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Surface heating in HTS-based
high field pulsed RF cavities
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The European Strategy for Particle Physics :

Linear Colliders are within the high-priority future initiatives
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The CERN-CLIC accelerator studies, started in
the late ’80, are now mature:

» Optimised design for cost and power

» Technical developments of most key elements

To reach the goal of 250Gev energy, the accelerating cavities will operate in very high rf
power (L0OOMV/m or more accelerating field). Copper cavities operating at room
temperature are presently considered. Pulsing with low duty factor allows reducing the
average consumption for NC copper accelerating cavities down to the SC level.

Cooling at 77K is considered to increase Q and reduce fatigue by thermally induced stress.



A factor 10+-20 improvement in Q factor using HTS in place of

copper at 77K would end up in a significant energy saving.

A wide international collaboration has been established to study and verify whether, at
77K, a HTS layer set on NC Cu operating in pulsed RF mode can allow a further power
consumption reduction.
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The goal is to demonstrate high-gradient pulsed

operation of HTS at cryo-temperatures.




At SLAC a test facility based on a 11.5GHz “mushroom” cavity is available that
can produce a maximum B, of about 350mT (H,~ 280KA/m, corresponding to

E..~100MV/m for a plane wave and E_..~80MV/m for standard electron cavities)
The cavity is operated in pulsed regime (1us long pulses, 10-° duty cycle)
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The idea Is to use the commercial REBCO tapes soldering

technigue on copper developed by ICMAB in the frame of
the FCC-CERN project for beam-screen coatings
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Preliminary measurements have been already performed at low

rf field using REBCO tapes. REBCO films grown on MgO/Cu
have been also measured for comparison

Soldered REBCO on copper (Fujikura by ICMAB) 27K
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REBCO tapes results might be influenced by
currents through tapes joints. Larger tapes
(4cm) are currently under production at KIT
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HIGHEST - R&D on wide HTS REBCO conductors ﬁ(!:ﬂr
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There are two major conceptual possible problems

concerning such high rf field applications of HTS

1) High rf fields can possibly significantly reduce cavity performances
due to HTS superconductor “intrinsic” nonlinear behavior.
(equivalent to the Q-slope problem)
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Only few data are currently available (recent ICMAB results lead to a moderate optimism)



2) A temperature increase due to the very high rf power at
the HTS surface can occur. A surface temperature increase
would produce an increase In R, and, in turn, of the
dissipated power (P, = 1/2RsH;; ; P,(T)~Rs (T) is a good
approximation for highly coupled cavities, as those
foreseen for CLIC)

This can result in a thermal runaway process (the same
effect would not occur using copper cavities).

In the following | will discuss this last effect !




Temperature increase at a metal surface in the presence of

a pulsed rf electromagnetic field :

1D heat equation:

92T (x,t) 10T(x,t) 0
d0x? a ot
k
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(a : diffusivity)

Boundary conditions:

oT (x,t
T D

T(x,0)=T, .
’ 0x

T (o0, t)=T,

x=0

a
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X
0 (A is a homogeneous semi-infinite metal)

v

(k and o are assumed here to be temperature independent;
P, is deposited at x=0 as a «delta function»)

The heat equation, with these boundary conditions, can be solved using the

Laplace transform method



U(x, $)=Le[T (x, £) 1(s)=f," T(x, t)e~Stdt

Applying the transform to the Heat equation we get:

0%U(x,s 1 T,
63(52 ) = E[sU(x, S) —?0] (T(x,0)=To)

which is an ordinary, simple, differetial equation, whose solution is:
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Finally :

S
Pga 1 —x\F To
U(x,s) = - ﬁe “+?

and:  T(x,t)=L;[U(x,s) ]t

T(x,t)= %\/E [—ierfc ( ad )] +T,

2Vat
_ 22
(erf(z) = \/%foze‘zz dz; erfc(z) =1—erf(z), ierfc(z)=zerfc(z) - eﬁ )
The espression is the same reported by |.Wilson, CLIC Note 52 (15.10.87)

Wilson was interest to determine the copper surface temperature increase (over room
temperature) in the CLIC foreseen operating conditions, to evaluate the effects of
fatigue cycling under thermally induced stress. He found AT ~ 5°C for E__.=80MV/m.

Mainly due to the reduction of the thermal expansion coefficient, the effect should be
negligible at 77K.



The t dependence, at x=0, is :
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The x dependence for t=t is :
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Uniform metal (Cu case):
Exact analytical solution,
with the assumed P,
boundary conditions.

Real system of our interest:
Numerical solutions! p
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Approximate analytical
solutions for this simplifyed P
model system are possible !
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Let’'s consider the case of an A/B interface, where A is a metal

of thickness L and B is a homogeneous semi-infinite metal:

a
‘ P, B

0T t

We need to solve two coupled 1D heat equations:

0%T4(x,t) 1 0T4(x,t) 0%Tg(x,t) 1 0Tg(x,t)
- =0 = =0
0x? a, Ot dx? ag Ot
with the boundary conditions: Tp(o0,t)=T,
0T, (x,t) To(L,t)=Tg(L,t) (neglecting Kapitza resistance)
g |
x=0
0T, (x, )| 0T (x,t)
ka4 0x B ks 0x — ta/b
x=L x=L

Py = Pgp (t) is the power crossing the A/B interface



The two coupled A/B equations, with the given boundary conditions, cannot be exactly
solved analytically. An approximate solution can be obtained considering for the solutions
the same form of the homogeneous case :

Ta(x, )= Ciavaqt lerfc (2\/9;—“) + (24 0<x<L)

: ~L
Tg(x,t) = Cig\Jagt ierfc (2\7@) + Cyp (x=>1L)

The boundary conditions imply :
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What happens if the adsorbing layer is a superconductor ?

1
P, = Pa(T) = ERS(T)HEf

The temperature dependence of R, can be well described, for a superconductor,
by the two-fluid formula, that can be written as:

Ty\% B
A
Ro(T) = Ry(To) () |——L
V=0
Te
where R¢(T,) is the surface resistance of the superconductor at the initial temperature
and a=4, B =3/2 for a BCS superconductor and a~ 2, B ~ 0.3 for HTS

The problem can be easily faced dividing the pulse time lenght tinto N small intervals At
(so that t= NAT) sufficiently small that R, can be considered constant in that interval.
The solution can than be found by a iteration procedure.

_ Rs(DHZrxap ka [ag L . L
TMW [1 to /a—A erfc (ZxAD) +mierfc (ZxAD) +T,

This iterative calculation has been implemented using excel.
Input parameters are T, k, 5, 0,5 (0r C,and p), t, L, Ry, T.and B,



77K | K(W/mK) | C,(J/KgK) | p (Kg/m’) | a(m®/s) | T(us) | Xp(um) | La(um) Ry (MQ) B, (mT) To T
Solder 50 100 8650 0,000058 1,00 7,60 ‘ 20 1 50 \ 77 91
Copper 600 200 8940 0,000336 18,32

Tmax = 77,13 K Tmax(K) vst (lis)
91,0000
Rsmax = 1,01 mQ
89,0000
87,0000
85,0000
83,0000
81,0000
79,0000
77,0000 «

0,0000 0,1000 0,2000

0,3000 0,4000 0,5000 0,6000 0,7000 0,8000 0,9000 1,0000




77K | K(W/mK) | C,(J/KeK) | p (Kg/m’) | a(m?/s) | T (us) Xp (um) L a(km) Ry (MQ) B¢ (mT) To T,
Solder 50 100 8650 0,000058 1,00 7,60 20 1 200\ 77 91
Copper 600 200 8940 0,000336 18,32
Tmax = 79,33 K Tmax(K) VSt(p'S)
91,0000
Rsmax = 1,12 mQ
89,0000
87,0000
85,0000
83,0000
81,0000
79,0000 !
77,0000 &

0,0000 0,1000 0,2000 0,3000 0,4000 0,5000 0,6000 0,7000 0,8000 0,9000 1,0000




77K | K(W/mK) | C,(J/KgK) | p (Kg/m®) | a(m’/s) | T(ps) | Xp(um) | La(um) | Ro(mQ) | By(mT) To T.
Solder 50 100 8650 0,000058 1,00 7,60 20 1 350 \ 77 91
Copper 600 200 8940 0,000336 18,32

Tmax = 86,66 K Tmax(K) vst (lis)
91,0000
Romax =1 ,77 mQ
89,0000
87,0000
85,0000 ‘..o“'.
83,0000 e
81,0000 o o
79,0000 o
77,0000 ®

0,0000 0,1000 0,2000 0,3000 0,4000 0,5000 0,6000 0,7000 0,8000 0,9000 1,0000




77K | K(W/mK) | C,(J/KeK) | p (Kg/m’) | a(m?/s) | T (us) Xp (um) L a(um) Rso (MQ) B¢ (mT) To T,
Solder 50 100 8650 0,000058 1,00 7,60 20 1 400\ 77 91
Copper 600 200 8940 0,000336 18,32
Tmax = #NUM! K Trnax(K) VS t (pis)
91,0000
—' [ ]
Rsmax _#NUM! mQ o
89,0000 ..'
87,0000 ,-'.
85,0000 .-'.
83,0000 ..°'.
81,0000 ,-'.
79,0000 ,°.
77,0000 ®

0,0000 0,1000 0,2000 0,3000

0,4000

0,5000

0,6000

0,7000 0,8000 0,9000 1,0000




77K | K(W/mK) | C,()/KeK) | p (Kg/m®) | a(m?/s) | tT(us) | Xp(um) L a(um) Ryo (MQ) B, (mT) To T
Solder 60 100 8650 0,000069 1,00 8,33 12 & 1 400 & 77 91
Copper 600 200 8940 0,000336 18,32

Tmax = 88,80 K Tmax(K) vst (lis)
91,0000
Rsmax = 2,27 mQ
89,0000 |
87,0000 ....-'
85,0000 ...0‘“
83,0000 .,.-"
81,0000 .,o°°.
79,0000 s
77,0000 ®

0,0000 0,1000 0,2000 0,3000 0,4000 0,5000 0,6000 0,7000 0,8000 0,9000 1,0000




Conclusions :

Coating with REBCO tapes high rf field pulsed accelerating Cu
cavities at 77K for linear colliders is presently considered.

Problems can arise both from the nonlinear high field behavior of
REBCO tapes or from surface heating (leading to thermal runaway).

Approximate calculations based on a simplified system thermal
modeling have been presented here, showing that surface heating
can be a serious problem only at very high field. The operation limit
can be further raised improving the overall system thermal properties.

Numerical calculation for a system more close to the effective
experimental situation will be performed to confirm these indications.
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To estimate the error of the approximate solutions, we can set A=B in the solution for T,

Twax = Ta(0,7)= ZP“xAD ll + erfc( ) + \/_lerfc( xAD)]+TO

2PaXAD

Jrka +T0

We already know that , for a uniform material (A), itis: Tmax = Ta(0,7)=

So that the difference between the approximate solution and the exact in this case is :

L _ L error
erfc 2 ++/mierfc 2 0.12

| )

0.08
0.06
0.04
0.02

The approximation made overestimates the maximum surface
temperature up to a maximum of about 12% when L=x,,,



Cold Copper

Cryogenic temperature elevates performance in
gradient

e Material strength is key factor

e Improved conductivity reduces material stress
e Increases If efficiency

Operation at 77 K with liquid nitrogen is simple
and practical
e Large-scale production, large heat capacity,
simple handling
e Small impact on electrical efficiency*
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SPECIFIC HEAT, J/kg-K
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