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Abstract

Studies are performed to evaluate temperature rise in the cavity bellows in an
accelerating cryomodule of 4 GeV superconducting (SC) linac that would be built
for the Linac Coherent Light Source —Il (LCLS-II) facility at SLAC. This note
presents estimation of temperature rise in the stainless steel and copper bellows.
Implications of copper coating (inner and outer) on a stainless steel bellows are also
discussed.

1 Introduction

The LCLS-II is a proposed free electron laser (FEL) facility that is planned to be
built at SLAC. This facility is primarily based on a 4 GeV continuous wave (CW) SC
linac. A detailed description of SC linac is presented elsewhere [1].

Major sources and their contributions to RF losses in an accelerating cryomodule are
summarized in Table 1. RF losses are estimated for the beam operation with bunch
charge of 300 pC and repetition rate of LMHz. We use cavity accelerating gradient of 16
MV/m in this estimation. The total power of 0.6 W dissipates over nine copper -coated
bellows in a cryomodule.

Table 1: Dynamic losses in an accelerating crymodule for the beam operation with bunch
charge of 300 pC and repetition rate of 1 MHz [2 ].
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2 Temperature Profile in Bellows

The cavity bellows is cooled down by process of conduction cooling. Thus, heat
removal in the bellows is not as efficient as in the cavities. Thus, additional power
dissipation in the bellows results in a temperature rise. Because of high vacuum, heat
transfer due to the convection is negligible and if neglect the radiation contribution in
heat transfer at cryogenic temperature, heat transfer is primarily governed by the process
of the conduction. Assuming heat transfer is mostly in one dimension, temperature profile
in a bellows can be evaluated using 1-D steady state heat diffusion equation as shown
below:

ey [q(z+6z)—q(z)j_
L e @

If we consider rate of heat deposition is uniform, we could re-write equation (1) as
following:

0 oT .
E[k(r)aj=—q 2

where k is thermal conductivity, q is rate of heat deposited per unit volume. Assuming

thermal conductivity is independent of temperature; solution of equation (2) can be
expressed as following:

T(z)—%zz{(—T(L)LT(O)}%L}H(O) (3)

where T (L) and T (0) are temperatures at both ends and L is effective length of bellows.
In order to find the solution of equation (2) that includes temperature dependence of
thermal conductivity, we define a variable U

U = [k(T)dT ; (4)

Thus we could write:
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Using equation (5) we could rewrite equation (2) as following:
o°U

77 = O (6)

Solution of equation (6) is:
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_ _ 9. _
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where A and B are constants of integration and one can find their values using boundary
conditions. If we consider Temperature is fixed at both ends i.e. T(0) = T(L) = T1,
equation (7) becomes:

T __9,..4aL .
jle(T)dT_—Ez v (8)

One can estimate temperature T (upper limit of integration) that satisfies equation (8) for

the power dissipation of gat a given location.

In order to estimate temperature profile in a bellow, we modelled bellows as a
cylindrical pipe. Solving equation (8) using following numbers, one can evaluate
temperature profiles in the bellows

L=392.14 mm; Bellows thickness = 0.3 mm; Radius of Bellows = 39 mm; T(L) = 4 K;
T(0) = 4K.

2.1 Temperature Rise in copper bellows

Copper of RRR ranging from 30 to 80 is to be used for the coating on the stainless
steel bellow. In order to find maximum rise in temperature for worst case, we use copper
thermal conductivity corresponding to RRR 30.
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Figure 1: (a) Thermal conductivity of copper of RRR 30 and (b) Integrated thermal
conductivity over temperature range from 1K to 300 K.

Figure 1 (a) shows temperature dependence of thermal conductivity [3]. We use
spline function to interpolate experimentally measured data. Figure 1 (b) shows
integrated thermal conductivity (U) over the temperature range 1K to 300 K.

In case, bellows is made of copper, one can estimate the temperature profile
using this information. Temperature evolution in bellows is evaluated for two cases. First,
we consider thermal conductivity of copper remains constant along the bellows and
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thermal conductivity of 184 W/(m K) corresponding to temperature 4K is applied. In later
case, temperature dependence of thermal conductivity is included Figure 2 shows
temperature profile along bellows for power dissipation of ~ 67mW.
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Figure 2: Temperature evolution along copper bellows for fixed (blue) and temperature
dependent thermal conductivity (green).

2.2 Temperature profile in stainless steel bellows

If bellows is made of stainless steel, total power dissipation (P) in a bellows due
to different sources is about ~1.17 W. Figure 3 (a) and figure 3 (b) show evolution of
thermal conductivity [3] and integrated thermal conductivity respectively for given range
of temperature.
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Figure 3: (a) Thermal Conductivity of Stainless Steel 304 and (b) integrated thermal
conductivity for the temperature range from 1K to 300 K.

Figure 4 shows temperature profile along stainless steel bellows. Stainless steel
has very low thermal conductivity at cryogenic temperature. It can be observed from
figure 4 (a) if a fixed thermal conductivity at 4K i.e. 0.3 W/ (m-K) is used in estimation;
there is an enormous temperature rise in bellows. However, if temperature dependence of
thermal conductivity is included, maximum temperature in bellows is about 125 K as
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shown in figure 4 (b). Figure 5 shows variation in thermal conductivity along the length
of bellows.
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Figure 4: Temperature evolution in stainless steel bellows (a) for fixed thermal
conductivity and (b) temperature dependent conductivity.
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Figure 5: Variation in thermal conductivity of SS 304 along bellows

2.3 Copper coating on stainless steel bellows

A coating of good thermal conducting material on an element made of poor
thermal conducting material is commonly used to improve heat conduction through this
element.

Ratio of thermal conductivity of copper-RRR 30 to thermal conductivity of
stainless steel-304 at 4 K is ~ 600. Thus, a coating of copper on stainless steel bellows
helps to improve heat conduction across the bellows and consequently a decrease in
temperature rise. In order to analyze heat conduction in a multilayer coated system, we
use network approach. Similar to electrical resistance, we introduce concept of thermal
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resistance. Figure 6 shows analogy between electrical and thermal resistance.
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Figure 6: Analogy between thermal and electrical resistance.
Thermal resistance R of the wall against heat conduction is expressed as:
R=— 5
A ©)

Applying fixed temperature at both ends, maximum temperature rise is obtained at z= L/2
which is given as:

PL
AT(L/2)=——; 6
(L/2) 3 1A (6)
In terms of thermal resistance, equation (6) can be expressed as:
AT(L/2)=PR, ; (7
where R, is net resistance.
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Figure 6: Pictorial representation of a multilayer system.

If a bellows is coated with a material of thermal conductivity k, on a material of
thermal conductivity k; and area of cross section for each material is A; and A;
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respectively, then conduction resistance of a coated bellows can be estimated using a
parallel network model as shown in Figure 6. Thus, net thermal resistance of the coated
bellows is

1 1 1

Rn Rl RZ

Ry = 22 ®
R +R,

Using the R from equation (6), R, is expressed as:

R-_ L -
" 8k,A +kA)
Inserting this value of R, in equation (7) one can easily estimate maximum temperature

rise in a coated bellow. It is worth to note that we neglect contact thermal resistance in
this estimation.

(9)

2.3.1 Inner Copper Coating

Copper has higher electrical and thermal conductivity than stainless steel. Thus, a
coating of copper on the bellows not only results in significant reduction of RF losses but
also enhances overall thermal conductivity of bellows. Consequently, total power
dissipation and therefore, temperature rise in the bellows is also small. According to
LCLS-11 cryomodule specifications, an inner copper coating of 15 mm +/- 5 mm is used
on stainless steel bellows.
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Figure 7: Variation in maximum temperature rise in bellows with inner coating thickness.

Figure 7 shows variation in maximum temperature rise (ATmax) With inner
coating thickness of copper. We use thermal conductivity of copper and stainless steel at
4 K in this evaluation. Estimation is performed for copper of RRR 30 and RRR 100.
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2.3.2  Outer Copper Coating

Outer coating of copper does not help to reduce RF losses but it improves thermal
conductivity of bellows. Figure 8 shows variation in maximum temperature rise with
thickness of outer copper coating on bellows.
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Figure 8: Variation in maximum temperature rise in bellows with outer coating thickness.

3 Conclusion

Stainless steel is a poor thermal conducting material. A study shows that
temperature rise in a stainless steel bellows is about ~ 125 K even for a power
dissipation of ~ 1.17 W. This makes it an unfavorable choice for the bellows in a
LCLS-1I cryomodule. However a copper coating (inner or outer) on stainless steel
bellows reduces temperature rise significantly. An inner coating of thickness 15 mm
results in maximum temperature rise less than 5 K and 2 K for copper of RRR 30 and
100 respectively.
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