 750eV, this is considered a “soft
» COPPER AS RECENVED high SEY | ~27eV | <2000 eV multipacting barrier”. With sufficient
OPRER BAKED 16 200 typical SEY | ~40eV | ~ 1000 eV processing, the localized area where
- ' low SEY | ~150eV ~ 750 eV ; : . .
multipacting occurs can be rid of
COPPER « i D . - .
' contaminants, thus raising K1 (or lowering
Pl . K2) such that the multipacting trajectory at
o 50 05 500 that Epeak can no longer be sustained.
! ; oo | MICHIGAN STATE T tnees ooy o
bl _ UNITVERSITY Mo @
Pbh=210 kW
, .
I
Pb=9d kW ' )
—
. o -'-_"-'.ﬂ* - Ll
= o 000 AC00 GOO0 BOGG 1 G GO 1 2R00
Wi vollage [W]
Secondary electron yield WG voltage is function of beam power. 75
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RF Processing (w/ e-beam)

Various methods of conditioning were developed
including operation with a voltage ripple on top of the

main voltage, sweeping to move the phase of the standing
wave, but ultimately the most successful conditioning was

by slow increments in current often as low as 0.2 mA.
The current 1s injected at a voltage above the multipactor
region and subsequently the voltage is slowly reduced
though the multipactor band. This process was slow but
once the window and waveguide had been thoroughly

conditioned, the modules maintain their condition even
after a complete warm-up. Molten Jensen (DLS)

The tuner-loop needs be very good!
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Multipacting Suppression and

~ Excitation by DC Biased Voltage

KEKB SRF Module (Qext high) KEKB ARES Cavity (Qext low)
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Figure 1. Input coupler for the EEEB
77

Multipacting



Multipacting Suppression and

~ Excitation by Magnetic Field

I:'-ﬁ T T T T T T T T T T T T T T T
i Farward Power: Z37W (TW
o4 | ]
=
i) [
B 03 [ ]
o -
=] [ i
it - b
g 0z F -
o1 [ .
I Forward Power: 250KW (TW) ASuppression

|:| F 1 1 ] 1
-10 - (L
Bz [Gauss]

10

The effect of a magnetic bias field on multipact-
ing current. Complete suppression is realized above a crit-

1cal field value. (R.L. Geng, 2002) .
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Multipactin

« Characteristic: Q-drop
at some discrete field
levels, X-ray at the
levels.

Ideal performance

Thermal instability |

[—

ssojd/Ne =20

sSd/d=

Eacc

 Diagnostics:
Temperature mapping
& X-ray mapping
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“Conventional” Field Emission

« Thermal emission:

— Electrons pass over the
barrier (work function).

— Possible to explain by
classical mechanism.

® F i e I d e m i SS i O n : T :.: 1% ! :{E:T,:]ﬁige“:;g; gﬁ;nfnun
Work )
B E I e Ct ro n S p a SS th ro u g h e With E and image charge

the barrier because of its
wavelike properties

With external E-field only

(tunneling effect). LN, Y- aveturcionof g docian
— A pure QM mechanism. . \<
?g%? GEmea g:g ({H. Pademsee)
13/2 '
.?.5 - 4 g") '
I xXF e}_p(—(; 7 ) 80
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“Conventional” Field Emission

« Theoretically, electric fields of 3/
3-5 GV/m are needed for field 1 < E*"exp (— op )
emission, according to Fowler
and Nordheim (FN) theory.

« But, field emission is an
empirically-observed field.

I—If\\ll 'atela :'I' l‘\f\r)
I 1UVV Ludll It VT {

— Microscopic imperfections
(bumps and scratches) can raise
the field on the surface of the
structure by a factor of 100.




SRF Field Emission: Cornell Model |

» Theoretically, electric fields of 3-5GV/m are needed for field emission,
according to Fowler and Nordheim (FN) theory.

» Observation of field emission in SRF cavity started at E of 10-
20MV/m (factor of few hundred!)

* Modifying the FN equation with an artificial field enhancement factor 3
(between 50 and 500) for experimental fitting => Tip-on-tip model

Plasma

~ B
. Microgrl}iller . . s ﬁﬂv
§ JkL where 4, is the effective emitting area and
FE 'FE \ .
\ e By is the field enhancement factor.

2 ' 3/2
[(E) = AFN Ae (ﬁﬁ’\" E) exp(_ BFN(p )

Cavity surface
(o 74
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SRF Field Emission

* SRF field emission is normally caused by
foreign particle contamination

— Emitted electron current grows
exponentially with field

Sp=-7.275 cm

p (cm)
-4.521 -2.039 0444 2926 5408 7.880 10.372

— Reaching the surface accelerated
electrons produce cryo-losses and
quenches

N\

Emission site

o Part Of the eleCtrons reaCheS hlgh —4.504 —2.022 0461 2.943 5.425 7.907 10.389 12.871 15.I35
energies: Dark Current z (em)

*  Observation of field emission in SRF
. ki Y
cavity started at E i of 10-20MV/m ‘
(factor of few hundred!) =0
S
S

« Characteristic: Q-drop at some fiecld
levels, X-ray at the levels.

« Diagnostics: Temperature mapping & X-

ray mapping m*‘ (H. Padamsee)
| N 83
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SRF Field Emission w/ a Puzzle Nature

* Metallic particles of irregular shape; typical size: 0.5-20um

* Only 5-10% of the total number of foreign particles actually present on the surface were found
to emit (H. Pademsee), or condensed residual gas can...

» The activated/deactivated emitters can become deactivated/activated after warm-up and cool-
down thermal cycle (Q. S. Shu et al.), or condensed residual gas can...

CASE1 CASE 11
600 mky (T 600 Mk 11 i
(1-3) M o (I1-A) s
S .
o SO 80 Jaf‘?%lm 1360 Lﬁ:"' o o0 180 270 . 360 TEH%EEJRATURE
" | CYCLING
ROOM
TEMPERATURE
CYCLING

100 mk (I_B) Upper 600 mk
Iris

Lower 4 l’.I’f'.!'"' ff-

0 =30 IBO 270 360 Iris

(0.5, Shu et al., 1989

Field emission



SRF Field Emission: Cornell Model |1

~ .A“Concluding Picture™

 local heating

e liberation of gas from

surroundings - up to 1
bar!

e generation of plasma in
stationary 1on cloud

e ‘uni-polar’ arc
* local melting

e characteristic times are
very short compared to
(our) pulse lengths (SRF
tests at ~CW)

Ref: Marc Ross

Field emisison curent

RF Surface

- /Charged

" Gas cloud
RF Surface
Liaktni
; Eﬁm} Current
/nsde instability
(dl’tfl"}

Gas breakdown
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Volcanoes of the Deep Sea
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Solutions to SRF Field Emission

Chemical surface treatment: EP vs. BCP

Minimize foreign particle contamination
— apply high pressure rinsing (HPR);
— cavity assembly in a class 10-100 clean room;

Apply high pulsed power processing (HPP);
— damage activated emitters;

Apply helium processing (HP);

Apply cavity baking (avoid global field emission);
87
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Surface Treatments for SRF Cavity

- <30um

Rz(1.5 ~5um, BCP,
Polycrystaline Nb)

i

RF Penetration Depth
(~40nm)

sSurface Oxides
(3~8 nm)

Drawing courtesy of H. Tian Bulk Nb
v

2~3 mm s




Chemical Surface Treatments

- BCP (Buffered Chemical
Polishing)

— HF (48%) : HNO3(69%) :
H3PO4 (84%) with
volume ratio 1:1:2 or
1:1:1

 EP (Electropolishing)

— HF : H2SO4 with volume
ratio 1:9

— EP makes an A

HP R ey L e

improvement on the ff 0.5 mm 0.5 mm
onset level of field < » e >

emission
« Much smooth surface BCP Surface EP Surface

— Less local field (1um roughness) (0.1ym roughness)
enhancement;

» Better cleaning with
high pressure water
rinsing;

(Carlo Pagani, 2005)
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Chemical Surface Treatments

- Increase of the Quench Field Level if EP Adopted instead of BCP.

3 higher efficiency of baking on EP cavities ( from 85°C )
3 residual slope on BCP cavities even with baking ( 120°C )
Qy ! = lom ] Qy i o .I. -
::1-1&351:?2“1-1@-] -. l . I=H'"'ﬁ:--- L S
1E+10 0 .l < BCP 1E+10 CI-&LICEI?B{EPIEM“}} 1 I
b i quench
O no baking = . W _ 1 quench
rioc % s pi i
TEeh s o o i
: | 1| | T[]
12409 EP o |=® 1 -
! . m E pee (MV/m )’ ’ . . P Enec (MV/m)"
3 higher quench field for EP cavities ( 40 MV/m )

4 surface roughness
( R.L. Geng ef al. - SRF 99 — Santa Fe )

EP (90 um) =

~ BCP (117 pm)
( statistic on step height) 2-5 um
Bernard Visentin

5-9 um

QO-Slope at High Gradients

SRE’2003 ( 11 & Workshop )



Solution for High Field Gradient

- SRF ssemy in Class-10 or Class 100 clean room

Proposed Federal Standard 209E

Airborne Particulate Cleanliness Classes for Clean Rocms and Clean Zones

100000
N
N\
10000 \%‘:ﬁ‘
LY \%
\ (=4
K N\
1000 Q(B‘
: . N\t LY
A
1 o 9 R
[ h \
N\ N
100 \f ‘%(‘pn
j} g =

{gns'

0.1
0.01 0.1 10 44m
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Solution for High Field Gradient
Hian R

Ultra-pure water (18 MQ-cm, particle filter<0.4 micron) is sprayed
with a pressure of 100 bar on the niobium surface. This removes

particles very efficiently.
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Solution for High Field Gradient

*¥ before HPR

](}x..1.1..1.11...1..‘.1.11.
0 5 10 15 20 25

E, .o MV/m]

« Cavities can improve by

new rinses
« Particle removal
« Samples show modification  Beiore HPWR A BPWR
of surfaces due to the water
<o Jetforces 1
\Tow)  LutzLije 2005/11/30




High Pulsed Power Processing

= WITtN puise iengitn up 1o < msec, ana repetition rate or anou

ﬁ\ne\l/(véy-fabpcated RI’F stqucture (\;vill —— T
reakdown frequently at low gradient. i .-

As the structure is operated, the after HPP* P=1MW
breakdown rate at a given gradient (or 10100

RF pulse length) decreases gradually, .
and the gradient and pulse length can
be increased (thus increasing the
breakdown rate again).
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This cycle, called "RF processing" is L before HPP |
repeated until at some point no further |
progress can (or need to) be made - no :
amount of running will reduce the i
|

1

puise length within a ressonable tme o | S-¢ell 13 GHz Cavity 13-
)5 10 150 25 M

period.
E,.. (MV/m)
(0 vs. E,,, plots showing high power processing

some molten metal splashes (HPP) results on a 3-cell 1.3 GHz cavity at Comell.

from the vaporization point 94
to nearby ones, forming new features. High Power Processing

The reason appears to be that
processing "polishes away"

(vaporized) small surface
features; in the process,




Helium Processing

b) Explosive Destruction

* Fill helium gas into Hcmmne b g

the SRF cavityupto ~ 'E*10 = 1'51.‘
106 Torr and then N

RF processing. a

 Risk of vacuum 1.E+09 :"’f';—q o
accident. i Ei

* Many possible He processing
mechanisms had | E+0R I
been proposed. 0 . 4 6 g

« Sometimes helpful E__(MV/m)

for Multipacting (MP)
and field emission
(FE) suppressed,
but not always!

Eftect of a mixture of helium processing and further BCP.

Also shown is the data after welding of inner
helium vessel. This data is of Svlvia cavity.

(T. Tajuna et al., 2001)
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~ Surface Treatments

Rz(1.5 ~5um, BCP,
Polycrystaline Nb)
RF Penetration Depth -

(~40nm)

surface Oxides ¥
(3~8 nm)

Drawing courtesy of H. Tian Bulk Nb
v

2~3 mm o




Effects of Cavity Baking on Q-Slopes

-developed by CEA-Saclay

 Enhancement of Q-slope at low field level;
* Minor flattening of the Q-slope at medium field;
« Strong improvement of Q-slope at high field;

1E+11 : — ] ] 1E+11 T T T T T T 71
I I | I I I I I
Q0 C1-05 ( BCP cavity ) Qs D1-22 ( EP cavity)
EE B ® o 2" 0 g ‘--.
._' o e o =] m
® s B =
1E+10 ..___._—. LE+10 B Al - no baking =

O ..

-P‘ B A7 - baking 105°C/50 h . =
| | B®1I1-no baking & | quench _|
| | EI3-110°C/48h

quench (B|. Viisentin, SIRF| 1999 N
ek = . Viisentin,
IE<00 (B.|Visentin, EPIAC 1998) I LE+09 Asentin S!RF ) |
0 10 20 30 0 10 20 30 40
Eace (MV/m) ' Eacc (MV/m )
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Differences Made by Cavity Baking

2.00E-6

-1.511621 E+L*x )

1.00E-6 | " exp

& before baking H

+ baked
1.00E-7
.l."\
= b |
=]
x ‘\
I
reremmr | SN
4 - i =
| 00E-8 T.cell C:IVI. JL7-1
with tuner rings N
[— 5 -
N, N
™ LY
N Y
Y I B N
(P.[Kneisel - S$F 99]- Santa Fe) +
I-OOE‘Q rrri LN B B ) IIIIIIIII Trrh rera rrra LI B B )
020 025 030 035 040 045 050 055 060

1T[1/K]

Rs [Ohm]

1,00E-08
\ # after bake
s m M before bake
+ Bu
[ |
1,00E-07 P‘-
‘ -
o+
Rpcs ]
lr.‘r
1 k=a —I],p‘:-\‘x e R
1,00E-08 (7)o -
R, =03 i T
Ries: temperature independent
1,00E-09 T T T T T
6.67 4.00 2.86 2.22 1.82 1.54 1.33
T [K]

Reduction of Rges by

bakeout. The residual

resistance R, 1s nearly unchanged. (L. Lile)

- Baking causes a reduce of BCS resistance in a factor of about 2.

- Baking does not change or increase slightly the residual resistance.
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Disease

Phenomena

Cures

Thermal instability

Quench at bad spot

Mechanical grinding,
Use high pure niobium material
Sever material control

Hydrogen Q-disease

Low Q from low field,

Depends on cooling speed

Annealing

Multipacting

Q-drop at discrete field levels
(Electron resonant loading),

Heating around equator section

X-ray

Make clean surface

Use spherical shape

Field emission

Exponential Q-drop with gradient
(Electron non resonant loading)
Heating on meridian

X-ray

Make clean and smooth surface

Use ultrapure water Use clean
room assembly

High pressure water rinsing

Q-slope

Exponential Q-degradation

without / with x-ray

Baking

99
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m‘l

Surface magnetic field limitation

— lower than rf critical magnetic field Hgp;

— for niobium at OK, Hpeak < Hsn (0) = 2300 Oe;
or Eaec <49 MV/m for typical SRF elliptical
cavity.

+ Ratio of Hpeak/Eacc =47 Oe/(MV/m).
New design of cavity shape — reentrant,
low loss profile, Ichiro Single.

— First done by R.L Geng (Cornell);

— Ratio of Hpeak/Eacc= 36 Oe/(MV/m).

Ichiro

| * ICHIROQo@2K Single _

Baseline
TESLA shape

Low Loss Shape
LL

Diameter [mm] (i1
Ep/Eacc 2.02
Hp/Eacc [Oe/MV/m] 35.6
R/Q [W] 138
G[W] 185
Eacc max 49.2
(K. Saito)



Eace,max [MVY/m|

A I RE LL IS new-RE shapesj
60 . ngh pressuer ST S | 7
water rinsing ; - 4 4 .
(HPR) e = .
S0 = T @ -
40 -8— — -
30 -
20 B (hemlml Pl]ll':]lll]g I N T T . T T T T T
e i Saito) ]

O e S e S S S

'05

07
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» Collider (ILC) needs high gradient (RF gap
voltage) to reduce the total number of
operating sc cavities;

 Light sources need high beam current (RF
power) but low gradient.
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Outlines

Historical Remark

Basic of Superconducting RF

SRF Performance: Achievement and Challenge
Cryogenic Plant for SRF Operation

SRF Operation and Maintenance
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4.5K LHe Cryogenic Plant
for SRF Operation

« Requirements:

long term continuous operation
vibration free

fast cool down capacity

high redundancy

energy saving and load matching

easy operation

SRF operating LHe pressure as
low as possible

e Solution:

turbine machine

large helium inventory (2000
liter main dewar)

capacity safety factor of 1.5

frequency driver

fully automatic control

Cold-box’s HEXs with low-

pressure drops (~150 mbar)
104




Working Point of Cryogenic Plant

1000 100
Latent heat of
| water: 2260 J/g (100°C)
100 - T LN2: 200 J/g (77.15K)
. =  LHe: 21 J/g (4.22K)
= 104 T1 =
= pressunzed L critical o N
e saturated He | .E
< He ll - s
0.1 vapour T 0.01 =
@) saturated He |l
0.01 - 4 0.001 o A
Lateni heat of vaporizstion of lbquid helium.
0.001 0.0001

0 1 2 3 4 4] ] 7
Temperature (K) 105




4.5K LHe Cryogenic Plant
for SRF Operation at TLS

Refrigerator and

Liquid ewar Liquid N, Dewar

He gas

\ storage tank

*_.

He Compressor




4.5K LHe Cryogenic Plants at TLS




<2 main dewar |

¥" i -

8 aalvier |

o recovery main oil removal z
e COMpressor module

main compressor

platform B
|




Some Helium Refrigerator Cycles
-Simple Collins Cycle

Cooling by oil/water

LN2 > | HEX g
! Expansion
[HEX B | Machine
(Turbine)
[HEX ] 1\

load or dewar

09




Screw Compressor

Source:
AERZEN
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Heat Exchangers (HEX)

inside a Cold Box

111




Cryogenic Turboexpander
inside a Cold Box

Cryogenic turboexpander
Self-acting gas bearing system

O

X

ol

/

£

]
|

_I'-J

L S

Source: LINDEKRYOTECHNIK AG 112




JIT (Joule-Thomson) Valve

-Cooling by Rapid Expansion

emperent - e 1. The helium gas first must be
43K~ -_ cooled below its inversion
s M = conet temperature of 43K.
e~ Otherwise, its temperature
NN cannot be reduced by
/Cﬁ W,f v e passing through J/T valve.
Iy ’
R e
A 2. The helium gas must be
I,.-J.;{,,j;"-""‘ I cooled even further (<15K)
A ———— in order to produce liquid
- " helium at 4.2K.
Druck p
O Inversionstemperatur Ty = 40 K for HELIUM 3. Similarly, <5K for 2K LHe.

OPBR [P sy s N T 200 gt B A E J500K (heat exchanger) T K%
JIT Valveﬁ Ii JF‘ﬂ T SO [ Z gl HPPY (236 > cold boxll ik & 2 ik G -
*JIT valverjif J[‘Fg' B S ANENE & (S /T valve pUgaA I AviZE E (% - 113




Typical Piping Layout

SR L DEWAR

‘ __34,|‘_A[ _7 r-._--“f?:_;__‘i“.” _.,

SEF Liquid
Nimogen Supply

1
- LAST REVISED: 1/19/2008 ECQUIMBY i
- LAST REVISED: 1/21/2008 ECQUIMBY I
= = LAST REVISED: 1/22/2009 ECQUIMBY :

LAST REVISED: 212/2009 ECQUIMBY !
|

I

1

1

LAST REVISED: 3/ 009 ECQUIMBY
LAST REVISED: 008 ECQUIMBY
LAST REVISED: 4/02/2009 ECQUIMBY

I
Halim HP Gas Storags Haliven MP Gas Storags

UNRELEASED

-
E; RADIO FREQUENCY, CRYOGENIC
10/31/2008 (= CRYOGENIC PIPING LAYOUT
] D SR-RF-CRY-0002 | ;
n —— =2 R

seeieoen | WES# 03.04.05.08 [

|




Avoid |hermai Acoustic Oscillati

T, ’
- dr'.“l.‘ . //
1000 = ,"

Rott’s Diagram

A\
R} A}

\
\
1~\ \

i
= g
N
\

X\
2\
AR
N\

e T

100
N
sol / / =01 _rz (05
BN/
0.2
20 ,/’
10 L /
5
2
2 5 0 20 50 100 1000 10000
Y. =rn %
VC
v, = e the kinematic viscosity of helium gas at cold r, = tube radius

pm,c




Cryogenic Piping

NSRRC EK CERN & BESSY
(DeMaCo) {EK (Nexan)

diame LHe pipe 17.27 mm 17.3 mim 21/25 mm
ter:  GHe pipe 29.97 mm 34.0 mm 39/44 mm
0.3 W/m 0.05 W/m 0.06 W/m
Heat loss
(69W for 230m) (11.5W for 230m) (13.8W for 230m)
Cost 6500 EUR/m cheap 1900 EUR/m

Flexible transfer lines delivered to NSRRC and
the supporting frame to unroll these lines.




Cryogenic Pipe Connection

- Swagelok VCR =%
connection

« CF flange gasket
« Bayonet connection

—
~ e
T
L L
n
|
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Cryogenic Valve Box

vent tube ks
BLh: Lz LHe GHe,cold GHe,warm
& v w F 3 F Y
T —— DQ R—LM RW—LHPT—LH RV—GHPT-CHO
L]
) _E]_] My —BHC
77 K Shicld MV BHW
ET- % %
A —L BT M — L |_ F‘\."—LH1F'\"—LHJ Py—GH1 PY—GHZ
D.3bary check @L il L ;!
u, filtervalve ’@'@CED
£ oy o $85mm FHi M2 Eh;ck _\:;:Iue_7|‘
. o P
- TR B
W_GHJ 1 Pli—GHW2
w i 21! L J i 21!’ 1 21L
3barg . HEX line
t t b % IhEU‘tEI’ﬂ LE li
ven upe : ‘warmer | S T |
{rarmer | Hasting
GMz flow 9 e ’J ___________ — Flow meter
burst di FSV«X | S R l__ |
¥ [1:[]
Mo | Module | @
G.4 harg MX | |
. REdter | EH
o4 berg ot— 7] O
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Relative valve flow coefficient [%]

Spindle 100
Valve spindle I movement
Quick opening
| 80 Auf-Zu |
Orifice Orifice
Valve plug —\ [a]:’;:: 2?::
"N W I_ g
— :"::_: 40
Quick opening Linear Equal percent: 3
Linear Co IC"'"“'“ =t 20 -Gleichp;uzantig
: : Equal percentage
Quick opening: C,/C, e = V™ > Quakp 9
ol
) i1 0 20 40 50 80 1
Equal percentage: C,/C, hax =R Ventihub %]

Relative valve travel [%]
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Equal-Percentage Cryogenic Valve

Valve Coefficient Kv and Rangeability R
Determines the Valve Characteristic.

_ﬂ a) Liquid Service:
= aa) with Qinm?®/ h f
< : -y | APy,
s 7 =519K, RV |[Zrvallf2
= * £ Ty
= Kv =Q* [—F— t V. 1mnax
= 1000 * 4p Jo, T
5 g1
e b) Gas Service:
g ba) sub-critical flow i.e. p, > p,/2 and Ap < p,/2
on baa) with Q inm®/ h 2,00 ~ 140
E., . B B Level constant (Venturi) %%:
== Ky - Qe , [pe-Ti 1.75 :_ A Level decay (Venturi) D'D 120
519 \4p*p: - S
B O Level constant (Weka) ’ |
150 D‘D u ]
CRIOGENICS - s . =100
1.25F u".,- 1 Qo [W]
\ A})Ven(kpa) : f” I” T 80
1.00 |- ‘A ‘IA §
. ‘ —60
075 S A -
B l” I" " :
050k ioe —40
. :_ ,’::'%'A.QTL + 0 =575W 1
0.25F S A0+ 0 = 541w 20
- P 00.=37.1W ]
OOO _I Ll l“”\ Ll I‘JI’\ | I L1l | I L1l | I L1l | I L1 ] I L1 | I Ll I_ O
80 60 -40 20 0 20 40 60 80 100

Heater power [W]




Working Point of Cryogenic Plant

1000 100 .
Bl & RRAV S FVIEVE 4. 2K
. “\[F“’[Jz 1TKEIEVE R > ik
1004 solid T 10 G RO 15
| He | = l@*ﬁ'l’gﬁ‘l‘ﬂf °
g 101 T = Eﬁ?fﬁ 5 iéﬁ'é
?’ pressunzed : 3 critical j ﬁf '@H v JEI)FI' °
T; 1 He | o liquid > point | ;3:
5 saturated He | S Onnes/fE&sg FIpVEFR
- He Il T BTV E Y ETERYE [‘ﬂTIE[
. vapour 700 Rionnesizt | A
@) saturated He |l F,E‘[JOnnes H F»\ f'f( [H?/
0.01 - + 0.001 [EE A2
0.001 oooo1  KapitsaZ * 7+1937F

o 1 2 3 4 5 6 7T BN ' Ry B -
Temperature (K) 121




Possible 2K Scheme

Existing 4.5K Cryogenic Plant

Main
COMpressor

45K
cold box

Developing 2.0K Cryogenic Station

Gas manager

-——— = = - <

| I} ? 2k vacuum

| &« ---- pUmp

1<} GHe odmpress

. 1 X X Gas manager

AP, = 0.2 bar §:> g LN’Z pre-cooling

< 1 0K LMNZ inlet
3 ~6 bar

AP, =0.2 AP = S5mbar

[
4.5K | He Phase separatbr

—— Normal operation
---> Cool-down operation

———— 4_5_K_§t!§ ________ 3 Ll;gvessel of SRF (12 W)

Use the available
cryogenic capacity of the
existing cryo-plant.

Use vacuum pump
instead of cold
compressor because of
small mass flow rate (~1
g/sec).

Avoid the impurity
contamination from the
low-pressure helium
vacuum pumping system.

Reduce the equivalent
cryogenic loss at 4.5K
significantly by recovering
the cold capacity from the
low pressure stream using
warm heat exchanger.
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2 K Heat Exchanger for LHC/CERN:

Coiled Tube Design (ROMABAU)

f,.«—‘i‘l.l’hmtmlmgu'in}:t
; Location of
SC heat exchanger ihle:

SRR s
1 + ¥
| \ t
E O Honderbocation Lo (20N |
3 I | 7himﬂchmm'rmﬂﬂ

—




2 K Heat Exchanger for LHC/CERN:
Perforated Design (SNLS)

FIGURE 4. SNLS perforated copper plate with holes (SC channels) and slots {VLP chaanels), and
compleied heat exchanger.

PERFORMANCE TESTS OF INDUSTRIAL PROTOTYPE
SUBCOOLING HELIUM HEAT EXCHANGERS FOR THE
LARGE HADRON COLLIDER

P. Roussel’, A. Bézaguet’, H. Bieri’, R. Devidal®, B. Jager', 124
R. Moracchioli’, P. Seyfert] & 1.. Tavian®.




Fluent Simulation
for 2K Heat Exchanger

(I eweAosof] " £q udrsa(g
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B B0 [ T
b o S
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g -
B 0l e e e
E / Modif: del
Mw .“ EE 20 --} ------------------------------------------ 0dify present model|
i | R — = Modify curve-fitnng
B : . n y ;
0 10 20 30 40 50 &0
Loops
— 0075
_E B Present model - )
B 008 H— —Curvefirting |----------------- SRR
2 .
8 0045 [ooooeeeeme e T
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) — B 003 oo
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e g A
¥ “P'l IS | ] =] 0.015 |- soa- W
ey ey e N Eu 2 'f
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C A e g
=
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"h” 'II ‘\I'T ﬂ ] ] o S e s e e R S iy
G : g
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Efficiency of Cold Heat Exchanger

130

120

— 2.0 K cryostat

6w = omee 1.8 K cryostat

25 50 75 100
ec [%]

Equivalent cryogenic loading on the 4.5K cryo-plant at NSRRC for a
cryogenic load of 12W at 2K (1.8K) as function of efficiency of cold HEX.
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Warm Heat Exchanger for 2K
Operation (FLASH Linac at DESY)

External low pressure heat exchanger ( IHEP,Russia)

counter-flow heat exchanger:
3.5K /31 mbar -> 280 K /29 mbar

75K /12 bar <- 300K /12 bar
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Efficiency of Warm Heat Exchanger

. Warm

cComppressor

120 F+ - Without HEX compressor N/

W Gas manager

45K
pales cold box

Warm HEX

Ele EIJ] P L T T L L L LY

Equivalent cryogenic loading on the 4.5K cryo-plant at NSRRC for a
cryogenic load of 12W at 2K (1.8K) as function of efficiency of cold and
warm HEX. Note that the efficiency of warm HEX must be very high

(The warm HEX for TTF is 97%). Otherwise, it brings disadvantage. 128




Cold Compressor (> 100W @ 2 K)
or Warm Vacuum Pump

Refrigeration (W] Fig. 3
‘ Range of application of

different types of cold
10000~

compressors

A: Ejector
B: Piston compressor
C: Turbo compressor
one stage to 1.2 bar
D: Turbo compressor
multi stage to 1.2 bar
E: Turbo compressor
last stage to below
e 1.2 bar
F: No cold compressor

1000

100 -

10
0

—

Temperature [K]

H. Quack, “Cryogenic System for Large Research
Projects”. IEEE Trans. On Appl. Super., Vol. 12, p.
1355 (2002); H. Quack, “Cold Compression of
Helium Refrigeration below 4 K", Adv. Cryog. Eng.
"ol. 33, p. 647.
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Cold Compressor

COLD COMPRESSOR

Example of a cold compressor
with active magnetic bearings
used at Tore Supra, CEBAF
and Oak Ridge

Source: Air Liquide
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— A IRIEE T I2X N AT . a A1119 ~EEr B =] =2 el £
- 43 4= U, 2K > vacuum pumppy "Ny A (e

e 2.0K: 31 mbar

‘:‘-?"'ikan
g‘jv‘h‘}i .
 1.8K: 16 mbar
SOGEVAC sV 630 B
29921  29.918 299 29.530 25980 0O L”E';E‘S
I | | | I |
3
" P =500
3 - e e R e o o
m™ ki e ofm
4 1 100
e (AN THE 1
i =] ]
S f : SV 7508
@ |JJ T
o | : SV 630 B (F)
o [ T {10
= 1 [l i
-5 10 - s
E !
= I
o 1
I
—1
I
10" 1 |
10° 107 10° 10" 10° ey 10°
' l I | | |
10° 10' 102 10° 10t 10°
without gas ballast Pa
Prassure

———-"with gas ballast

Pumping speed characteristics of the SOGEVAC 8V 630 B(F)
(80 Hz curves at the end of the section)




1.8K(16 mbar) or 2K (31 mbar)?

3.00E+10

. Il
2.50E+10 6K W R
& z.mE+1nF 8 K == oy
1.50E+10 S I .
PRl

2.0 K
1.00E+10 +

0 5 15 20 5 0 3

Eacc[MV/m]

(Courtesy of R.Lange et al. DESY MKS)

1100
1000 2.0 K ervostat AF = 0 mbar
. AP = 2 mbar
800 AP = 4 mbar
— P = G Tar
el ;'“"‘u.. AP = B mbar

Required pamping speed [m'/h)

JLab

1000 —==~

400 | __measured LHC
200 __\I’EllLIE at1.8 K

Temperature [K]
ERL2005 Bernd Petersen DESY

AF = Ombar
AF = 2 mbar
AF = 4 mbar
AP = B milar
AF = Bmbar
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Outlines

Historical Remark

Basic of Superconducting RF

SRF Performance: Achievement and Challenge
Cryogenic Plant for SRF Operation

SRF Operation and Maintenance
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SRF Operation: Many trips...

Roughly 50% of machine trips of light source
cause by RF operation;

Machine trip rate may be even higher after using
SRF modules.

The recovery time is usually very short — just
push the reset bottom.

Or, it will cause a long downtime.

— RT cavity: one week for the worst case;

— SRF module: at least one month (using spare
module).
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SRF Operation: Many trips...

-Machine Operation of TLS w/ SRF Module

2008 Number of beam | Accumulated
trip downtime

Sagf/Falling of AC line voltages 5 (9.8%) | 21.08Hr (31.8%/17.6%)
SRF RF transmitter 5 (9.8%) | 4.0Hr (6.0%/3.3%)
L“:ﬁ;gf" °f "gmi (false arcing) 6 (11.8%) | 3.08Hr (4.7%/2.6%)
;gf’;;{] o | AC power station 1 (2.0%) | 1.85Hr (2.8%/1.5%)
down Mechanical vibrations 2 (3.9%) | 1.17Hr (1.8%/1.0%)
:Lm:e:ﬁf Insulation vacuum 3 (5.9%) | 2.08Hr (3.1%/1.7%)
trip) unknown 5 (9.8%) | 2.83Hr (4.3%02.4%)
Power suppler 7 (13.7%) | 12.8BHr (19.4%/10.7%)
Vacuumlifront end 1 (2.0%) | 0.98Hr (1.5%/0.8%)
feedback systems (GFB, TFB, ehnm) | 4 (7.8%) | 5.1THr (7.8%/4.3%)
Unknown partial beam loss 8 (15.7%) | 7.60Hr (11.5%/6.3%)
Kicker 3 (5.9%) | 1.85Hr (2.8%/1.5%)
Others (simulated earthquake) 1 (2.0%) | 1.6THr (2.5%I11.4%)

Total of 51 Total of 70 Hr (100%/55%)

At TLS in 2008, about 50% of (22 of 51) unscheduled beam dumps is caused by
the trips of RF system.
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SRF Diagnostic System

- A short Cut to Improve the Reliability of SRF Operation
- More Channels (96#), Higher Sampling Rate (250 kHz), Support EPICS

A trip event at 18:28 2009/08/31 (MON)
r pate Time Clock (Hz)  PreTrig (s) Postirig (5) Span Time/Dv  Start End
\Q . f % zoospem 1mm0zs 2soses s 41838 13.0745 [ms] 0,50 [ms]  -6.5372[ms] 6.5372[ms]
< > ] = ¢BPMph &) 1 i H § § & 2 d H H i i i i i i f i
Client lee Client ; B Tl B e e e e e e M M MBPAild L . s .-
S m: 1 e .
Rl
SRFAHOMx T
i T | T A T e
ACQI9% Transient Kickerd ) e : e System fault
250KS/sec data storage Kicker3 T : e — due to
ébsizgegoll.won ?32::2)5 4) Kicker2 - T / Kickert#f2 miss
( e ¢ InUX) Q Kickert ? L r_-—l : \,Ltch/
0 ! i i i :
HammCurrent 1,: ] : :
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# of SRF Trip

10

Operation Statistics of TLS
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09/01
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Annual User (%) (hr) (AT Tg<0.2 %)
Time (hr)
TLS 2002 4785 95 Blig* 1544 Decay Mode 4700
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2005 4576 96 8%p* 832 Top-up Mode(3/12)5RF Tal0
2006 5552 06.7%0* 408 Top-up Mode/SRF 98.1 %081 3% of AToTo=0.1%)
2007 5219 98.1 %o* 850 Top-up Mode/SRF O O%imEd 305 of ATnTn=l 1%
2008 5726 o7 O0n 1123 Top-up Mode/SREF O8 60005 7% of ATT=0.1%0)
2009 5358 Of 2040 TEEB Top-up Mode/SRF 00 300Es £%% of ATTo=0.1%0)
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SRF Maintenance

* Nothing can be done...

* Most busiest group when the cryogenic
plant needs to maintain...
— Warm-up/cool down of SRF module
before/after maintenance of cryogenic plant;
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About 50% of Operating

500-MHz SRF Modules Got Leak...

* Where?
— from helium volume into cavity vacuum

— from helium volume into insulation vacuum
— from ambient into insulation vacuum
« Small leak
— pump down periodically or continuously
* Big leak
— re-tighten part of indium sealing
— re-assemble everything
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What Happens

after Vacuum Accident?

* Re-assemble everything (half to one year!)
* In-situ high-pressure rinsing

er

it
\‘::: ........ . from ultrapure
T water system

nozzle size ©0.54 B6Gholes

nozzie drive SBP 10mm/13sec
CELL S5mm/15Ssec
LBP 10mm/i1Ssec

rotating nozzle 60° /Ssec

HORIZONTAL HIGH PRESSURE WATER RINSING FOR KEKB
SUPERCONDUCTING CAVITY (g Mitsunobu, KEKB)

Proceedings of SRF2009, Berlin, Germany 140




Better SRF Performance
after Cryostat Assembly

aVertical Test Reszults for IHEF-HZ2 SCC
AHorizontal Test Resultz for IHEF-BZ SCC
¢ Yartical 'T'-z-szt Fesults for IHEF&1S5SCC
'ﬁ}HD:‘i_.c-"L Tu:::t Eesul tz for IHEF-#1SCC

T L (& i *T++
1. B+03 ii 'a“x.hk 100

* ' ISRF modules at KEKB

1. E+10

G

1. E+08

Lnloaded Quality lFactor

-t 0 a o o e w0 e W
. : rd ] ] £ £

Arrelmﬂhng Voltage MV

Chart 1: Unloaded quality factor vs. accelerating voltage.
(Y. Sun et al.) 141
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High-Pressure Rinsing &
Clean-Room Operatlon

e Infrastructure:
v" Class 10 cleanroom

v" Ultrapure water system

e 17.5~18.2 MOhm-cm
— 18.5 MOhm-cm at DESY

* 50 counts/l (0.2um) at NSRRC
— 25 counts/l (0,2 um) at DESY

« TOC of 11 ppb at NSRRC
— <3 ppbat DESY
— Ultrasonic rinsing system

 Water circulation with fine
filter;

* Operation within clean—room:;
» Foil test after usage.
— High pressure rinsing system
* Horizontal design
» Vertical design
» Water particle measurements
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Further Reading

 H. Padamsee et al., RF Superconductivity
for Accelerators, John Wiley & Sons, Inc.

 H. Padamsee, RF Suuperconductivity:
Science, Technology and Applications,
John Wiley & Sons, Inc.
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1.

2.

Questions:

Why the superconductor has a non-
zero rf resistance?

What is the difference between the
superconductor and the perfect
conductor (w/ infinitive conductivity)?

hat aran tha ~AhAalla ~f annh/in
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SRF technology to light sources
nowadays?

a) from high beam power point of view;
b) from high rf gap voltage point of view;
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