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COOLING SYSTEMS FOR THE LU-10 ACCELERATING SECTION 
V.F. Zhiglo, V.A. Kushnir, V.V. Mytrochenko, K.Yu. Kramarenko 

National Science Center “Kharkov Institute of Physics and Technology”, Kharkov, Ukraine 
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Parameters and design of the cooling system of the accelerating section for industrial high power linac are given. 
It is shown that the heating of the outer surface of the accelerating section constitutes 1°C at average r.f.-power of 
30 kW and cooling water flow of 80 l/min. Thermal deformations have little effect on the microwave-characteristics 
of the accelerating structure. 

PACS: 29.20.Ej 
 

INTRODUCTION 
To increase the productivity of sterilization radiation 

technology of the medical products at the “Accelerator” 
R&D Production Establishment of NSC KIPT [1] and 
for carrying out scientific research it is necessary to 
raise the average beam power of the existing electron 
linac LU-10 [2]. Thus an upgrade of the LU-10 is need-
ed. 

The upgrade involves replacement of an obsolete r.f. 
source (KIU-12A klystron) with a commercially availa-
ble r.f. source (VKS-8262F klystron). Because operat-
ing frequency of the new r.f. source that is 2.856 GHz is 
different from that of the old one the upgrade needs de-
velopment and fabrication of a new accelerating section. 
The maximal average r.f. power of the new klystron is 
36 kW. To provide reliable operation we plan to use just 
30 kW of this power. 

Operating temperature of the section was chosen 
equals to 40°C as some compromise between water 
cooling abilities at high ambient temperatures and the 
temperature limit of 50°C that is associated with the 
deposition of salts on the cooled surfaces that is signifi-
cantly reduces the heat exchange. The increasing of the 
average power of the r.f. supply makes the great im-
portance of estimation of the values of the probable 
thermal deformations of the section caused by its tem-
perature inhomogeneity. 

The calculation results of hydraulic and thermal re-
gime of accelerating section designed for the LU-10 
electron linac upgrading [3] are presented. 

1. ACCELERATING SECTION DESIGN 
Accelerating section (Fig. 1) consists of 87 reso-

nance cells formed by brazed rings and discs and has a 
length of Lac = 3 m [3]. R.F.-power supply is carried out 
through the waveguide 8 and the input coupler 1. The 
output coupler 5 is used for deflation of r.f. power to the 
terminated load. The water supply is provided through 
fitting 11 and water drains through fitting 7. After braz-
ing in the vacuum furnace the accelerating section has 
to be placed into the solenoid [3]. The peculiarity of the 
technology consists in the fact that the output wave-
guide and fittings must be attached to the section after 
it’s placing into the solenoid. Brazing by silver solder in 
the air is difficult, because the protection of copper ac-
celerating structure and waveguides from oxidation is 
needed. To eliminate the brazing process, mounting of 
fittings 7, 11 and the output waveguide 8 can be made 
by welding in the air that does not require a protective 
atmosphere for the section. Two stainless steel inserts 9 

and 10 are used for the connection of the output wave-
guide 8 to the coupler 5. These inserts are brazed in a 
vacuum to the waveguide and coupler. Welding is per-
formed on the junction of inserts.  

 
Fig. 1. Arrangement of the accelerating section LU-10, 
stainless steel is shown in gray color, the rest is copper 

The cooling water enters from the inlet fitting 11. 
Collector 6 distributes this water on cylindrical channels 
passing along the whole length of the section. The di-
ameter of channels, which can be seen in rings in Fig. 1, 
is d = 8 mm. 

 
Fig. 2. Cooling channels and collectors of water input 

(blue) and water output (red) 
Cooling channels and collectors filled with water are 

shown separately in Fig. 2. It can be seen that the back-
loop heat exchange circuit is used. Camera 2 of the inlet 
collector distributes the stream on six channels going 
along whole section to the chamber 5 of input coupler, 
where the flow reverses back. Water output from the 
chamber 5 into the chamber 1 of outlet collector realizes 
by 6 channels (red). To cool the part of the section be-
tween input and output waveguides, additional loop 3, 4 
is also connected to cameras 1 and 2. The outlet chan-
nels of this loop with an additional collector 3 are 
shown in red in Fig. 2. Supply and drain of water occurs 
here on two channels that connected in parallel. Change 
of the flow direction occurs in the chamber 4. 
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Fig. 2 shows that the additional cooling loop 
(between the waveguides) violates azimuthal periodicity 
of cold and hot water channels. At significant heating 
this can cause the thermal deformations that violate the 
axial symmetry of the accelerating field. Using of stain-
less steel in the waveguide line is also the peculiarity of 
designed accelerating section. It may cause additional 
heating due to low electrical and thermal conductivity of 
this material relatively to copper. 

2. CALCULATION METHOD 
Taking into account the smallness of the expected 

temperatures in comparison with the temperatures of 
metal melting and water boiling, stationary 
homogeneous linear heat conduction problem is solved: 
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where λ is the thermal conductivity, T is the tempera-
ture, n  is the normal vector to the boundary surface S, 
qs is the heat flux density on S. 

To solve the problem (1) in the case of axial 
symmetry, two dimensional codes can be used: λ' = λr, 
q's = qsr. 

Thus, the slight change of absorbed r.f. power along 
the section allows to use the two dimensional approach 
for calculation of disks temperature in the region of out-
put coupler and temperature of waveguide walls.  

When the surface is heated by the r.f. field: 
21

2s s sq R H= , (2) 

where Hs is the magnetic field on the surface and Rs is 
the resistance of the skin depth (surface resistance). 
 ( )1/ 2

0sR fπρ µ= ,  

where ρ is the bulk resistance, f is the frequency of the 
r.f. field, µ0 is the permeability constant.  

For calculation of Нs  the SUPERFISH code is used 
[4]. Disk loaded waveguide of the accelerating section 
LU-10 is a non-periodic traveling wave accelerating 
structure, so the direct use of the SUPERFISH code 
designed for standing wave structures is impossible. 
However, a special algorithm [5] allows evaluating such 
parameters of 2π/3 traveling wave structures as group 
velocity, wave attenuation and shunt impendence using 
field patterns in one and a half cells of the traveling-
wave structure (Fig. 3). Knowing wave attenuation αw 
for each cell of the section it is possible to obtain distri-
bution of power losses P(z) in the whole structure by 
solving equation: 

.   
Longitudinal distribution of average rf-power losses 

in accelerating section without beam loading is shown 
in Fig. 4 for 30 kW of average input power. Cells are 
numbered from the input coupler. Number of the last 
cell (before output coupler) is № 87. Peaks of losses are 
located near the input and output couplers. It is obvious 
that these regions are of special interest for the calcula-
tion. The total power of losses is W = 10.7 kW. 

Now to obtain Hs we use the square root of the sum 
of squares of magnetic field patterns on the surface of 
the one and a half cell (see Fig. 3) for two sets of 

boundary conditions. One of them corresponds to the 
cosine solution while another one corresponds to the 
sine solution of the 2π/3 travelling wave mode. 
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Fig. 3. Field distribution in the 1.5 cavity.  

The top pattern corresponds to the cosine solution while 
the bottom one corresponds to the sine solution  

of the 2π/3 travelling wave mode 
Fields in the both cases is normalized by the same 

stored energy. Power dissipation needed to provide that 
stored energy is used to connect the cavity wall magnet-
ic field with power losses (see Fig. 4).  
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Fig. 4. Distribution of power losses per cell along  

the length of the accelerating structure 
Simulated distribution of the magnetic field 

amplitude on the disk and ring surfaces of the last cell 
before the output coupler at an input r.f. power of 30 
kW is shown in Fig. 5. Obtained data are substituted 
into Eq. (2). 
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Fig. 5. Distribution of the magnetic field on the surface 

of the cell № 87 
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When the heat exchange takes place qs = α(Ts-T0), 
where α is the heat transfer coefficient, Ts is the tem-
perature on the cooled surface S, T0 is the water temper-
ature on the axis of the cooling channel. 

Coefficient α for water is calculated from empirical 
relationships for pipes with natural surface roughness 
[6], based on the water speed in the channel V and the 
flow regime. 

By setting the heating of the cooling water on 
∆Т = 2°С, from the condition of the heat balance be-
tween section and water one can obtain: 

2
4WV

n d C Tπ ρ
=

∆
, (3) 

where n is the number of cooling channels, d is the 
channel diameter, ρ is the density and С is the specific 
heat of water, respectively. 

Substituting the parameters of developed accelerat-
ing section in Eq.(3), one can obtain: V = 3.3 m/s and 
water flow Q = nπd2V = 80 l/min. Then we find the 
Reynolds number: Re = Vd/ν = 4000, where ν is the 
kinematic viscosity of water. Such value of the Reyn-
olds number corresponds to turbulent flow regime for 
which the Nusselt number (the roughness of the channel 
walls is ∆ = 10 µ) equals to [6]: 

0.8 0.430.021Nu = Re Pr⋅ ⋅ , (4) 
where Pr = 0.7 is the Prandtl number for water.  

Using the definition of Nu, we obtain a heat transfer 
coefficient: α = Nu⋅k/d, where k is the thermal conduc-
tivity of water. If rectangular cooling channels 1, 2, 3, 4, 
5 (see Fig. 2) are used, Eq. (4) is also used by substitut-
ing a hydraulic diameter de instead of d: de = 4s/p, 
where s and p is an area and the perimeter of the chan-
nel cross section [6]. 

Upon cooling the outer surface of the accelerating 
section, such processes as thermal radiation (αr) and 
free convection (αc) [7] are taken into account. It is 
assumed that the temperature of surrounding walls and 
of the air is 20°С. In this case α depends on the temper-
ature: αr ∼ Ts

3, αc ∼ Ts
0.25/k(T). To avoid solving of 

nonlinear problem, the calculations made by iteration 
method of the stationary problem. Poor accuracy of this 
method has little effect on the accuracy of the final re-
sults, because of the smallness of αr, and αc relative to 
the heat transfer coefficient to the water α. 

To solve the question about the feasibility of the se-
lected cooling regime, the calculation of the water pres-
sure drop in the system ∆Р is required. It is known [8] 
that: 

2 2

2 2
i

i fr
i

V VP ρ ρξ ξ∆ = +∑ , (5) 

where ξfr = λfrL/d, L is the length of the cooling chan-
nel, λfr is the equivalent coefficient of hydraulic fric-
tion, λi  is the local hydraulic resistance coefficients, Vi  
is the local flow velocity. 

3. CALCULATION RESULTS AND 
DISCUSSION 

Substituting in Eq. (4) the thermal parameters of the 
water at 40°С, we find α = 1.5⋅104 W/(m2⋅K). Then the 
difference between the average temperatures of the wa-

ter and the section surface Ts-T0 = qs/α is obtained. 
Suppose that all the heat flow is passed through (allo-
cated on) the cylindrical surfaces of 16 cooling chan-
nels: W/(16⋅π⋅d⋅Lac⋅α) = 0.3°С. By setting the section 
average temperature of 40°С and the heating of the wa-
ter on 2°С one can obtain the desired temperature of 
input water of 38.7°С. This parameter is important for 
the calculation of the operating regime of the cooling 
tower and the whole cooling system of the accelerator. 

The hydraulic friction resistance between entrances 
in tubes in the rectangular ring of the collector may 
cause the additional difference in heating the water in 
adjacent channels. The maximum of this difference lo-
cates in the region of inlet of the water to the collector. 
Hydraulic calculations have shown that due to a short 
length of this part of the collector, the temperature devi-
ation is < 0.05°C at temperature of input water of 39°С. 
Therefore the contribution of friction resistance is taken 
into account only for the cylindrical parts of the cooling 
channels. 

In the back-loop system L = 2Lac. Using the ob-
tained value Re = 4000 with the roughness parameter of 
the walls of cooling channels d/∆ = 800, according to 
graph [8], one can find λfr = 0.03, ξfr = 22.5. Presenting 
∆P from Eq. (5) in the form of ∆P = ∆Pl + ∆Pfr, we 
obtain the friction losses in the cylindrical cooling 
channel ∆Pfr = 1.217⋅105 Pа (1.2 at). 

Local resistances are associated with the change of 
the direction or envelope of the flow. As can be seen 
from Fig. 2, such places correspond to: a) corner (bend) 
on the distributive (inlet) collector 2; b) tee at the en-
trance into collector; c) collector; d) outlet of cooling tube 
into the chamber 5. In the branch of reverse flow from the 
chamber 5 the following locations can be distinguished: 
e) entrance in the channel of backflow (red); f) collecting 
(outlet) collector; g) the transition to the tee fitting. 

For simplicity we assume that the water passes only 
two collectors on eight channels. We consider that the 
collector in the additional cooling loop differs negligible. 
Each of the two annular collectors is presented in the 
form of two linear collectors of equivalent length. These 
linear collectors are connected in parallel. By calculating 
the local velocities Vi  in according with the known cross 
sections and water flows, following [9], we obtain the 
pressure losses on the respective local resistances: 
∆Pa = 7.3⋅103 Pа, ∆Pb = 1.6⋅104 Pа, ∆Pc = 7.17⋅103 Pа, 
∆Pd = 5.4⋅103 Pа, ∆Pe = 2.7⋅103 Pа, ∆Pf = 1.1⋅104 Pа, 
∆Pg = 2.7⋅104 Pа. The total local losses are 
∆Pl = 7.67⋅104 Pа. The total losses of pressure in the 
cooling system are ∆P = 1.985⋅105 Pа (1.96 at). If the 
calculated value of the water flow is Q = 80 l/min and 
the pump efficiency is η = 60%, one can obtain the min-
imum pump power Wp = Q∆P/η = 444 W. With regard 
to the necessary pressure at the inlet of the pump (de-
pending on its type) and motor efficiency we have 
Wp < 1 kW. 

The result of the calculation of the temperature cor-
responding to the magnetic field from Fig. 5 is shown in 
Fig. 6. The temperature drop on the disk radius is inde-
pendent of the cooling. So this difference determines the 
limit of input r.f. power under the heat dissipation. As 
follows from Fig. 6, such drop is 2.5°C. 
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Fig. 6. Temperature distribution in cell No 87,  
top is the temperature, bottom is the isotherm 

In used computational model the cylindrical cooling 
channels are located outside the boundary of the ring 
(are excluded from the calculation). At this the heat 
transfer coefficient α on the outer surface of the ring is 
taken equal to 1.5⋅104 Вт/(m2⋅K), i.e. the same as in the 
cylindrical cooling channels (because the model is two-
dimensional). As a result we obtain the small 
temperature gradient across the thickness of the ring. 
This confirms the permissibility of such approximation. 

The temperature of the ring is little different from 
the temperature of the water. The temperature gradient 
in the ring is negligible. 

At simulation of LU-10 accelerating section [3] with 
the PARMELA code [10] and [11], it was shown that 
the uniform heating of the section at 3°С through 5°С 
has no significant effect on its characteristics and beam 
dynamics. It is obvious that such conclusion is also val-
id in the case of uneven heating to the same tempera-
ture. 

Thus the obtained results allow us to conclude that 
the designed cooling system will provide the operation 
of the accelerating section with the average r.f. power of 
30 kW. 

The insignificance of the temperature gradients in 
the ring of the cell, as mentioned above, allows to use 
two-dimensional models for investigating of the tem-
perature azimuthal inhomogeneity. 

Temperature distribution in the plane of the last disc 
No 87 of the section (before the output waveguide, 
which is shown on the right in Fig. 2) is shown in Fig. 7.  

 
Fig. 7. Temperature distribution on the disk, window  
of water inlet channel is at the top left (the water is 

cold), window of water outlet channel is at the top right 
(the water is hot), circular holes on the perimeter  

are cylindrical cooling channels 

The azimuthal asymmetry in the distribution is 
caused by the existence of windows of water inlet and 
outlet, as well as by the violation of the periodicity in 
the location of inlet and outlet channels (because of ad-
ditional cooling loop, see comments in Sec.1). Peak of 
the temperature is shifted to the right, in the direction of 
the outlet window with heated water. The temperature 
difference of the water between the adjacent channels at 
the top of the disc equals 1°С. Nevertheless, it does not 
break significantly the homogeneity of the temperature 
distribution on disc in the region of periodical location 
of channels.  

Hence the cooling channels do not cause significant 
asymmetry of the accelerating field. This result also 
confirms the permissibility of using a two-dimensional 
approach in solving the problem (the solution is illus-
trated in Fig. 6). The average heating of outer surface of 
the section is constant in the longitudinal direction that 
follows from the properties of the back-loop system. 
The value of the average heating constitutes about 1°С. 
The obtained value is of importance when the section is 
operating inside the solenoid. 

To determine the temperature of inserts 9, 10 (see 
Fig. 1), the plane problem of heat conduction for two 
contacting plates of stainless steel and copper is solved. 
Cooling of the steel plate corresponds to free convec-
tion. Cooling of the copper is carried out with a weak 
flow of water with α = 80 W/(m2⋅K). The values of heat 
generation on the surfaces are taken from the reference 
literature on the rectangular waveguides (power dissipa-
tion in rectangular waveguides). Calculation is shown 
that, when the copper plate is cooled by free convection, 
the temperature of the steel plate is 71°С. When the 
copper plate is cooled by water, the temperature of the 
steel plate is 57°С. This shows the sufficiency of the 
thermal conductivity of stainless steel for reducing the 
temperature of inserts 9, 10 by water cooled waveguide. 

SUMMARY 
Simulation is shown that developed cooling system 

provides the required characteristics of LU-10 accelerat-
ing section and its reliable operation. The heating of the 
outer surface of the accelerating section constitutes 1°C 
at average r.f. power of 30 kW and cooling water flow 
of 80 l/min. Thermal deformations have little effect on 
the r.f. characteristics of the accelerating structure. 
Power consumption needed to provide necessary cool-
ant flow is less than 1 kW. 

The work was partially performed under the contract 
K-9-29 NAS of Ukraine 
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СИСТЕМА ОХЛАЖДЕНИЯ УСКОРЯЮЩЕЙ СЕКЦИИ ЛУ-10 

В.Ф. Жигло, В.А. Кушнир, В.В. Митроченко, К.Ю. Крамаренко 

Приведены параметры и конструкция системы охлаждения ускоряющей секции для промышленного 
мощного линейного ускорителя. Показано, что нагрев внешней поверхности ускоряющей секции составляет 
1°С при средней СВЧ-мощности 30 кВт и потоке охлаждающей воды 80 л/мин. Тепловые деформации ока-
зывают несущественное влияние на СВЧ-характеристики ускоряющей структуры. 

СИСТЕМА ОХОЛОДЖЕННЯ ПРИСКОРЮЮЧОЇ СЕКЦІЇ ЛУ-10 

В.Ф. Жигло, В.А. Кушнір, В.В. Митроченко, К.Ю. Крамаренко 

Наведено параметри  і конструкцію системи охолодження прискорюючої секції для промислового поту-
жного лінійного прискорювача. Показано, що нагрів зовнішньої поверхні прискорюючої секції становить 
1°С при середній НВЧ-потужності 30 кВт і потоці охолоджуючої води 80 л/хв. Теплові деформації несуттєво 
впливають на НВЧ-характеристики прискорюючої структури. 
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