
February, 1983

STUDY GROUP OF NUMATRON AND
HIGH-ENERGY HEAVY-ION PHYSICS
INSTITUTE FOR NUCLEAR STUDY
UNIVERSITY OF TOKYO

Midori-Cho 3-2-1, Tanashi-Shi,
Tokyo 188, Japan



INS-NUMA-48

Feb., 1983

Coupling Impedance of a Ferrite Pick-up Probe

H. Eickhoff*

Institute for Nuclear Study, University of Tokyo

3-2-1 Mitforicho, Tanashi-shi, Tokyo, Japan

* On leave from GSI (Gesellshaft fur Schwer Ionenforschung),

Darmstadt, Nest Germany from June to December, 1982.



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 hielix-type and a ferrite-type. For the helix-type
probe the calculations of the coupling impedance Zc, which 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 been deve-
loped.,, which also includes the calculations for the helix-type pick-
up. It is possible to calculate Zc for different boundary conditions
and various geometrical or material parameters.

II) Theory

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

II a) The electric field for a small ferrice (metal wall-matching)

The starting point to calculate the voltage U is the calculation of the
radial dependence of the longitudinal electric field component Ez(r)
that is produced by the beam (it is assumed that the geometry is '
symmetrical concerning the azimuthal component).
By solving Maxwell's equations one gets two solutions, one for the region
inside the beam (current + 0) and one (current»0) for the region outside
the beam (Fig. lb):

E Z I (r) - A * JQ (Ys * r) 0 <_ r <. a (1)

E Z I t (r) - B * I Q (y0 * r) + D * KQ (YQ*r) r > a (2)

(Jo, Io» Ko - Bessel functions, A is the field value for r = 0, ys, yo

are the propagation constants inside and outside the beam)

The constant yQ is given by the relation:

Y 0
2 - «2 (-4- - Jj) - «v (-V -1) <3>v2 c2 s r

(v«beam velocity, c= velocity of light, g =» v/c)

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

- 1 -



should be continuous:

EZI (a) = EZ]I (a)

^ E Z I (a) = ^ E Z I r ( 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:

E z n (d) = 0 (5)

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-Jo<YSa) = B^o ^ o
a ) + D - Ko^o a> < 6 a )

) (6b)

0 = B.Io(yod) + D-Ko (Yod) (6c)

(d = the radial position of the vacuum chamber wall, Fig. lb)
From these conditions the following equation for Y S c

a n be derived:

- D/B Kjfrpa)

)
K1(Y0a)I0(Y0d)

f

" U ° a ; I0(Yoa)Ko(Yod) - K0(Y0a)I0(Y0d)

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 Y s

a are given by the crossing points of LHS and RHS)

The :solution is not unique, because the left hand side of equation (7)
is a periodic function. The. calculations, however, take only the
first- branch of this function into account. After having determined
Y s the calculation of tne.coefficients B and D-is possible by using
the relations (6). The.shape of the resulting electric field Ez(r) is
shown in Fig. 4 (A=EzI(r=0)=l).

II B) The magnetic field, and the pick-up voltage

The electric field is surrounded 'vy an azimuthal magnetic field Hfl (r)

(Fig. 4):

H9 <r>
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Jueo
Yo

This magnetic field produces the magnetic flux $ inside the ferrite
core:

c

* = t y z o ' J H e ( r ) d r <9>
b

The induced voltage Uc inside the pick-up coil of the length 1 is
given by the time derivative of 4 : c

|UC| = j Ec-dl

tc f
u)-M0-U-z0'lHe(r)dr (10)

In order to determine the coupling impedance Zc i t is necessary to
calculate the beam current I.

II 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) :

i-1 = - P0 'u l + Pluo

(uQ = beam velocity; ui = plasma frequency; k = w/c)

Tho propagation constant ys may also be written in terms of the plasma
frequency:

Thus the current density- ij, may be expressed in. the following way:

As the electric field inside the beam is Ez(r) = Jo(Ysr) (Ez(0)si) the
beam current I , which is the integral of i^ over the beam cross section
comes out as:

a
I * 2irfri1(r)dr

6 _2__2
= -j2ir<i)e
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(11)

With the equations (11) and (10) the coupling impedance Z may be
written as:

f He(r)dr

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) s t i l l remains valid the second one (5) has to be replaced by the
condition that the electric and magnetic fields of region E and ffl
have the same value at the boundary r=b (Fig. lb). Inside the ferrite
the propagation constant Ŷ  may be expressed as:

«!_ ( -±- _ £ U ) (13)
v" c " c g

(c' = c/Zey" = light velocity in the ferrite)

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

( + for p - < ey

- for -*••> ejj)
6Z

Because of the frequency dependence of y the "+"-sign has to be chosen
for a certain lower frequency range (u < o)0), where the value of Yj
i s negative; the "-"-sign has to be chosen for an upper range (<D > (i)o).
The solutions of equation (14) are:

Ez l n :(r) = M-J0(Y ir) + NY0(Yir) (<o < <u0 ; Y l
2 < 0) (15a)

E
zm(;r> " M - V n r > + NKo^i1) <•"> > «o J ^ l 2 > °> ( 1 5 b )

For (o < (Do the magnetic fields in region 31 and HI are given by the
relations: "

- 4 -



^ f ^ p * = ̂ £<1 (MJ (Ylr) + NY^r)) (17)

The matching conditions for the ferrite may be expressed by the following
formula.': (&i < <o0):

0 l (18a)

(r-b) = He]D: (r=b)

^ Yob)) = - ^ J - (HJjCTib) + NY1(Y1b) (18b)

M-Jo(Y1c) + N-YO(Y!C) = 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:

D / B

with P - l/Yo(Yic)*(Jo(Ylb)-Yo(Yic)-Jo(Ylc)-Yo(Y1b)) (<i<0)o)

(P = l/Ko(Y1c)*(Io(Y1b)-Ko(Yic)-Io(Ylc)-Ko(Y1b))

Q = -eYo/(Y1-Yo(Y1c))*(J1(Yib)-Yo(Y1c)-

(Q =

After having determined D/B and ys with the relations (7a) and (19) the
coefficients B and D for the electric and magnetic fields in region II
may be calculated by using equation (6a):

A-J0<V>
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With the values of the parameters B,D and Ys 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 = i - (B-Io(yob) + D-Ko(Yob))

N " " M * V 7 I Z T ( « < » „ >
In(Yic)

With these parameters the calculation of He(r) in the ferrite and of the
coupling impedance Zc 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 ZJI (b) :

II e) Discussion of the matching condition

The general matching condition (7a) contains a term D/B, which for a
non-metallic wall is a function of the admittance Y = -He(r)/E2(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 J 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 §i" = e" = 0)
the value of Y is purely imaginary. 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 y (Fig. 3a, 8b) and one with
a slowly decreasing u (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 Zc %
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
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to the beam. The result is that the peak is shifted to a higher
frequency and that the- lower frequency-side parts of Zc are enhanced.
In Fig. 12 a comparison of Z c % 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
Appendix). 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 ji-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. IE a. For a helix, at a radial position b the
longitudinal electric field may be expressed by:

Ez(b) - . .(0) * J o ( Y s a ) .

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

Zc = Jl-Z-F

The function F may be expressed in the following way:

Fc= ^ • sin ( f )

i, is the length of one helix cell ( 1 turn): OJ is the cut-off-fre-
quency :

ic = 2Tr.b.gY cY= ( i - e 2 r 1 / 2 )
2c

u) = -j—•r-p) ( c = Speed of l i g h t
(£)) ' n=Nogoka coeffic

Tr-b-(n/ta(£)) ' n=Nogoka coefficient)



r=a

r=0

Pick-up coil

c

Fig. 1 a) Experimental set-up

r=d

r=c

r=b

r=a

r=0 -J iW/^
I I

b) Definition of geometrical parameters
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CAt.c or

Parameter-list

ve lo ci ty-p ar ame te r

beamradius

inn. core radius

out. core radius

radius of vac. ch.

core length

Dielectricity const

numb, of turns

v/c

a

b

c

d

z
0

- 0.12

- 4.8

- 13

- 19

- I'
- 6

- 10

= 1

cm

cm

cm

cm

cm

(pick-up-coil)

01 0. 49 U. 07 1.44 1.92 2-4!

200 Mhz

Fig- 2 ) Parameterlist; graphical solution of y
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1 Mhz
E (R) / R (Ml

b c 200 Mhz
E IR) / R (Ml

U. 00 0- 04 0- 08 0. 0. IS 0.19 'ij.OO 0.0-1 0.09 0.11 0. IS 0.19

Fig. 4 ) E (r),H (r) for metal wall matching (y =p (f);b=13; c«d<=19 cm)

H mi / R mi H (Rl / R (Ml

(c)
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1 Mhz E 'H ! / R !M)
200 Mhz

i l .OO C-0-* 0. OS 0. 1 I 0-15 0-19 %. DO C. 0-* Q. C9 0.11 0- IS 0-19
X X

(a) (b)

Fig. 5 ) E (r),H (r) for fer r i te matching (p =u (f);b=13; c=d=19 cm)
z y X

H (R) / R 1M) H(R)

TS-OO
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1 Mhz
r.!RI / R !MJ

b c 200 Mhz
E !R) / R !M

. \

\

\

\

N

"'0.C0 0.01 0-03 O.;i 0.15 0.13 'S'-OO O-O-l 0.03 0.11 0-iS 0.

X X
(a) (b)

Fig. 6 ) E (r),H (r) for ferrite matching (u =u (f);b=13; c-d-19 cm)

H (R) / R I.M) H !R) / R (M!



1 Mhz
C (ft! / R!Ml

a b c 200 Mhz
'R! / fl !.»>

o
•J» -

ci

i- .
d

ci

rS

\

\

\

\

\

o. a? o. :o o. 12 ?o. cs
X

( a )

•F18-7 ) Ez(r),HQ(r) for ferrite matching (u =y (f);b- 6; c-d=12 cm)

H !R! / fl H CR! / R !.H1

o. :o 0- :2

(d)
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ZC(F) / F (HZ) ZC IF! / F (HZ)

"l.OO 40.20 79.40 1U.S0 157.50 197.00 °u<10 *°-i0 7 3 - < ° 119.60 157.30 I97.IM
X K l O ' X K [ 0 *

Fig. 8 ) Coupling impedances according to conditions of Fig. 4,5,6,7

ZC IF) / F (HZ1 ZC (F) / F (HZ)

°i.oc tO. ID 73-40 113.5U ISJ. tO • 137.00
X H 1 0 *

(c)

•io. w 70. *o Ha.
x mo*

id)

157.80 : a ; . i J
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ZC V. FR (HZ) ZC X FR (HZ)

40.00 30.00 12U. U0 16(1.00 200.00
X X 1 0 '

t̂l.OO 40.00 30-00 I2U.00 160.00 201;. 00

Fig. 9 ) Coupling impedances of Fie. 8c,d (stretched Z - scale)
c



E (R) / R (Ml E IR> / R (M!

O.C.I 0.03 0. 11 0. IS 0.19 10.00 0.04 0. OS 0.11 0. IS 0.

X X

Fig. 10 ) E (r),H (r) for £=5(^60 Mhz(at the peak of Z^ in Fig. 8c)

H(fl) / R mi H (R) / R (Ml

:s .

ZJ .

o

2
i

\

0. CS 0. 11

X
0.15 0.19 %. 00
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GS 7. FR (HZ) CfJ 7. Ffi (HZ)

40.00 80.00 120-00 160.00 200.00
X X 1 0 '

(1 - Fig. 5; 2 - Fig. 6; 3 - Fig. 7)

Fig. 11 ) Frequency-dependence of y according to different conditions



MUE "/. FR (HZ) IC 2 FR (HZ)

to
o

. o .10-03 80.00 12U- 00
X * 1 Cl '

i 6ti-00 2U0. 00 ). cc •UI SC 00 12U. 00 160.00
X x 1 0 *

UC 00

Fig. 12 ) Coupling impedances for different \i — dependences



ferrite
ZC IF) / F IHE1 helix ZC (F) / F (HZ)

ZF/ZH 'I. FR (HZ)

H).oo

1,0

SO. 00 12U-00 160.00 200.00
X * I O "

(c)

a) Z for a ferr i te pick-up

(b-6, c-12, length»55 cm)

b) Z for a hel ix pick-up

(b=6, d-6.6, length-55 cm, 1?. turns;

c) rat io of Z ( ferr i te ) (ZF)

and Z (hel ix) (ZH)

Fig. 13 ) Comparison of Z (helix) and Z (fer r i te)
: C C
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