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A technique for calculating the required impenetrability of brazing linac accelerating sections cooled by water
and for control of their hydraulic tightness based on the total helium leakage rate is given. Three types of cooling
systems: a water stream in tubes soldered on the outer surface of the sections, a water stream along the outer surface
and along the internal cooling channels in sections are considered. It is shown that the contact of accelerating sec-
tions surface with cooling water requires increasing the tightness of their soldering at least by 66 times. As an exam-
ple, requirements for hydraulic and air tightness of accelerating sections for the developed accelerator LU-10 NSC

KIPT are given.
PACS: 29.17.+w

INTRODUCTION

The temperature stabilization of the linac accelerat-
ing sections is carried out by two ways (Fig. 1): 1) by
passing water through tubes soldered on the outer sur-
face of the section [1] and 2) by flowing water along the
outer surface [1] or the internal longitudinal channels in
the section body [2, 3]. Method 2) provides better ther-
mal contact with the coolant, however, it leads to the
likelihood of water leak through soldered joints parts of
the accelerating section.

Obviously, method 1) requires checking the air
tightness of the section. Method 2), along with air tight-
ness, also requires hydraulic water tightness.

It should be noted that it is advisable to check the
hydraulic, as well as gas tightness, by helium leak rate,
which is associated with the undesirability of oxidizing
pore surfaces with water, making it difficult to eliminate
them by re-soldering. In this case, it is required to estab-
lish the ratio between the flows of gas and water
through the existing pores. Despite the importance of
the question of the necessary soldering tightness in the
choice of the technology for manufacturing sections,
there is no clear answer to it in the literature on accel-
erator technology. Here are some opinions on this mat-
ter will be given.
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Fig. 1. Methods of thermal stabilization of linac accelerating sections
with cooling tubes (a); the outside cooling (b); internal cooling channels (c).
Blue —water leaks; red — air leaks

LEAK MODEL AND ACCEPTABLE LEAK
RATE

Assume the presence of a single leak in the form of
a rectilinear cylindrical horizontal capillary of length L
and diameter D (Fig. 2).

To begin, we assume that the capillary walls and the
inner surface of the accelerating section are completely
wetted by water. A stationary water flow in this case is
possible when it leaves the capillary and spreads over
the inner surface of the accelerating section (see
Fig. 2,b). The same process will occur if the capillary is
not wetted (but the walls of the accelerating section are
wetted), if the water pressure in the cooling system is
greater than the meniscus pressure e.g. 253312.5 Pa
(2.5 atm) for D=1 pum.

If the water pressure is not enough, then the water is
blocked by the channel (see Fig. 2,c). The water flow
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into the accelerating section in this case will be limited
by its evaporation from the meniscus, which at a limited
number of leaks is much less than its desorption from
the whole section inside and can be ignored.
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Fig. 2. Design models of hydraulic leaks: wettable
capillary filling (a); spreading of water in a vacuum
with full wetting (b); non wettable capillary (c)
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Thus, a water flow through a rectilinear cylindrical
channel under the cooling water pressure can be taken
as a model, without capillary effects (see Fig. 2,b).

We assume that this leak is the only one in the ac-
celerating section, which is pumped out with a pumping
speed S=3-102m’/s (30 I/s) at the inlet pipe pressure
Py,= 1.33-10° Pa (10°® Torr) equal to section pressure.

Water vapor in a vacuum satisfies the equation of
state of an ideal gas. Therefore, in the stationary case,
P,=const, it create a flow of molecules into the pump
dN/dt = AP-S/kT, where AP — increase in pressure over a
stationary level in the absence of leaks.

As a criterion for tightness, we accept AP = &P,
Then the allowable flow of molecules will be:

(AN/At)max=EPHSIKT. (1)

The parameter & is determined by the developer
based on the requirements for the vacuum installation.
The standard is £= 0.1 [4]. However, in some cases, the
tightness requirement can be reduced several times. For
example, for the accelerator LU-10 which is being de-
veloped at the R&D “Accelerator” NSC KIPT, we can
assume &= 1, which will increase the pressure in the
accelerating section P, from 10™ up to 2-10™ Torr. Then
(AN/df)pax = 9.88-10" ¢,

From the condition for water molecules
(ANw/db)max = (AN/df)max, you can find the allowable
water volumetric leak rate: F'= (dV/df)max according to
the equation:

Omax = (AN/dl)max = 2
where n,, — volumetric density of water molecules.

Substituting n,, = 3.34-10** m™ (at atmospheric pres-
sure and a temperature of 20°C), we obtain:
F=2.9510"% m%/s. If D is the channel diameter, and v —
the cross-sectional average water speed, then

v=4F/nD*. 3)

By Reynolds number, Re = 4pF/(nDn), where p is

water density, and n — viscosity, we find the minimal

diameter D,;, for laminar flow, Re < Re:
4pF

D =——.
mmRe,,

(4)

Using Re.; = 2300 and water physical parameters at
a temperature of 40°C, equal to the temperature of the
section, we obtain Dy, = 2.48-10" m. Therefore, at
D >2.48-10"° m and an admissible volumetric leak rate
F, the water flow will be laminar.

It's obvious that minimal channel diameter D,;,, in
which water has a fluidity property, is 3Dy, where Dy, is
the diameter of the water molecule. Seeing D, =
3.1-10" m (from the Avogadro number and water den-
sity at normal conditions) we can conclude that, the
flow regime will be laminar for any diameter of the hy-
draulic leak channel when the water flow is below the
permissible.

Then, in order to calculate the allowable channel di-
ameter, we can use the Poiseuille formula connecting
the volumetric leak rate through a cylindrical channel of
length L with its pressure drop AP [5]:

4
F_TD AP
128n L

min

)
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Obviously, AP = P,, - P,, where P,, — is the the water
pressure in the cooling system. Typically, P, is above
atmospheric pressure P, therefore P,, = kP, where k > 1.
Due to the smallness of P,/xP, AP = «P. Then from (5),

taking into account (2), we obtain:
1

128nL |4
n-Kp-nw '

Dmax = [Qmax ' (6)
Assuming water viscosity at 40°C, 1 =6.6-10" Pa-s

and L=3-10"m, P=101325 Pa (I atm), k=3 (e.g.

LU-10 NSC KIPT), we obtain: Dp.x = 5.3-10" m.

In order to test the hydraulic tightness of the acceler-
ating section for helium, we calculate the helium leak
rate through this channel. At an average channel pres-
sure equal to P/2, the mean free path of helium mole-
cules is A =3.75-10" m [6], then the Knudsen number
i8: M/Dax = 0.7 > 1/3, which corresponds to the molecu-
lar flow regime [4], at which the flow of molecules ac-
cording to [7] is equal to:

av 1 = D}
0= 2] = )
dt 3\ 2mkT L
Substituting in (7), AP=101325Pa (I atm),

m=mye = 6.6-10°" kg and D = D,,,,, we obtain for he-
lium: (Ope)max = 410" ¢

Using the leak units accepted in the vacuum technique
we find the required sensitivity of the leak detector:
PdVuddt=kT(Ope)nax=1.63-10° Pa-m’)/s (1.2-10® (Torr-1Y/s).

For air (nitrogen) from (7) we find:
(QNZ)max/(Q)max =0.015.

Thus, the use of cooling systems with internal hy-
draulic channels or external water cooling of the section
requires at least a 1/0.015 =66 times increasing in air
tightness of soldering compared to sections cooled by
the water flow through the outer tubes.

PERMISSIBLE SECTION POLLUTION

It is obvious that impurities dissolved in water can
form a dry residue during its evaporation. The amount
of sediment at an acceptable but prolonged leakage can
be significant, which creates the question of its effect on
the electrodynamics’ characteristics and electrical
breakdown limit of the accelerating sections. An impor-
tant circumstance, when considering this issue, is that
the area of this pollution is limited by the condition of a
balance between the amount of evaporation and leakage
of water: gs = (dN/df)max, Where g —the flux density of
evaporating molecules, and s is the spreading area. To
assess the scale of this phenomenon, we assume uni-
form spreading when the sediment spot will have the
form of a ring with a diameter of Dy, (see Fig. 2,b).

For conservation electrical breakdown limit is re-
quired that Dge, << Dgi/2, where D is the internal
diameter of the resonant cell of the accelerating section.
Then also Ddep2 << (Deoi/2)’, which at the same time
ensures the conservation of electrodynamics’ character-
istics (microwave losses and phase velocity).

Using the Knudsen-Hertz equation [8] for P, << P,,
we find:

q = P,o(87kT, m,, )_0'5 . (8)
Then from the flow balance equation:
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qﬂ(l)dep2 - Dmaxz)/ 4 = Qmax, we obtain:

0.5
40
Ddep = |:ﬂ+Dmax2:| . (9)
g
Substituting  the accommodation  coefficient

o =0.045 [8], Ps= 7520 Pa (40°C) and using a typical
value for the S-band acceleration sections
Deoii = 0.08 m, we obtain: Dyey/Deoil = 2:10° << 1.

Therefore, leak criterion (1) for typical accelerating
sections also satisfies the criterion of their permissible
pollution with cooling water.

DISCUSSION

The above results were obtained with a single
straightforward leak in the accelerating section. In prac-
tice tightness is controlled by the total helium leak rate
through an unknown number and length leaks.

Using (2), (5), (7), we can find the flow ratio of gas
molecules through one capillary O, with a diameter
Dipax to that admissible by the hydraulic tightness crite-
rion Quay:

( 0, J 1281
Omax )y 3(27:ka)0'5 7,y Drmax

Substituting Dy, from (6), relation (10) can be rep-

resented as:

(10)

0.75
A ax
b
L0.25

(Q.), = (n

where 4 is a constant independent of the leak geometry.

Therefore, the allowable helium leak rate obtained
from (7) for a rectilinear channel Z =3 mm must be
reduced in the presence of winding channel with the
total length of straight line segments L,>>3 mm. A
probable limitation, apparently, can be considered
L, <100L.-Then the recommended tightness in helium
will be PdVy/dt < 5-10™° (Pa-m*)/s (3.8-10° (Torr-1)/s).

It also follows from (11) that a decrease in Oy, by a
factor of 100, for example for a linac with a photoinjec-
tor where P, = 10" Torr requires an increase in the rec-
ommended tightness obtained above to the level of
PdVyo/dt =1.58-10"" (Pa-m’)/s. The obtained value is
within the sensitivity range of serial leak detectors.

Let us estimate the error in the approximation of a
single leak.

For an array of n leaks:

Z":D?
[ Qg j — 12871 . 1 Dliax . (12)
Omax ) 3(2mmkT)” 0, ~ p?
* " ( o ) nw Dmaxz 1D4
1 max
From (10) and (12) considering that
Qmax)n = (Qmax)l = (Qmax) and Di/Dmax < la we get
0,
5:( 5’)131. (13)
(2.),

It follows from (13) that the assumption of a single
leak gives an underestimated value of the permissible
gas leak rate which guarantees hydraulic tightness in the
presence of an array of leaks.

The permissible error & depends on the position of
the maximum of the leak distribution function on the
diameter of their channel, which is generally unknown.
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For example, with a uniform distribution with a con-
stant step D; = iDpa/n:
3
D

( 0, j _128n ,
- 05 0
Qmax n 3(27’kaT) i’lw male-4
1

Using the sum values [9] in (14), we get:
( 0, ] _ 128n 30 n?(n+1)
Qmax n 3(27[ka)05 n, 4Dmax (2'1 + 1)(3”2 +3n— 1) ’

g (2n+1)(30° +3n-1)
T30 n’ (n+1)

Forn>>1,8~0.8.

Relation (15) does not depend on the geometry of
capillaries therefore it remains valid also for winding
channels.

8 (15)

CONCLUSIONS

From obtained results it follows that the dominant
factor in the process of leakage into vacuum is the am-
bient density but not viscosity. So, despite the difference
in the viscosity of water and air by 20 times, the differ-
ence in the density of their molecules by 3 orders of
magnitude leads to an increase in the water molecules
leak rate by 66 times, compared with the air leak rate.

Despite the increased tightness requirements, con-
tacted with cooling water accelerating sections can be
tested with serial helium leak detectors therefore, they
are quite reliable in operation.
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0O I'A30BOM U THAPABJIMYECKOU TEPMETHYHOCTH YCKOPSIOIUX CEKLIU JIY?
B.®. Kuzno

[IpuBeneHa Meromuka pacuera TpeOyeMOW TepMETUYHOCTH MaiKh YCKOpsromux cekmumii JIYD, oxiaxaaeMbIX
BOJIOH, ¥ KOHTPOJIS UX THUAPABIMYECKOW IE€PMETHYHOCTH MO OOIIEMY HATEKaHMIO rejus. PaccMOTpeHbI Tpu THIa
CHCTEM OXJIQXKJCHUS: TOTOKOM BOJIbI B TPYOKaX, HAallassHHBIX HA HAPYXKHOW MOBEPXHOCTH CEKIIMH, TOTOKOM BOJIBI 110
Hapy>KHOW MOBEPXHOCTH U MO BHYTPEHHUM KaHaJaM OXJaXAeHUs cekuuid. IToka3aHo, 4TO KOHTAaKT MOBEPXHOCTH
YCKOPSIOIIUX CEKIUH C OXJIaXIAIO0IIei Bool TpeOyeT MOBBIIIEHNSI TEPMETHYHOCTH HX ITaiKH, 110 KpaiHel Mepe, B
66 pa3. B xauecTBe nprMepa MpuBeneHbl TpeOOBaHHS K T€PMETHYHOCTH YCKOPSIOIIUX ceKiuid yckoputens JIY-10,
pa3pabatsiBaemoro B HHI[ XDTU.

ITIPO I'A30BY TA BOJASIHY TEPMETHYHICTb IPUCKOPIOOUYUX CEKIIIN JIIIE
B.®. Kuzno

Hapenena MeToarka po3paxyHKy TepMETHYHOCTI Maiku mpuckoprorounx cekuiil JIIIE, mo oXomomkyoThCs BO-
JIOI0, 1 OLIIHKY TepPMETUYHOCTI 32 3arajJbHUM HATIKaHHSM TeNil0 B TIPHCKOPIOIOYY CeKIit0. PO3rsHyTI TpU THIIH CHC-
TEM OXOJIOKEHHS: TIOTOKOM BOJM B TPpYyOKax, HanasHUX Ha 30BHILIHIH MOBEPXHOCTI CEKIIii, TOTOKOM BOJH IO 30B-
HIIIHIM TOBEpXHI 1 IO BHYTPILIHIX KaHaJaX OXOJO/MKEHHs cekIlii. [Toka3aHo, o KOHTAKT MMOBEPXHI HPUCKOPIOIO-
YHX CEeKI[iH 3 0XOJIO/DKYBAJIHHOIO BOJIOIO BUMArae ITiIBUIIEHHS] TepMETUYHOCTI iX maiiku, npuHaiiMHi, B 66 pa3zis. Sk
TIPUKIIa]] HaBeJIeHi BUMOTH 10 TePMETHYHOCTI IPUCKOPIOIOYHX CeKIii npuckoproaya JII1-10, mo po3poOioeTses B
HHII XDTI.
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