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The Coupling Impedance of a Ferrite pick-up probe

I) Introduction

For TARN two different pick-up monitors for a stochastic cooling system
are considered: a helix-type and a ferrite-~type. For the helix-type
probe the calculations of the coupling impedance Z., whiéh is defined
by the ratio of the voltage that is induced in the probe and the beam
current, have already been performed.

The coupling impedance of a ferrite-type probe may be derived in a
similar way, the formulas, however, are more complicated. Because the
calculations are very time~consuming a computer—program has beemn deve-
loped,., which also includes the calculations for the helix-type pick-
up. It is possible to calculate Z, for differeant boundary conditions
and various geometrical or material parameters.

II) Theo

The experimental set-up is shown in Fig. la: the particle beam, which is
surrounded by a ferrite core, produces a magnetic flux im this core.
The time-variation of this flux induces a voltage U in the pick up coil.
The coupling impedance Z, is defined as 2. = U/I (I=beam current).

II a) The electric field for a small ferrite (metal wall-matciing)

The starting point to calculate the voltage U is the calculation of the
radial dependence of the longitudinal electric field component E,(r)

that is produced by the beam (it is assumed that the geometry is
symmetrical concerning the azimuthal component).

By solving Maxwell's equations ome gets two solutions, one for the region
inside the beam (current # 0) and one (current=0) for the region outside
the beam (Fig. 1b):

E,p (r) =-A*Jo- (yg * 1) 0<rz<a 1
Ezp (r) = BxI (yo*xx) + DK (v *r) r>a )

(Jg, Ig, Ky = Bessel functions, 4 is the field value for r = 0, vg, Yo
are the propagation constants inside and outside the beam)

The constant y, 1s given by the rela;iop:
Y 2 .
1
Yol =w? (-5 =8 (5 -1 3
: v [ c B
(v=beam velocity, c=velocity of light, g=v/c)

The values of the coefficieﬁts B and D and the propagation constant y_,
however, have to be calculated by introducing- special matching conditionms.
The first conditior is that the electric field at the beam edge (r=a)



should be continuous:

Ezr (@) = Egp (2)
3 N (4)
ar EZI (a) = 5T Eznr (a)
The second matching condition reflects the influence of the surrounding
material. In the case of well conducting metal plates like for electro-
static or helix-type monitors this condition is that the electric field
at the position of this metal plate (i.g. r=d) should vanish:

The conditions (4) and (5) are also valid for a ferrite pick up probe
that does not influence the field distribution (for example a small
core that is not very close to the beam). In this case the matching
conditions may be written as:

A-J;(ysa) = B-I, (y a) + D-K (y,a) : (6a)
- Ys'A'fl(Ysa) = Yo(B-I)(yo2) - DKy (y,a)) (6b)
0 = B-I(Yod) + DKy (y4d) (6c)

(d = the radial position of the vacuum chamber wall, Fig. 1b)
From these conditions the following equation for y  can be derived:

(vs2)Jj (ysa) _ I;(Yoa) - D/B K)(y,a) ,
- JO(YSa) - ( Oa) I (Yoa) ¥ D/B KO(Yoa) ( a)

I3 (¥, a)Ko(yod) + Ki(yoa)Iy (yod)

= (02) TGk, (o) = Ky o) Lotrd) O

This equation can be solved either graphically or numerically for dif-
ferent. frequencies f. The graphical solution.is shown in Fig. 2.(the
solutions for Yga are given by the cr0551ng p01nts of LHS and RHS)

The . solutlon 1is not unlque, beeause the left hand side of equatlon (7)
is a periodic function. The. calculatlons, however, take only the _
first- branch of this function into account. After having determined
Y the calculation of the coefficients B and D is possible by using
‘the relations (6). The. shape 6f the resultlng electric field E,(r) is

shown in Fig. 4 (A=E I(r-O) =1).

II B) The magnetic field.and-thé‘piék—up voltage

The electric field is surrounded by an azimuthal magnetic field He (r)
(Fig. &4):
Jweg 3E,

Yoz'ér

Hg (x) = .(8a)



jwe
-T2 BT (1) - DKy (v0)) (8b)
o

This magnetic field produces the magnetic flux ¢ inside the ferrite
core:
c N
¢ = ubu-zo-JHS(r)dr 9
: b
The induced voltage U, inside the pick-up coil of the length 1 is
given by the time derivative of & :

lug] =} Ec-dl & 1B, = 22 = yeo
e c
= wep eu-zoe [Hg (r)dr (10)

In order to determine the coupling impedance Z; it is neéessary to
calculate the beam current I.

IT c) The beam current and the coupling impedance

From the Maxwell's equations and the continuity equation the following
relation for the a.c.-part of the beam current density i; may be derived
(the small signal assumption is used):

il = - po'ﬁl + pluo
2
A w
= - jueo —_.—JL_TI E,
(w~kuy)
(uo = beam velocity; vy = plasma frequency; k = w/c)

Th:: propagation constant yg may also be written in terms of -the plasma
frequency:

2
w,
Ysz =y 2(___.P_:2.. - 1)
(w-ku,)

Thus the current den51ty'il may be expressed in. the following way:

2

il = —ijo I__S +YO E
to

As the electric field inside the beam is Ez(r) Js (Y.x) (E (0)=1) the
beam current I, which is the integral of ij over the eam cross section

comes out as:
a
I= 2ﬂlri (r)dr

Yga
= -j2Mue 1s +Y° j (ygx)- Jo(Ysr)d(Ysr)
YO S °



2,2
. YS +Yo a
X ] i ¢ 2T E ¢ e
177 o 3o J1(¥sa) (11)
With the equations (11) and (10) the coupling impedance Zc may be
written as:

Uc
Izcl = i_I— ) c
= “.UO-ZO-YO 'YS .
ZraerC 2+ 2). He(r)dr (12)
mace, (v +vg Jl(Ys'a)

II d) Field matching at the ferrite core

If the ferrite core has a strong influence on the field distribution
the matching conditions have to be modified. While the first condition
(4) still remains valid the second one (5) has to be replaced by the
condition that the electric and magnetic fields of region I and 1T
have the same value at the boundary r=b (Fig. 1lb). Inside the ferrite
the propagation coustant v; may be expressed as:
2 2 2
1

2‘%-—92=%(—2-Eu) (13)

c c
(c¢' = c¢/vep = light velocity in the ferrite)

The equation for the electric field (current =0) is:

X% FRVCERY. i

1
( + for -BT< EY
. 1
- for 5> eu)
g2 :
Because of the frequency dependence of y the "+"-sign has to be chogen
for a certain lower frequency range (v < wy), where the value of v;
is negative; the "-"-sign has to be chosen for an upper ramge (w > wg).
The solutions of equation (14) are:
E,mp(r) = M- J (v1r) + NY,(y1r) W< uw; Yi-z < 0) (_15;)
By ér) = M-Io(yyr) + MK, (y; 1) (> w, ; ylz > 0) (15b)

For w < wb the magnetic fields in region I and II are given by the
relations: .

aE we
~jHgp (r) = =220 - Y—° (BI; (yor) = DKj (Yor)) (16)
Yo or .0



ce,, OE -
~1+Hgp(r) = 255%-——?51 = =250 (M1, (rpx) + N (qx)) A7)
Y £ 1

The matching conditions for the ferrite may be expressed by the following
formulas (w < wy):

B-I_(Yob) + D*Ko(Yob) = MIo(y1b) + BY,(y1b) (18a)
=2 (BI1(Yb) 1 DKy (1oh)) = = % (M3; (Y1b) + NY;(Y;D) (18b)

.0

E,m (r=c) = 0

M‘Jo(ch) + N'YO(YlC) 0 (18c)
The condition (18c) assumes, that there is a metallic wall at the outer
border of the ferrite core.

To calculate y_ the relation (7a) is still valid; the value of the
ratio D/B, however, changes. This ratio may be calculated by using the
formulas (18a-c). The result is:

P-I3(y,b) = QL,(v,b)

D/B = P.Kl(Yob)?‘.QKo(Yob) (19)
with P = 1/¥5(y1e)*(Jo(y1b) ¥o(yye) = Jo(y1e) -Y5(v1b)) (w<w,)
(P = 1/KRy(v3e)%(Io(y1b) *Ky(y1e) = I (yge) K (v b)) (w>w_)
Q = -eyo/(v1 Yo (y1e)) % (31 (¥1b) + Yo (v1e) - Jo(yze) Y3 (v1b))  (w<w )

@ = evo/ (1] "Koly1€) )4(I7 (Y1B) Koy e) + I, (¥10) Ky (Y1) (w>w))

After having determined D/B and Yg with the relatious (7a) and (19) the

coefficients B and D for the electric and magnetic fields in region II
may be calculated by usinig equation (6a):
AT, (Yga)

I, (Yoa) +D/B KO (Yoa)

B

(20)
1

D= ———Ko(Yoa) (A-Jo(_ysa) -B-I (yoa))



With the values of the parameters B,D and yg the electric and magnetic

fields in region I and II can be calculated by using the relation (1),

(2) and (8).

The coefficients M and N for the fields inside the ferrite (region III)
may be calculated with the equations (18a) and (18c). The resultis:

M= (B-I (ygh) + DK (yob))

Jo(v1e)
Yo (i)
. I5(v1¢)

K,(¥jc)

Q|

N=-Mzx (w<uwy)

(H=-M (w>w,))
With these parameters the calculation of Hg(r) in the ferrite and of the
coupling impedance Z. by using equation (12) is possible. It can be’
shown that with those coefficients the induced voltage in the pick up
coil is mainly a function of E,p (b):

IT e) Discussion of the matching condition

The general matching condition (7a) contains a terw D/B, which for a
non-metallic wall is a function of the admittance Y = -Hg(r)/E,(r).

If this admittance is a real or a complex value the matching condition
becomes very complicated, because the right hand side of equation (7a)
becomes complex and one has to calculate Bessel functions Jo and J

with complex arguments. A solution for such general boundary conditions
has been given by Birdsall and Whinnery ([2].

In the case of a pure inductive admittance with no losses Q' =e'" = Q)
the value of ¥ is purely imaginmary. Thus one has to solve the equation
(7a) only for real arguments. '

III Results

The results of the calculations (electric-,magnetic fields and coupling
impedances) are shown in the following figures.

Apparently there is a drastic difference in the coupling impedance
between a ferrite with a fast decreasing u (Fig. 3a, 8b) and one with

a slowly decreasing p (Fig. 3b, 8c, 9a). In the first case the coupling
impedance has a maximum at a rather low frequency and a low, almost
constant value for frequencies above 50 MHz. In the second case Z, %

f shows a resonance peak at defined frequency. This behaviour can be
explained as a phenomena of a pure inductive admittance wall [2].

Fig. 7, 8d, 9b show the calculation of the coupling impedance for the
same parameters shown in Fig. 2 except that the ferrite core is closer



to the beam. The result is that the peak 1s shifted to a higher
frequency and that the' lower frequency-side parts of Zc are enhanced.
In Fig. 12 a comparison of Z. ¥ f for different u = dependences is
given; all other parameters are kept constant in these calculations.
Fig. 13b shows the coupling impedance of a helix type monitor (length=
0.6 m) with the helix at the radial position b and metal-plates in
position d ( the transfer-function has been taken into account, see
Appenidix). A comparison between this helix type monitor and a ferrite
pick-up probe of the same length is shown in Fig. 13c (for the ferrite
monitor the p-dependence of curve 3 in Fig. 12 has been used). The
conclusion of these calculation are: in order to achieve a high coupling
impedance by use of a ferrite pick up probe

- the ferrite core should be as close to the beam as possible;

- it is desirable to choose a material with a smooth decrease of u
versus frequency.

Under these conditions an improved coupling impedance compared to .that
of the helix monitor is achievable.
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Appendix
Relations for the coupling impedance of a helix-type pick up.

The field equations and matching conditions for a helix~type-monitor
are described in Chap. I a. For a helix at a radial position b the
longitudinal electric field may be expressed by:
Ko(Yod)Io(Yob)-Io(Yod)Ko(Yob)

K (vo I, (v a)-1 (v DK (v a)

Ez(b) = Ez(o) * Jo(YSa)'

The ratio 2= ]Ez(b)/I| may be calculated with formula (11) of chap. I c.
In order to get”the coupling impedance 2., e.g. the pick up voltage
produced by the beam current I, the transfer function F and the length
% of the monitor has to be taken into account:

Z, = 4-2-F

The function F may be expressed in the following way:

_ 2% . A
F;— A sin (2)
= = . -—E - i —_w - ——w‘q’
with A = 2 b arcsin ( wg ) 2o

%2 is the length of one helix cell ( 1 turn): W, is the cut-off-fre-
quency:
-1/2

21-beBy (v= a-g%)~t%

w_ = 2¢ (c= Speed of light

¢ w-b-(ﬂ/ln(%))llz n= Nogoka coefficient)

=
]
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b) Definition of geometrical parameters
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Parameter-list

velocity-parameter
beamradius

inn. core radius
out. core radius
radius of vac. ch.
core length
Dielectricity const.

numb, of turns
(pick-up-coil)

v/c

[= PR e T < S -]

N

6

0.
4,
13
19

10

12

8 cm
cm
cm
cm
cm

CALC. OF G653

RHS

Fig. 2 ) Parameterlist; graphical solution of Yo

200 Mhz
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