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Abstract. The future accelerators with 1 GeV/m gradient will give rise to hundreds of

degrees instantaneous temperature rise on the copper surface. Due to its extraordinary

thermal and electric properties, diamond coating on the surface is suggested to rem-

edy this problem. Multi-layer structure, with the promise of even more temperature

reduction, is also discussed, and a proof of principle experiment is being carried out.

I INTRODUCTION

The quest for high accelerating gradient, on the order of 1 GeV/m, calls for the
development at high frequency. While peak power requirement, breakdown voltage
scaling with frequency is favorable at higher frequency, The pulsed temperature rise
of a 1 GeV/m machine is still prohibitively high. Basically the heat generated by
wall loss from microwave pulse di�uses slowly into the metal and local temperature

increases with the one half power of the pulse duration. Diamond coating on the
metal inner surface was suggested [1] to remove the heat away. The con�guration
is illustration in Fig. 1. Diamond being the hardest known material also has the
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FIGURE 1. Surface coating in accelerator cavity.

highest thermal conductivity of 2000 W/m�K at room temperature, 5 times that of
copper. The commercial success of Chemical Vapor Deposition (CVD) in arti�cial

diamond synthesis makes it economically feasible to be used in many applications.
One of them is heat sink in high power semiconductor device to lower its working

1) Work supported by the Department of Energy, contract DE-AC03-76SF00515.



temperature, and thus raise the reliability. In our application, the heat generated

on the metal surface di�uses away through 2 thermal paths instead of one: one
into metal and one into diamond. As long as diamond coating is substantially

thicker than the di�usion length � =
q
KTp=Cv� in diamond, the heat will not be

reected from diamond-vacuum interface until after the microwave pulse is over.
The quantities K, Cv and � are the thermal conductivity, speci�c heat and density
of diamond respectively. The pulse length is represented by Tp. With a 16 ns
pulse, � = 4 �m. The coating layer essentially acts as a fast heat di�user and heat

reservoir to temporarily store the energy.

II COATINGS

The following sections present a detail analysis of the thermal property of such
layered system, and electric property will be mentioned briey.

A thermal di�usion

Thermal di�usion in multi-layer system is common in applications ranging from
heat spread and heat sinks. There are many papers on this very subject. But most
of them calculate the steady-state equilibrium distribution, a solution of Helmholtz
equation. This section provides the solution of the time dependent thermal di�usion

equation in a multi-layered system.

The governing equation for heat di�usion is

�Cv

@T (t; ~x)

@t
�Kr2T (t; ~x) = P (t; ~x); (1)

where �, Cv and K are the density, speci�c heat and thermal conductivity of the
material respectively. The power density is denoted by P .
Laplace transforming Eq. 1, we have

�Cv(p �T � T (0+; ~x))�Kr2 �T = �P ; (2)

where the Laplace transform is de�ned as

�T � L(T ) =

Z 1
0

Te�ptdt ; (3)

and the result

L(
@T

@t
) = pL(T )� T (0+) (4)

is used to obtain Eq. 2.



To simplify the problem, we consider only the case of one spatial dimension. The

operator r2, therefore reduces to @2

@x2
. We assume the initial condition T (0+; x) =

0, which leads to

�K@2 �T

@x2
+ �Cvp �T = �P: (5)

The homogeneous solution of Eq. 5 is then

�T = ae�
p

p=Dx + be
p

p=Dx; (6)

where di�usivity is de�ned as D � K=�Cv and a and b are constants.
In a two medium system, illustrated in Fig. 2, the temperature distribution T1
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FIGURE 2. Heat di�usion in two medium with source at the interface.

and T2 in the two regions has the form

�T1 = a1e
p

p=D1x

�T2 = a2e
�
p

p=D2x

9=
; (7)

as a result of the boundary condition at in�nity. The heat source �P is assumed to
be a delta function �(x). Continuity at x = 0 requires that a1 = a2. Integrating
Eq. 5 from x = 0� to x = 0+ yields

(�K2)
@T2

@x
j0+ � (�K1)

@T1

@x
j0� =

Z 0+

0�
�P = 1: (8)

Substituting Eq. 7 in Eq. 8, we obtain

a1 =
1

1 + Z2=Z1

1

Z1
p
p
; (9)

where we de�ned the heat wave impedance Zi �
p
�iCviKi. Using the property

L�1 (
1
p
p
e�a

p
p) =

1p
�t

e�a
2 =4t ; (10)

we obtain the temperature distribution in the medium



Ti =
1

1 + Z2=Z1

1

Z1

p
�t
e�x

2=4Dit: (11)

The solution is the Green's function of di�usion equation with source at x = 0.

Eq. 11 can be understood in terms of heat generated at x = 0 being shared in the
two medium according to their respective thermal wave impedances Zi. When the
two media are the same, Eq. 11 reduces to the well known result for the Green's
function in a uniform medium

G(x; x0; t; t0) =
1p
4�

1q
K�Cv(t� t0)

e�(x�x
0)2=4D(t�t0) (12)

Since the skin depth at 91 GHz is only 0.22 �m in copper, the di�usion length

of a 16 ns pulse
q
D1Tp = 1:4�m is much larger. Thus to a good approximation,

we may assume all the heat is generated at the interface x = 0. We will deal with
�nite skin depth e�ect later. The surface temperature rise is then

T =
1

1 + Z2=Z1

2P0Tpq
�K1�1Cv1Tp

(13)

after integrating Eq. 11 over a square pulse of length Tp. The surface power ux
is represented by P0. With diamond coating on copper, the peak temperature is
(1+Z2=Z1)

�1 = 0:36 times that of copper alone. The diamond thermal conductivity,
density and speci�c heat are 1800 W/m�K, 3.54 kg/m3 and 674 J/kg�K respectively;

and those of copper are 401 W/m�K, 8.96 kg/m3 and 385 J/kg�K.

B three-layer model

The above estimation assumes an in�nite thick diamond layer. One way of mod-
eling the �nite diamond coating thickness is a three-layer con�guration, illustrated
in Fig. 3. Assuming the heat source is located at x = x1, the temperature �Ti can
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FIGURE 3. Three-layer coating model. The heat source is assumed to be located at x = x1.

be expressed as

�T1(x; p) = a1e
p

p=D1(x�x1)

�T2(x; p) = a2e
�
p

p=D2(x�x1) + b2e
p

p=D2(x�x1)

�T3(x; p) = a3e
p

p=D3(x�x2)

9>>>=
>>>;

(14)



The continuity of temperature and heat ux at x = x2 requires

a2e
�
p

p=D2(x2�x1) + b2e
p

p=D2(x2�x1) = a3

a2e
�
p

p=D2(x2�x1) � b2e
p

p=D2(x2�x1) = Z3
Z2
a3

9=
; (15)

Solving Eq. 15, we obtain

S22 �
b2

a2
=

1� Z3=Z2

1 + Z3=Z2

e�2
p

p=D2(x2�x1): (16)

Similarly, at x = x1 we have

a2 + b2 = a1
k2(�a2

q
p
D2

+ b2
q

p
D2
)� k1a1

q
p
D1

= �1

)
(17)

Combining Eq. 16 and 17, we can solve for a1; a2; b2 and a3:

a1 = 1p
pZ1(1+Z2=Z1)

1+S22
1+�12S22

a2 = 1p
pZ1(1+Z2=Z1)

1
1+�12S22

b2 = 1p
pZ1(1+Z2=Z1)

S22
1+�12S22

a3 = 1p
pZ1(1+Z2=Z1)

e�
p
p=D2(x2�x1)

1+�12S22

2
1+Z3=Z2

9>>>>>>=
>>>>>>;

(18)

where

�12 =
1� Z2=Z1

1 + Z2=Z1

: (19)

The temperature at x = x1 follows

�T1(x1; p) = a1 =
1

p
pZ1(1 + Z2=Z1)

(1 + S22)
1X
n=0

(��12S22)
n; (20)

where we have expanded the denominator. Eq. 20 can be simpli�ed further to read

�T1(x1; p) =
1

(1 + Z2=Z1)

1

Z1
p
p
[1 +

1X
n=1

(1� 1

�12

)(��12)
n�n

23e
�2n
p

p=D2�x]; (21)

where �23 = (1�Z3=Z2)=(1+Z3=Z2) and �x = x2�x1. Utilizing Eq. 10, we obtain
the temperature at x1

T1(x1; t) =
1

1 + Z2=Z1

1p
K1�1Cv1�t

[1 +
1X
n=1

(1� 1

�12

)(��12)
n�n

23e
�4n2�x2=4D2t]: (22)

Compared to Eq. 11 with x = 0, the �nite thickness of medium 2 gives a correction
factor; each term under the sum represents the multiple reection of heat wave



between 2 interfaces. Integrating Eq. 22 with a square pulse, we obtain the surface

temperature

T =
1

1 + Z2=Z1

2P0Tpq
�K1�1Cv1Tp

[1 + �c] (23)

where the coating thickness correction factor

�c =
1X
n=1

(1� 1

�12

)(��12)
n�n

23(e
�n2�x2s � n�xs

p
�erfc(n�xs)); (24)

and the scaled coating thickness �xs = �x=
q
D2Tp.

The value of �c, plotted in Fig. 4 for �nite diamond thickness on copper, naturally
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FIGURE 4. The correction factor �c plotted as a function of coating thickness, which is nor-

malized to di�usion length
p
D2Tp.

approaches zero as �x becomes large. But even with a coating thickness of 1.5 and

2 di�usion lengths, the correction is only 2% and 0.2% respectively.

C RF skin depth e�ect

The e�ect of RF skin depth can also be calculated from the three-layer model if
we assume medium 1 and 2 are the same metal and medium 3 is diamond. From

Eq. 18, we obtain

�T (x2; p) = a3 =
1

1 + Z2=Z1

1
p
pZ1

e�
p

p=D1�x; (25)

where the subscript is renumbered to suit Fig. 5. Taking the inverse Laplace trans-
form, we get
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FIGURE 5. Model the e�ect of skin depth on temperature rise. Number 1 and 2 denote metal

and diamond respectively.

T (x2; t) =
1

1 + Z2=Z1

1p
�K1�1Cv1t

e��x2=4D1t: (26)

The RF loss decays exponentially into the metal, e�2�x=�, where � is the skin depth.
Considering an arbitrary pulse, the surface temperature at the end of the pulse is

T =

Z Tp

0

P0f(t)

1 + Z2=Z1

dtp
�K1�1Cv1t

Z 1

0

2d�x

�
e�2�x=�e��x2=4D1t; (27)

where f(t) represents the temporal pro�le of the pulse. After integrating �x, we
obtain

T =
1

1 + Z2=Z1

2P0Tpq
�K1�1Cv1Tp

p
�

�s

Z 1

0
e4t

0=�2serfc(2
p
t0=�s)f(Tpt

0)dt0: (28)

where the scaled skin depth �s = �=
q
D1Tp. In the case of a square pulse, The

integration gives

T =
1

1 + Z2=Z1

2P0Tpq
�K1�1Cv1Tp

[1 + �s]; (29)

where the skin e�ect correction factor

�s = �
1

4

p
��s +

1

4
�s
p
�e4=�

2
s erfc(

2

�s
) (30)

= �1

4

p
��s +

1

8
�2s [1 +

1X
m=1

(�)m(2m� 1)!!(
�2s
8
)m] (31)

The �rst linear term of �s is the heat spread due to skin depth e�ect even without

di�usion. It results in a lower surface temperature. The value of �s is plotted in
Fig. 6. For a skin depth of 0.22 �m and 16 ns pulse, �s = �0:068.
Taking another limit that skin depth is much greater than di�usion length, i.e.

�s � 1 or Tp � 0:4 ns at 91 GHz, Eq. 29 and 30 becomes

T =
1

1 + Z2=Z1

2P0Tp

�1Cv1�
[
p
� � 8

3

1

�s
+O(

1

�2s
)]: (32)

The heat is concentrated in a layer roughly equal to the skin depth and di�usion
is small. In this region the surface temperature is approximately linear with pulse
length Tp and the interior of the metal may be much hotter than the surface.
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FIGURE 6. correction factor from skin e�ect.

D microwave property

Diamond not only has outstanding mechanical property, it is an excellent insula-
tor with electric resistivity on the order of 1018 
m and dielectric strength greater
than 1 GeV/m [2] [3]. Its loss tangent tan � < 5�10�4 is quite low. Thus for a pill-

box cavity, the Qd due to dielectric loss is approximately l�0=�x tan �, where l and
�x are the cavity length and coating thickness respectively. With a 8 �m coating
in a 250�m long cavity, Qd = 3 � 105. The dielectric loss is orders of magnitude
smaller than metal wall loss.

E multi-layer structure

Taking advantage of the fact that diamond conducts heat better than copper. A
three-layer system is proposed to reduce the pulsed temperature rise even further.
Two advantages are realized here: First diamond conducts heat better than copper.

Diamond

Copper

Diamond

FIGURE 7. Three-layer con�guration to reduce pulsed temperature rise.

Second heat generation is reduced by proper choice of metal thickness. The con-
duction current induced by the surface magnetic �eld decays exponentially inside
metal; it also alternates direction with respect to the surface value because of the



phase lag. Choosing a �lm thickness of 0.345 �m, about 1:57 times skin depth at

91 GHz, the reverse current is eliminated and RF loss is reduced by 8% [4].

Thin metal �lm on the order of skin depth
q
!�=2� provides excellent RF shield-

ing due to almost perfect reection at the metal-dielectric interface. For a coating
thickness about 1.57 times skin depth, less than 2 � 10�4 of the total power loss
leaks through metal �lm [4].
Taking the approximation that the metal �lm thickness is much smaller than the

di�usion length, we can estimate the pulsed temperature rise from a point source
in a medium of diamond, which gives

T =
2P 00Tpp

4�K2�2Cv2

=
1

2Z2=Z1

2P 00Tpq
�K1�1Cv1Tp

; (33)

where P 00 = 0:92P0. The two diamond layer con�guration further reduces the pulse
temperature rise to 0.26 times that of the bare copper.

III EXPERIMENT

We have chosen the microwave plasma enhanced CVD diamond process for its
economy, deposition rate, lower temperature and good quality control [5]. Typi-
cally, methane and hydrogen mixture are introduced into the chamber. Under the
microwave electric �eld, the gases are ionized into electrons and ions. The electrons,

with their small mass, are quickly accelerated to high energy about a few thousands
of degree or higher. The high energy electrons collide with gas molecules with re-
sulting dissociation and generation of reactive chemical species and initiation of
chemical reaction. The basic reaction is

CH4 ! C + 2H2

The substrate must be heated to 800-1000o C for diamond to form because at lower
temperature graphite is the thermodynamically stable allotrope. The resulting

polycrystalline diamond has almost the same property as single crystal diamond.
The vastly di�erent thermal expansion coe�cient between Copper (17�10�6/K)

and diamond (1� 10�6/K) makes it very di�cult to grow adherent and continuous
diamond �lm on copper substrate. The fact that copper does not form carbide also
makes adhesion extremely poor. The diamond �lm can usually be pulled o� after

the substrate is cooled to room temperature.
The key to growing diamond on copper is to �nd an appropriate interlayer that

bonds well with copper as well as diamond. We have tentatively identi�ed Ti-
tanium Tungsten which has excellent adhesion with copper substrate and form

strong covalent bond with carbon. A proof of principle experiment at X-band is
being pursued.
There is program at SLAC to look at the maximum pulsed temperature rise

that copper can withstand [6]. A TE011 mode cavity with removable end plates is



powered by approximately 1.5 �s 20 MW of X-band (11.424 GHz) pulse. Hundreds

of degrees surface temperature rise can be achieved. A removable end plate coated
with 70 �m of diamond, corresponding to about 2 di�usion lengths in diamond of
a 1.5 �s pulse, should be able to reduce the pulsed temperature rise to 36% that of
bare copper end plate.

IV CONCLUSION

Pulsed temperature rise is likely the most severe restriction on the gradient in

a structure based accelerator. Diamond coating to reduce pulsed temperature rise
by a factor of 2.7 to 3.8 is possible if appropriate interlayer can achieve good
adhesion. A proof of principle experiment is being carried out. Diamond coating
also has important application in high power vacuum device, especially in the
output cavities.
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