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Abstract

The oxidation of the metallic vacuum chamber intdéBurface is an accompanying process of the chambe
fabrication and surface treatment. This circumsartanges the electro dynamical properties of tie w
material and as consequence the impedance of tueirachamber. In this paper the results of
longitudinal impedance for oxidised metallic vacuadmamber is presented. The surface impedance
matching technique is used to calculate the vacchmmber impedances. The loss factor is given for
various oxides and oxidation thickness. The nuraéresults for the undulator vacuum chamber of
European XFEL project are presented.

I ntroduction

The knowledge of the vacuum chamber impedamegdelerators is an important issue
to provide the stable operation of the facilityrfraghe machine performance and beam
physics point of view [1]. The impedances of mataype vacuum chambers have been
studied , for example, in [2-12], including the Bmiaal presentation of the longitudinal
and transverse impedances for laminated walls fbérdnt materials [8-12] and finite
relativistic factor of the particle [11,12]. The takdielectric vacuum chamber
impedances have been studied in Ref [13-14]. Ir} {ikd longitudinal and transverse
impedances for the European XFEL [15] kicker vacuwlnamber are calculated based on
the field transformation matrix technique [12]. Aengral approach to evaluate the
impedances of the multiplayer vacuum chamber idigheé matching technique.

In this paper, the longitudinal impedance of rtietaracuum chamber with internal
surface oxidation is studied for ultrarelatividtieam case. The explicit analytical solution
is obtained for various thicknesses of the metédyer and oxidation depth. Based on the
obtained results the impedance of European XFELulatak aluminium vacuum
chamber is calculated for various oxidation depfffse explicit analytical solution for
longitudinal impedance of two-layer tube is obtdindhe exact formula for ultra
relativistic point like charge moving on axis igroduced in terms of surface impedance.
It is shown that in small oxide depth asymptotigitithe surface impedance on boundary
with vacuum can be estimated as a sum of oxideratdl surface impedances. Based on
this solution the monopole impedances for aluminiob@am pipe with different oxide
layer thickness are evaluated.
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1. Reflection of electromagnetic fields on boundary of two materials

Plane waves of any polarization can be describead asiperposition of waves with

perpendicular (TE-mode) and parallel (TM-mode) pgeédions to the plane of incident
[16, 17]. Let us investigate the reflection of #egaves with perpendicular and parallel
polarizations (fig.1) for the case when materia fiaite thickness. The case with infinite
wall thickness can be found as a limit. For monepotam impedance, which will be
discussed in next the chapter, only TM-mode isvesle So in this chapter we will

mainly focus on TM-mode.

Ay Ay

TE-Mode TM-Mode

Fig.1 Reflection of plane waves with perpendicular (left) and paralld (right)
polarizations from material surface which has finite thickness.

The z-component of magnetic field for TM-mode ahd same component of electrical
field for TE-mode are

Hi L =exel KT )-Ry el jk*r) Qn.rdzkl[sm )
EQ, =extl- | KT )+ R exil- jKT) ¥ cosp

Where the upper index describe the material numbdewn index describe the
polarization and projection of field.

From Maxwell's equation we get the transverse camepb of electric and magnetic
fields for both kinds of polarizations corresporniden
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By using the view of field components we can edsilg the surface impedance

Emx(xy=0) _kcosp1+R,,

Z8 (w @) =
@O xy=0 " a, 1-R,
(1)(0_) ¢) — ET(lE)z(X!y:O) — (22 1+ RTE

H2,(xy=0) kcosp1-R,
Wherer;,, andr,. are the reflection coefficients. Taking to accotmg wave vector view

k= w@ for surface impedance we get

24 m(@p) =loosgy” [T D )

The refracted wave field components for TM mode are

'I%I) 2 = &y eXF(_ km ) Bry exd— .er a)
with k" =[_“ }
ET(fA) x =_[aTM eXF( j km )+bnv| eXF( ] kzrdr)] + kZ,y

And for TE mode
EQ, =a, exd— j IZZ‘“F)— Bre exd— j kg f)
H = Kz [aTE ex;{— j E;“r)+ bre exr{- K F)]
W,

For surface impedance we get

Z8(w,p) = ET(f")'X(X’ y=0) = Ky 1=ty
M UHRL(y=0)  ar, 1+t
ER.(xy=0) _ oy 1-t,

ZE (. ¢) =
" 'I%)x(x y O) ky,2 1+tTE

Where TM ,TE bTM TE/aTM ,TE (2)

where the upper index (2a) shows the first boundasecond material.
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Taking into account the boundary conditions whieadls to have continuous tangential
component of wave vector

kx,3 kx,2 = kx,l = k15in¢

Using next relation of wave vectors between two iaeed

k' ey
RANP 3
” o (3

We can easily find next result

K2 —K2sin?d 1— _
260( )= Ve TN P Lty _ [ty 1oty

afZ 1+ tTM 52 ’ 1+ tTM

ZT(Ea)(w $) = W, 1-t — &il_tTE
JKE-KZsin?g 1+te | & ap L+t

Where

a,= 1- iy
EZILIZ

For the second boundary the surface impedance reads

E(Z) (X y= _d) L 1-t eJ 2dky »
b — ,TE, ’ - + s
) = e e T @
™ ,TE,z 1 y 2 ™ ,TEe

For third material the field components for TM made

HT(f/?z = Om exd— J EBF) K
@ K where k,=|
1 0OHgy y.3 T
2 = gy —2 expl- j Ky —k
joe, Oy S e, d : 3) >

And for TE mode we have

B -
ETM X

ET(?,z = O ex;{— ] EJ)

k Lo
HT(E),X = O WLSGXF(— J k3l‘)

3

And for surface impedance we get next result cpoedently
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20 (.g) = Ena6y="0) _ ks _ ks ~ksin’4

Hi.(xy=-d) wE,

28(wg)= Y=
H'ISE),X(X1y: _d) ky,3 \/k:f _kain2¢

whered is thickness of material. Using next notation

a, = 1- S ginz
£3ﬂ3

and equation (3) we get

ZQ e(@9) = [Foas (5)
, e,
In the case whe*yzsezﬁ‘ >> |,ul£1| the a,, = lapproximation is valid. Now by matching

the impedance& ) . (w,¢ With Z: (w,¢) we find the unknown coefficients,, and
te correspondently

1- - -
1A g 120Ky where Ay, ¢ = \ %aﬂzr(? (w,9) (6)
2

t =

e 1+ A’M ,TE
By matching Z{;> - (w,¢ )with Z) - (w,¢) we find the reflection coefficients for both
polarized fields independently

AR
ZE(w, @) cosp
_Z (w 9) cosp

e e

In the case when the third material is perfect cotat Z® (w,¢)=0 for surface
impedance formula is simplified

_q Uy
R e (0.9) = ”T—‘ with

M, TE

k k
Z® (0, 4) = 22 tanh(jdk, ,) = j—22 tan@k, ,)
™ WE y2 G, v2

2
(7)
28 (w,¢) = %tanh(jdky,z) = j%tan(dkyyz)
y.2 y,2

Where the y-component of wave vector in second mateas the next view
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ky,z = 0}\/52/'12 - glﬂlsinz ¢

In thin oxide depth (d<<1) limit surface impedanwoe reads

ZT('%Aa) (w’ ¢) ~ jaﬂ EMp — &ML SIN ¢
2

ZE (w,¢) = jap,d

For non-magnetic materials this formula is simptifi

. . £ ,—Sin
26 (@) = jaaya 200

r.2

ZE (@,4) = s

Whereg;, is relative dielectric permeability. For incidearigle g = 7/2 we get

a . £,-1
28w, ml2) = Jaﬂod;—

r.2

28 (w,7112) = japd

Let rewrite this equations in next form

£ ,—sin’¢

(2a) =i =
Ziw (@.9) = i (9) Lo = Mol = t:)

ZT(éa)(w) = jal L = 4,d

Since the units of parametets,, ;. are the same as for inductance, the thin dielectric

coating impact on beam impedance can be considasednfluence of inductor
impedance.
In the case when the third material is not pertextductor in most practical cases the

1€ >> 146, is fulfilled and the surface impedance for bothdkof modes are equal

and reads as
79 () =29 () = 2O () = |F2 = /J_‘q“o
TM( ) TE( ) ( ) £, K(a))

Where k(w) = 1+K° is conductivity of conductor with - relaxation time.
wr
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Taking into account notation in eq.(6) after sonmanrpulations for surface impedance on
boundary between vacuum and first material we get

2
209 (0, 8) =2 jtangk, ) +oz BT (M) L,
aE, ’ wE, 1+ Ay, tan(dkyyz)

au, tanf(dk,,)+1
k,, 1+ Acjtan@k,,)

(9)

2 (@ ¢) = 2 jrangk, ) +

y.2
The coefficientsA,,, ;. we right in next form

Aw =1-229(e)
y.2

Ac =%z@ (@)

2

For thin dielectric (d<<1) the asymptotic formuldlweads

a : gl’
Z5 (w.9) = japd =2

£, 1+ jee,d Z9 (w)
. Z9(w)
ZE2 (0, @) = jayd + —
1+ ngzluz — &4 SIN° d
H

Finally taking into account notations in eq.(7) eamdallness of dielectric layer thickness
we get

Ziire(w.9) = Zny e (w,¢) + Z" () (10)
Where meaning of the indexésand « are inductor and conductor correspondently.

2. Beam I mpedance

Consider the relativistic point chaiQenoving with speed of light along the axis of
uniform, circular-cylindrical two-layer tube of ien radius R (Fig.2). The charge
distribution is then given byQ(r,@,2) =QJd(r)d(¢)o(z—wvt). The second layer has
infinite thickness while the thickness of first asd .

The cross section of the tube is divided into threacentric regions: 1P<r <R
(vacuum), 2)R<r < R+d (first layer), 3)R+d <r < (second layer).
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Fig 2. Geometry of the problem

In general, when the charge has non-zero offsetf@gurrent axial asymmetry the fields
radiated in the tube have all six componé&yH,,E,,H,, and E ,H  while in

particular case when it is on axis only three congmts are excited, ,H,,E, and they

are independent on azimuthal coordinate ref [4p Maxwell’s equations in frequency
domain E,H ~e/®¥¢“)) for TM mode will reads

E =2ZH, (11.1)
H

19(H,) _ 3, - jaeE, (11.2)

ror

. OoE, .

JKE, — arz = jauH, (11.3)

WhereZ, = . cu, =377Q is the impedance of free space.

0
From equation (11.1) and (11.3) follows that thegitudinal component of electric field
is constant

o, =0 = E,=const=-—-

12
or j e, (12)

Substituting to the second equation we get

Ea(rH¢)=J ‘A
roor ‘

Let us rewrite above equation in next form
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o(rH,)
or

=Jr+Ar (13)

Taking into account the relation between curret @amrent density

| =[3ds=([Irdgdr

The integration of equation (13) gives

2

2mH, =1+ A 27
2

And for azimuthal component of magnetic field wé ge

H¢:I_+AL
21T 2

Finally all components of EM field will read

H, = [l— + Aﬂej(i)z_mj

2T
E = z[ﬁ + Aﬂej(““J (14)
E,=—- A ej(%_ﬂj

J ¥,

The beam impedance will be

The surface impedance on first boundary could badaising matching technique.
In terms of surface impedance for this coefficiim easy to get following expression
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A=—jae,l 203 iRz

c 27,
Finally for beam impedance we get
2,= iRZ
c2Z,

Where surface impedance can be found using theutlasvderived in previous chapter
where should be taken into account that the elecgmetic field excited by ultra-
relativistic charge has only transverse componaitigh leads ofg =7/2 incident

angle.

Z@) = jak L= ppd &t
Z(wW)=Z(w)+Z(w) where i with '
(D =ZH @)+ 24 (@) Zi@= 1 k(@)=
1+ jor

This formula coincides with thin coating asymptolilmit of exact solution for beam
impedance of two layer tube derived in ref [10,12].

3. Numerical results

In this section we present results of influencéhat oxide layer on loss factor and energy
spread. Wake potential of a Gaussian bunch witl 25:m rms length was calculated

for aluminium (x, = 372010'Q,7 = 7.1[10™*°s) beam pipe with 5mm radius. To evaluate
loss factor and energy spread next formulas hage bsed

Lossfactor=<W >= IW(s)x(s)ds

Energyspread= \/< (W-<W >)2>= \/J. (W(s)- < W >)2)\(s)ds

SZ
20}

WhereW(s) is a wake potential ang(s) = \/271 ex;{— ] is a normalized Gaussian
70,

distribution function.

10
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Fig 3. Loss factor and energy spread versus oxide thickness for different kind of oxides.

In figure 3 are plotted loss factor and energy apreersus oxide layer thickness. The
calculations are done for three type of oxides wafative dielectric permittivity 2, 5 and
10.

11
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Fig 4. Loss factor and energy spread versus oxide dielectric permittivity for different thickness.

In figure 4 are plotted loss factor and energy apreersus oxide relative dielectric
permittivity. As we see from both figures (3, 4etmfluence of oxide layer in a worst
case where, =10 already at 50 nm thickness increases the lossriantore than 60%.
Since it is unknown the properties and thicknessxade layer which is appearing during
manufacturing of accelerator parts in next figure make investigation for the worst
oxideg, =10. In figure 5 is plotted the loss factors versugle thickness for different
beam pipe radiuses.

12
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Fig 5. Loss factor and energy spread versus oxide thickness for different beam pipe radiuses.

In European XFEL project the undulator sectionsdesigned with aluminium vacuum
chambers with elliptical cross sections. The edlipsameters in both planes are 15mm
and 8.8mm correspondently. Losses in that secaonbe estimated by round beam pipe
model with radius 4.4mm. As we can see from figu@ready at 60nm oxide thickness
the losses increases two times with respect td @ds (no oxide).

13
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