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Abstract.

The present diploma thesis demonstrates the pligsdfi creating a new
type of dc-current device — the magnetic flux caorigor. This device will
monitor the increased beam intensities at the éu@®I facility.

The accuracy of the measurements of the increasaa Intensities using
a magnetic flux concentrator is calculated. A kieyreent is the use of numerical
simulations to prove the proposed dc-current momigodevice's insensitivity to
the variation of the beam position. The diplomasih@rovides also an overview

of the modern magnetic field sensors.



AHorarus.

VY nmauiit TUIUIOMHIN poOOTI IPOAEMOHCTPOBAHA MOXKIIMBICTD 30y IyBaHHS
HOBOTO BHUMIPIOBAJIbHOTO MPUCTPOIO JJIsi BUMIPIOBaHHS CTPOMY IIYYKiB
3apSAKEHUX YAaCTHHOK - KOHIIEHTPAaTOpa CHJIOBUX JIIHIA Mar"iTHoro mosis. L{ii
npucTpiii OyJae BUKOPUCTAHO [JIsi BUMIPIOBAHHS CTPOMY IYYKIB 3apsKCHUX
YaCTUHOK y MallOyTHHOMY LMKJIIYHOMY IPUCKOPIOBAYY 3apsIKEHUX YaCTHHOK Yy
nabopatopii GSI (micto Hdapmmraar, HimeuunHa).

['0JI0BHOIO METOI0 JMIUIOMHOI po0OTI Oyjio TMoKa3aTd, IO Bapiarii
NO3UIT MyYKa 3apsAKEHUX YaCTUHOK HE BeJe J0 3MIHH MOKa3aHb IMPHUCTPOIO.
[1s mMeTa Oyna nocsArHyTa 3a JOIIOMOTOI0 YHCIEHHUX paxyBaHb. Y pOOOTI TaKOXK

3p00JIEHO OTJIs] HOBUX 3aCO01B BUMIPIOBAHHS MarHiTHOTO TOJIS.
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1. Introduction.

The future GSI facility [1] will consist of a 10@2 Tm double-ring
synchrotron SIS100/200 and a system of associdtmdge rings for beam
collection, cooling, phase space optimization argdeementation. It uses the
present accelerators, a universal linear accelef@fdlLAC) and a synchrotron
ring accelerator (S1S18), as injector. The hearthef new facility, the double-
ring synchrotron, provides for the fast acceleratitilizing novel, rapidly
cycling superconducting magnets, which are pregamtider development in
collaboration with laboratorieis the USA and in Russia. A key feature of the
new facility will be the generation of intense, Imguality secondary beams.
These include beams of short-lived (radioactive)cleiu and beams of
antiprotons. Secondary beams are produced in nuodzetions induced by
beams of stable particles. To achieve the desieohse secondary beams, the
primary beam intensities must be correspondingiy hCompared to the present
GSI facility, beam intensities in the proposed Ifgciwill be increased by a
factor of 100 in primary beam intensities, and wopat factor of 10000 in
secondary radioactive beam intensities. This irsgea beam intensity is a key
technical goal of the future GSI facility. To ackaethis goal, it is necessary to
solve several technical problems. In particulamgthods and devices for the
monitoring of these intensely increased beam ctsnenist be developed.

Chapter two presents the overview of two methodsbedm current
measurements: the beam transformer for pulsed beachshe dc-transformer,
which is the monitoring device now being used at@8! SIS18 facility.

The third chapter discusses the magnetic flux cainator, including the
choice of the yoke materials and the choice ohtlgnetic sensor.

The fourth chapter of this diploma work demonssdtee possibility of
creating a new type of dc-current device that witnitor the increased beam
intensities at the future GSI facility. In this ¢her the accuracy of the

measurements of the increased beam intensitiesg uginmagnetic flux



concentrator is calculated. A key element is the afsnumerical simulations to
prove the proposed dc-current monitoring devicessnsitivity to changes in the
beam position.

The fifth chapter discusses the results of the mioalesimulations.



2. M ethods of beam current measur ements.

For the daily operation of any type of accelera®mvell as for the storage
rings, the main parameter is the current of chapgeticle beams. In most cases
the beam current is measured with beam transformériese devices are
applicable for measuring ac beams in electron amdop pulsed LINACSs,
synchrotrons, and for measuring dc beams as iragg ring. The working
principle of a beam transformer is to detect thgmedic field aligned with the
beam of charged particles. However, for low cusethhe beam transformers
will not work because of their noise floor. For lamwmrrents, particle detectors

are used. In this case, the energy loss of thegedgparticle traveling through
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Fig. 2.1. The time structure of the beam currenafpulsed LINAC.
matter is detected. Another method for both lowents and moderate beams is
to stop the particles in a Faraday cup in orderditect their charge. For high
currents this destructive method cannot be appletause the total energy
carried by the beam will destroy the intersectingtanial. For high energetic
particles the range reaches more than several driraaday cups can no longer

be used.



It is now necessary to describe the time struadfige current that must be
detected. Figure 2.1 shows the time structurelsfaan for the pulsed LINAC.
« The current within a bunch, is sometimes called the micropulse
current.

 The macropulse curremt is averaged over all micropulses within

the macropulse length.
* The mean current, is averaged over many macropulse currents.
In the synchrotron accelerator the time structdrine beam differs from
a pulsed LINAC. Here, the macropulse has an iditgingth and the average
current iy, is equal to the macropulse current. The bunch structure still
remains for rf accelerators.

In any accelerator the current is formed Idyparticles of charge statg
per unit of time t or unit of length and relative velocitys =Y The electrical
C

current is

qlelN =q[e[N
t I

Sc. (2.1)

The magnetic field of a current can be calculated according to tlus-Bi

Savart law

_ I xF
dB = 14| T (2.2)

where £, =126010° newton per square amperéN/A®) is the

permeability of the vacuunﬂrthe infinitesimal vector in the direction of the
current, andr is the distance between the current and the pdiere the field
IS measured. The magnetic field of an infinitelpddinear current has only the

azimuthal component. The absolute value is givethbyformula 2.3 as

|



2.1. The beam transformer for pulsed beams.

The scheme of a “common” pulse transformer is shiowiigure 2.2. The
alternating primary current flows through the prgnavinding with the coll
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N

Fig. 2.2. The pulse transformer.

number N, and produces changing magnetic flux in the magneike. The

changing magnetic flux induces a voltage in eadhafahe primary winding.
This voltage is given by Faraday's law (2.4)

do
== 2.4
ind dt ( )

The whole voltage across the prime winding is gilbgn

UW = np [Uind ' (2-5)
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Fig. 2.3. The beam transformer.

The voltage source and inductance of the primandimg forms a closed

circuit. In agreement with the second Kirchhofisv] the sum of the voltage

sources in a closed circuit is equal to zero. Tyst+U,, =0 and
()

For the ideal transformer the magnetic flux is shene for the secondary

winding, with the coil numben,. The alternating magnetic flux induces in the

secondary winding a voltage (2.7)

U =—ng Bdi) (2.7)

° dt
From the expressions (2.6) and (2.7) it followst ttlee voltage ratio

between primary and secondary windings is

10



U n
—P=_"P (2.8)
U S nS

In the case of an ideal transformer one can write

U, li, =U, i, (2.9)

This gives immediately the current transformatiatior
i n
L (2.10)
IS

Ny

The beam transformer is the same as a currentfarams, but with a

reduced number of coils in the primary windimg, which is equal to one.

Figure 2.3 illustrates a beam transformer. The bisatime primary winding. All
formulas obtained for a current transformer areo agplicable to a beam
transformer.

For an understanding of the electromagnetic presess a beam
transformer, consider the following simplified madée beam is a signal
generator with an infinitely small inner resistandée inductance of the first

winding is formed by passing a beam through thetapeof the magnetic yoke.
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Fig. 2.4. The electrical equivalent scheme of tharb transformer. The inductanke
represents the inductance of the secondary winding.ideal current source
represents the induced current in the secondarging.
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The fact that the primary winding has only one dets us assume that the
inductance of the primary windings is much smatlem the inductance of the
secondary windings. This assumption allows us tggest that the time
dependence of the magnetic flux circuit linking $econdary winding is the
same as that of the beam current. Whereas in arfmhpulse transformer, the
presence of the first winding inductance causebamge in the magnetic flux.
The electrical equivalent scheme corresponding e #&bove model is

represented in Figure 2.4.
In agreement with Ohm’s law the secondary currerit =i, +ig, the

current through inductance is

t
i () :EEJUS(t)dt . (2.11)
L o
The Ohm'’s law, together with the last expressiaoveg the equation for
US
(1) = [ju ()t + s (2.12)

oad

The differentiation of the last expression gives thfferential equation
(2.13) for an unknown functiodd  with given functioni,
1 di

1Y 1y =g (2.13)
R dt L dt

It is important to know how the voltadé, behaves when the curreint

changes like a staircase function
0 for t<O

I, = : (2.14)
l, for t=0

12



I
where |, =—2%2™ The solution of equation 2.13 with function 2.4dd the

n

S

initial conditionU (0) = I, [R .4 is

t

Us(t) zlt;qﬂnaoad (e ’ ' (2-15)

S

L . : . L
where T =—— is the drop time. From this result it is clear tthar the
oad

registration of the beam pulse with lendth),., the 7 must be much bigger

thant Thus, for registration of long pulses, the indimce L must be large

pulse’
and the resistance of the load must be small. @stecbndition is realized when
the ac-transformer is loaded by the current-voltagasducer. In this case, a
drop time of several seconds can be achieved. Henvévis will not allow to

measure dc current. Thus, one of the possibiliseto directly measure the

magnetic field of the dc current.

13



2.2. The dc-transformer.

The dc-transformer principle [2] is shown schenalycin Figure 2.5. It
consists of two cores with three windings each. bham passes through the
aperture of both cores. The primary windings witipasite orientation are used

as a modulator. The modulation frequency is typicatlkHz. The amplitude of

modulator
several 100 Hz

beam

)

A ,
L compensating
current

demodulator

Y

measurement

»| controlled power supply

Y

Fig. 2.5. Schematics of the dc-transformer.

the modulation current is strong enough to foree riragnetization of the core
into saturation, two times for each period. Theosdary windings with equal
orientation act as a detector for the modulatedadig

For simplicity, consider the modulating current ingva triangular form.
First of all look at the processes in the dc-trarmeer as in the example in

Figure 2.6, which has no external magnetic field.

14
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Fig. 2.6. The workings of the dc-transformer in #tsence of an external magnetic
field. Diagrama shows the modulation fielth, shows the flux-field dependence,

c shows the resulting change of the fldxande show the induced voltage in the
secondary windings.
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Fig. 2.7. The workings of the dc-transformer in pflnesence of an external magnetic
field H,. Diagrama shows the modulation field, shows the flux-field

dependence; shows the resulting change of the fldxande show the induced
voltage in the secondary windin
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The modulating current produces the magnetic field The time
dependence of magnetic field H is presented inrEigu6.a. This field forces the
core material to become saturated. All of the cesireteawn with a continuous
line present the processes in one core, with thgedldine presenting the
processes in the other core. The dependence betWedtux of the magnetic
induction and the magnetic field is non-linear. Tiedd-flux dependence is
shown by the curve in Figure 2.6.b. The flux of thagnetic induction has a
time dependence as shown in Figure 2.6.c. Notiaetkie flux time dependence
curve has a trapezium form because the core miatesabeen saturated. In the
absence of an external magnetic field, the areamh@ positive part of the flux
curve is equal to the area under the negativegbdte flux curve. In agreement
with Faraday’s law, the alternating flux inducesva@tage in the secondary
winding, which is proportional to the time deriwedi of the magnetic flux as
shown in Figure 2.6.d. When the external magnétid s zero, the voltage on
each of the two secondary windings is identicaltopa phase shift of 180
degres. The algebraic sum of these two voltagegusl to zero.

Now consider the processes in the dc-transformehenpresence of an
external magnetic field. Figure 2.7.a shows therewrhich represents the time

dependence of the magnetic field. Notice thatdhise is shifted on the basis of
the value of the external magnetic fiekd,. Now, the area under the positive

part of the curve is no longer equal to the aredeunhe negative part of the
curve. The curve in Figure 2.7.c represents the tiependence of the flux. The
area under the positive part of this curve is my&y equal to the area under the
negative part of the curve. The voltage on the isgaxy windings have a phase
shift which is not equal to 180 degrees. The algebsum of the secondary
voltages is no longer equal to zero, but is nowpproonal to the external
magnetic field. In the demodulator stage represemd-igure 2.5, this signal is
rectified. The magnetic field is measured by meahshe feedback current

which is generated in the automatic compensatiauiti The feedback current

16



forces the sum of the secondary voltage to zeranaddis feedback current
flows through the compensating windings. In Fig@r& these windings are
shown as lines parallel to the beam. The feedbackiit for the zero flux
compensation makes the device very sensitive ameali To get a faster
response, the signal from the ac-transformer ig@dao the dc-feedback circuit.
The devices based on this principle are used inymaccelerator
laboratories, particularly at the GSI heavy iondyotron SIS18. To achieve
high resolution and time stability of the dc-trasrsfier a core pair with identical
magnetic characteristics is needed. It is veryaliff to produce a core pair with
identical magnetic characteristics. The design adcaransformer with high
resolution and time stability is rather complex atslsuccess depends very
much on the selection and treatment of the coreemahtas discussed more in
detail in [3]. The above specified problem makas tlevice expensive and the

production of numbers of such devices is a diffipubblem.
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3. The magnetic flux concentrator.

At present, the only device being used to measucerdginuous beam

current is the dc-current transformer. However,eavndea for measuring a

Ferromagnetic yoke

Vout

Amplifier

Fig. 3.1. The open loop current sensor.

continuous beam current has been proposed: theotise magnetic flux
concentrator.

The operation of a magnetic flux concentrator isyveimple. It is
illustrated in Figure 3.1. A beam current is passedugh the aperture of the
magnetic yoke and produces a magnetic field prapwat to the current
magnitude. The yoke concentrates the magnetic sddnd a Hall sensor that
has been placed in the air gap. The output of thgnatic field sensor is fed into
an amplifier. The output voltage of the amplifisrproportional to the current

that is passed through the aperture of the magyeikie.
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The type of the measured current can be either A

The combination of well known magnetic materialgstsas VITROVAC,
with the recently developed magnetic field sensbes are based on the AMR
(Anisotropic Magnetoresistivity) effect, or the GMBiant Magnetoresistivity)
effect, can lead to the creation of a new, veryigee and easily reproduced
device for measuring beam currents.

The linearity and frequency properties of such dewviare determined by
the characteristics of the magnetic yoke and thgnaiic field sensor. Both the
magnetic yoke and the magnetic field sensor arelinear in a strong magnetic
field. Thus such a construction has restrictions tba magnitude of the
measuring current.

To avoid the difficulties with the linearity onercase the feedback signal

from the current sensor. Figure 3.2 illustratespthieciple of the magnetic flux

Compensatory coll

Ferromagnetic yoke

Field
Sensor

Amplifier

Vout

N
N\
)
(( ||||.
I
(P

Fig. 3.2. The closed loop current sensor.

concentrator with an applied feedback loop. A beament passes through the

19



aperture of the magnetic yoke and produces a madrettl proportional to the
current. The yoke concentrates the magnetic fieddrad e.g. a Hall sensor that
is placed in the air gap. The output of the magrfetld sensor is fed into an
amplifier. The output voltage of the amplifier iportional to the current that
passes through the aperture of the magnetic ydie olitput of the amplifier is
fed into a push-pull driver stage that drives a gensatory coil that is wound
around the magnetic yoke. The coil produces a ntagield that is equal, but
opposite to that of the sensing current. Thusphbgnetic flux in the magnetic
yoke — for all values of the measuring current stils near to zero. Therefore,
the magnetic yoke and the Hall sensor always stélyd linear mode of
operation.

The main parts of the future GSI facility are syrmtfon SIS100/200.
These will provide ion beams with a very high catref up to 100 A. The
device will be designed to measure a beam curreapdo 100 A. The lower
limit must be as low as possible. One (1) mA wasselm as the lower limit.
These parameters are mainly defined by the pra@sedf the magnetic field
Sensors.

The requirements for the time resolution — otheewisiown as the
bandwidth — is defined by the duration of the itigat, the acceleration, the
various manipulations of the beam time structunsl, af course, by the beam
extraction. The duration of these processes li@iwia very wide time region,
from several seconds down 25 nanoseconds. Theredgoandwidth is 10MHz
or more. The bandwidth of the whole device dependeddy current losses in

the yoke material and on the bandwidth of the magisensor.

20



3.1. The choice of the yoke material.

In order to provide the largest gain for the detdamnagnetic field, the
material from which the yoke is constructed musteha magnetic permeability
value as high as possible. One of the possible yo&terial candidates is the
material VITROVAC 6025f, manufactured by the compawacuumschmelze
AG”. This material is an amorphous alloy (Cokg)MoSiB)sq, manufactured
using a special magnetic annealing procedure. VIWRO 6025f has a pulse
permeability of about 100000 which is a hundredesmarger than other

comparable magnetic materials [4]. Figure 3.3 shthedield-flux curve which

Flux density (T)
o
o
T
1

-0,5 -

1 L 1 L 1 L 1 L 1
-2 -1 1 2

0
Field Strength (A/m)

Fig. 3.3. The hystereses curve for magnetic matéfieROVAC 6025f.
was measured at GSI during their development aihalcdc-transformers.

In [4], VITROVAC 6025f is recommended as the matkto be used for
signal transformers. VITROVAC 6025f has an extrgnghooth insertion loss
curve, without dips in resonances of up to 30 MHas fact, and the experience
gained during the creation and operation of theaad-dc-transformers, suggest
that, with VITROVAC 6025f used as the yoke materials possible to achieve

wide bandwidth for the magnetic flux concentrator.
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3.2. The choice of the magnetic sensor.

Today, the technically most important sensors foagnetic fields
measurements are:
* The Fluxmeter Method
» Hall sensors
* AMR (Anisotropic MagnetoResistive) sensors
* GMR (Giant MagnetoResistive) sensors
* SQUIDs (Superconducting Quantum Interference Da&Yice

The fluxmeter method is the oldest of the currentbed methods for
magnetic field measurements. The change of flux measurement coil induces
a voltage across the coil's terminals. Measuremardgsperformed either by
using fixed coils in a dynamic magnetic field or tmpving the coils in a static
magnet field [5]. This method is very precise tha presence of moving parts
required for static field measurements makes theshod unsuitable for the
measurement of the magnetic field in the air gap aofmagnetic flux
concentrator.

SQUID, the modern and most precise method ofniagnetic field
measurements, allows the detection of extremelyrf@gnetic fields of about 5
fT. Because of its high costs and the need fondiddelium temperature, this
method is also unsuitable for the measurement efmhgnetic field in the air
gap of a magnetic flux concentrator.

Hall, AMR, and GMR sensors can be considered asilplessensor
candidates for the magnetic flux concentrator (bhseaof their low costs, small
size, high sensitivity, and precision). A more dethdiscussion of the way in
which these sensors work and their possible utibmaas a measurement tool

follows.
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3.2.1. TheHall sensor.

A particle with a chargd), velocity V. and moving within a magnetic

field B, will experience the Lorenz force,
F =gV xB). (3.1)

The force direction is mutually perpendicular tce thirection of the
particle velocity and the magnetic field. If a lorfigt current-carrying conductor
is placed in a magnetic field, the moving chargdé experience a net force
mutually perpendicular to the direction of the eumtr flow (longitudinal
conductor axis) and the magnetic field. Under tméuence of this force, the
electrons will bend at one edge of the conductad positive charges will

gather at the other edge. A lateral charge digiobhuesults and gives rise to an
electric field, E , which exerts a force,

F=qlE, (3.2)
in a direction opposite to the Lorenz force. At igquium, the resultant forces

balance. This electrical field yields the potentidferenceU,,,, (3.3) between

opposite sides parallel to the long axis of thedcmtor.
U, =Rl IB, (3.3)

where R is a Hall constant obtained from a property of thaterial, B is a
component of the magnetic field that is perpendicub the surface of the
conductor and current direction, ard is an electrical current that flows
through the conductor. Figure 3.4 explains the reatwy which the Hall sensor
works.

The Hall constant is very small for metals and a#ynsors manufactured
from InAs or GaAs semiconductor material have appabte sensitivity.

Typically, the sensitivity of Hall sensors is ab@W (A Haii current T fiux) [6]-

23
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Fig. 3.4. The principle of the Hall effect. Theudig a) shows the electrons movement in
a flat current-carrying conductor without appliedgnetic field. The figure b)
shows the electrons movement in a flat currentyaagrconductor with applied
magnetic field.

In recent times, with improvements in the technglogf thin
ferromagnetic films, the number of commercially italde Hall sensors with
integrated magnetic concentrator (IMC) has incrédg¢ Figure 3.5 shows the
way in which these Hall sensors operate. A singls-BMC-Hall sensor consists

of a Hall element and an electronic circuit thats ha thin structured

ferromagnetic layer on the surface. A magnetiodfiEi is parallel to a chip
surface is rotated locally to a vertical directiomder the edges of the IMC close
to the gap. It can now be measured by the Hall etenThe IMS also plays the
role of a passive amplifier.

The sensitivity, which can be achieved with the HA@ll sensors, is a
hundred times higher than that of convenient Hallsers. For example the
sensitivity of chip 1SA-1V developed IBENTRONAG (Switzerland) is about
300 V/T. The bandwidth is 0-100 kHz.
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Fig. 3.5. The principle scheme of IMC-Hall chip.
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3.2.2. The AMR sensor.

The magnetoresistive effect is the change of tkestreity of a material
due to a magnetic field. Thompson discovered it1856. Later, with the
improvement of the technology of thin ferromagndilms, the anisotropic
magnetoresestive effect was observed. The resgystivithe thin ferromagnetic
strip, for example the Permalloy, depends on thegleanbetween its
magnetization and the electrical current flow. Tmeximum change of the

resistivity in the presence of a magnetic fieldl®ut 2-3%.

I M R
%_%'/> Hext

Fig. 3.6.The Permalloy strip has a magnetization vedibr The applied

magnetic field changes the orientation of magnéﬁza/ectorl\7l . The
resistance of the film changes as a function oftingle between the

vector M and a current flowing through it.

As shown in Figure 3.6, the magnetization vedtbrhas been set parallel
to the length of the strip ( during manufacturiragd the current flow has the
angle @ to the length of the strip. An external magneiieldf causes the
magnetization vector to rotate and change the afglérhis will cause the
resistance value to vary. The dependence of thstaase can be described by

the empirical formula (3.4) [8].
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Fig. 3.7. This curve shows how the resistance @fbrmalloy film changes with the

angle@ between the direction of the current and the dweabf the
magnetization.

R(6) = R, + AR[E0S(8), (3.4)
where R, is the resistance perpendicular to the magneatizagndAR is the

maximum change of resistance due to the magnetit. frigure 3.7 shows the
dependence of the resistance on the afégle

One can see from formula (3.4) and Figure 3.7 ttiatdependence of the
resistance is strongly non-linear, but there isnaar region at about the 45°
angle. To achieve this linear region it is necestashift the whole curve to 45°
grad. The method used to cause the current todtam45° angle to the long axis
of the strip in the film is called the barber pdigsing. It is accomplished
through a layout technique that places low-resggashorting bars across the
film's width at a 45° angle. The current, prefagrio take the shortest path
between two shorting bars, thus flows from one tmathe next. Once the
shorting bars have been placed at a 45° angl@itbetion of the current can be

held at a 45° angle to the length of the strip.
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Fig. 3.8.The structure of the single axis AMR sensor. The ermalloy strips in a
Wheatstone bridge are connectedisd/the bridge operating voltage. The voltage
difference between Y. and \,ui+ is proportional to the applied magnetic field.

Commonly four Permalloy strip resistors are deaisdn the silicon base
in a Wheatstone bridge and are connected. Fig8rsitws the structure of the
single axis AMR sensor. The barber pole structdrde resistors included in a
bridge is made in such a way that an external ntagheld causes an increase
of resistance in the right bridge arm (resistors R:), and a decrease of
resistance in the left arm (resistors Ry) of the bridge. Thus, the output voltage
of the bridge is proportional to the applied magnield.

The bridge sensitivity S, is expressed in mV/V/henre the middle term
V is a bridge operating voltage. For example, tesgivity of the AMR sensor
HMC1001 that is manufactured by Honeywell [9] is ¥O//T. It gives the
sensitivity 400 V/T of the sensor for a bridge @temal voltage equal to 10 V.
The AMR sensor HMC1001 has a bandwidth of 0-5 MHz.

The AMR sensors have several advantages, like bagisitivity and a
wide bandwidth, but they have also several disaidps. For instance, since
the magnetic field is more than 1mT, when it isleggpalong the length of the
strip, it could upset, or flip, the magnetizatioh the Permalloy strip, thus

changing the sensor characteristics. If the magagiton of the Permalloy strip
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IS upset, a strong magnetic field must be appliechentarily in order to restore,
or set the sensor characteristics. There are dlyearegrated coils in the
device, which set or reset the magnitization ofdéesor.

There is also a problem with the AMR bridge offdae to the resistors'
mismatch during the manufacturing process. Thisebf€an be trimmed to zero
by adding the shunt resistor across one arm dbtldge to force both outputs to
the same voltage. This must be done in a zero niagheld environment,
usually in a zero gauss chamber. The AMR sensomufaetured by Honeywell
have one interesting options. Due to the manufeguof the sensor the
OFFSET strap is made. With the help of this stnap @mbient magnetic field
can be cancelled by driving a defined current tglothe OFFSET strap. This
technique can be used, for example, for eliminatimg remanence magnetic
field of the magnetic yoke in the magnetic flux centrator. The more detailed
information about the features of the Honeywell AM&sors can be found in

application notes [9].
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3.2.3. The GMR Sensor.

Recent developments in thin-film magnetic technglbgve resulted in
films exhibiting a large change in resistance vaitthange in the magnetic field.
This phenomenon is known as the giant magnetoaesist(GMR) to distinguish
it from conventional anisotropic magnetoresistafid®R). Whereas AMR
resistors exhibit a change of resistance of leas $%, various GMR materials
achieve a 10 to 20 % change in resistance. GMRsfilrave two or more
magnetic layers separated by a non-magnetic ldyae to spin-dependent
scattering of the conduction electrons, the reastgais maximum when the
magnetic moments of the layers are antiparallel mmdmum when they are
parallel [10].

Several companies currently manufacture the comalgrcavailable
GMR sensors. For example the material used in GBt{B@&s manufactured by
NVE corporation is called an unpinned sandwitmpinned sandwich GMR

materials consist of two soft magnetic layers sayear by a layer of a non-

_~ magnetic _~ magnetic
A / moments / moments
% /
electrical current A electrical current ,\w(
\'\QI .(’
SAON
((\o%

Fig. 3.9. Unpinned sandwich. The dark grey laykre the ferromagnetic material. The
light grey layemB is the current-carried, non-magnetic, highly carithe material.
magnetic conductor such as copper. With magneyieréaof 4 to 6 nm (40 to
60 A) thickness separated by a conductor layec#flyi 3 to 5 nm thick there is
a relatively little magnetic coupling between thgdrs. Figure 3.9 illustrates the
structure of the GMR film.
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The magnetic field caused by an electrical currena layer of a non-
magnetic conductor flowing along the strip is stiéfnt to rotate the magnetic
layers into antiparallel or high resistance aligntnén external magnetic field
applied along the length of the strip is sufficiemivercome the magnetic field
from the current, as well as overcoming any magnekchange interaction
between the layers, and is able to rotate the migm®ments of both layers
parallel to the external field thereby reducing thsistance of the film. Both a
positive and a negative external field parallethte strip will produce the same
change in resistance.

Thin-film GMR materials deposited on silicon substs can be
fabricated to form Wheatstone bridges. A sensibvielge is fabricated from
four photolithographically patterned GMR resistowp of which are active
elements. Figure 3.10 shows small magnetic shieldsermalloy, plated over
two of the four equal resistors in a Wheatstoneldei The Permalloy shield
protects these resistors from a measured magmnatcaind allows them to act as
reference resistors. Since the resistors are faledcfrom the same material,

they have the same temperature coefficient as thigearesistors. The two

D1 D2

< > < > Vb
Vb VOU'1|'+ R1 R2
Vout- Vout+

R1 R4 o

R3 R4

VouT— 1 GND

GND

Fig. 3.10. The scheme of a GMR sensor. The trapapgrey squares are the Permalloy
shieldings of the reference resistors and actaflulk concentrator.
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remaining GMR resistors are both exposed to thereat magnetic field.
Additionally, the Permalloy structures that aretgdhonto the substrate can act
as flux concentrators to increase the sensitiviityre bridge. The active resistors
are placed in the gap between the two flux conaems. These resistors
experience a magnetic field that is larger than applied magnetic field by,
approximately, the ratio of the gap between thg 8ancentrators, D1, and the
length of one of the flux concentrators, D2.

The commercially available GMR sensors manufadting NME
have a typical sensitivity of about 40 V/V/T, anbandwidth of 0-1 MHz.
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3.2.4. The comparison of the magnetic field sensors.

The table bellow shows the typical characterist€ghe four different

kinds of magnetic field sensors.

Characteristics| Unit AMR GMR IMC-Hal Hall

Sensitivity VIT 400 400 300 1

Field Range mT| -0.6/+0.6-3.5/+3.5| -10/+10| -1000 /+100d

Disturbing Fieldf mT 2 100 - -
Bandwidth MHz 0-5 0-1 0-0.1 0-0.1
Linearity Error | %FS 0.4 2 0.5 -
Hysteresis Error %FS 0.08 2 0.005 -
Offset mV 5 20 0.01 -

The AMR kind of magnetic field sensor is more doiligafor the purpose
of the magnetic flux concentrator because of itssiwity and its bandwidth.
The Hall sensor is not suitable because of its Isbeidwidth and its lower
sensitivity. The IMC-Hall sensors are not suitallecause of their small
bandwidth. AMR and GMR sensors have one importanampeter— disturbing
field value. The magnetic field of this value apglito the sensor will damage a
sensor. The AMR sensors have integrated set/redstwhich can restore the
characteristics of the sensor after the distortiamnsed by a high magnetic field.
However, the GMR sensors will be irreversible daethfpy a high magnetic
field. The GMR sensors also have a much biggerengsis error in comparison
wit the AMR sensors. The integrated Honeywell séasOFFSET corrections
can help to eliminate the influences of the extemagnetic field and the

remanence magnetic field of the magnetic flux catregor yoke.
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4. MAFI A calculations.

The main part of the magnetic flux concentratoaisnagnetic yoke in

form of a torus with a rectangular cross sectiod ansmall air gap for a
magnetic field sensor. The magnetic flux is maicdycentrated in the material
of the yoke with high permeability. The three-dimemal magnetic flux

distribution one can find by solving the Poissoruampn for the vectorial

potential. There are good developed methods fosdtihaion of magneto-static
problem with axially symmetrical magnetic matemtstribution in terms of a
convergent power series, but the presence of th@ap destroys the axial
symmetry and makes an analytical solution of thabl@m almost not possible.
Therefore it is necessary to perform a numericabfation.

For the simulation of the magnetic flux distrilmutiin the magnetic flux
concentrator yoke the program package MAFIA of tBerman software
company “CST” was chosen. Since the first realisabdf this program package
in 1983, MAFIA is in use in different laboratoriaad institutions for solving of

various electromagnetic problems.
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4.1. About MAFIA.

MAFIA (MAxwell's equations by thEinite IntegrationAlgorithm) is an
interactive program package for the computatioelettromagnetic fields. It is
based directly on the fundamental equations of teem@gnetic fields,
Maxwell’s equations [11]. The basis of all compiotad is the theory of the
discrete Maxwell-grid-equations, the so-called téinintegration Technique,
which has been developed during the last twentysyééais theory formulates
Maxwell’s Equations in form of algebraic matrix atjons. The matrices fulfil
the same formal relations as the differential ojpesain the basic field
equations. The vector solutions on the grid posessame physical properties
as the electromagnetic fields.

MAFIA 4.112 is a modular program package. It isid@d in pre-
processor, postprocessor and solvers for diffespetial cases of Maxwell’s
equations. The program package consists of thewolg modules:

 M: Pre-processor includes solid modeller, CAD intp@and 3D
graphics.

» P: Postprocessor includes 3D graphics and calonwtf deduced
quantities like path integral or impedance

« S: Static field module, solves electrostatics, nedgstatics, heat
flow problems, stationary current flow problems,daglectro-
quasistatic problems

« T3: Time domain module, simulates time dependentvewa
propagation, most general and versatile in apphinat Uses
Cartesian coordinates.

e TS3: Time domain module, simulates charged partimbeement
in time dependent fields including the interactminthe particles

and the fields. Uses Cartesian coordinates only.
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e TS2: Time domain module, simulates charged partimb¥ement
in time dependent fields including the interactmithe particles
and the fields in cylinder symmetrical structures.

« E: Frequency domain eigenmode module, finds modes |
resonators and wave-guides.

» Wa3: Frequency domain module covers the whole frequeange.

* H3: Thermodynamic module, solving thermodynamichpems in
time domain in either Cartesian or polar coordirsgtgem.

e T2: Time domain module, simulates time dependentvewa
propagation within cylinder symmetrical structures.

« A3: Time domain acoustic solver.

* OO: The optimisation driver is composed of actuallyMAFIA’s
modules. It provides the effective communicationwasen the
above mentioned eleven modules within the MAFIAj@ct

There are two modes of MAFIA operation, a GUI (Gnapl User
Interface) and a command line mode. The commarmdntiade is realized within
the OO optimisation driver. The optimisation drivprovides access to all
MAFIA modules. The GUI is a relative new part andt ryet supports all
features. Originally the program package MAFIA &isnly for big computer
workstations, but with the growth of the PC’s penfance and the popularity of
MS Windows the company CST issued a version of Mfer MS Windows.
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4.2. The model.

The following parameters for the dimensions of tin@idal yoke where
defined: the inner radius is 100 mm, because thecelanust fit around the
beam pipe, the outer radius is 125 mm, the he®BOmm, and the air gap is
5mm. The beam current is modelled as straightdumeent with a length much
bigger as the height of the torus. The first taskoke calculating a magnetic
field distribution, the same as for any electronggnproblem solving with
MAFIA, is the modelling of the material distributiowithin a computation
volume. Afterwards for the application the of faniintegration algorithm, it is
necessary to divide a computation volume into smalls, the so-called mesh.
This discretization, roughly speaking allows toueel the problem of solving
the partial differential equations to solving ob@ system of linear algebraic
equations. After the mesh creation one can useppeopriate solver for a given
physical problem.

For the present calculation the command line mdddAFIA is chosen.
The command line mode means you need to “say” MAKhat you want to do
by typing certain MAFIA commands. To get this opgrna mode it is necessary
to start the MAFIA module OO-the optimization dnivdo avoid unnecessary
typing of repeating commands one can type the whelsessary sequence of
commands for modelling a material distribution aadculation in a text editor
and than copy this script to the command line \igboard.

First of all it is necessary to define the compotatvolume that will
contain the model of yoke and current. This volumest be bigger than the
model of the yoke to avoid side effects in the catapons. It spreads from -200
mm up 200 mm in X direction, from -200 mm up 200 nmmY direction and
from -100 mm up 100 mm in Z direction. The matedutribution is centred in
the origin of the coordinate system. The MAFIA pd®s standard for any CAD
program mechanism of a new shape creation. Withhislp of the binary
operations as union or intersection one can comdbisienple geometrical forms
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like the cylinders, the spheres, the cones, thestothe washers and the
rectangular bricks. One can invert the shape, thannverted shape consists of
the whole computation volume except the volumehaf original shape. The

model of the yoke is intersection of the washed te inverted brick. The axis

Fig. 4. 1. A view of the calculation volume. Thadk wire box is the boundary of the
computation volume, the red washer with the gaphesyoke from magnetic
material, and the blue line represents a current.

of the washer along the Z axis of coordinate systenoriented. Also an
important part of the model creation is the deifomitof the excitation current. In
MAFIA terms a current calls a filament. This prooesl has one trick. The
current ends must exceed the computation volumgur&i 4. 1 shows the
computation volume, the model of yoke and excitatiarrent.

An important part of the model creation is meshthg computation
volume into small cells. Figure 4.2 shows the meshs in planeZ =0.
MAFIA provides a wide range of meshing proceduf@se can create the mesh

automatically, and then it produces a homogeneogshmor one can specify
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variable densities for automatically created mestmesone can create the mesh

“manually” by defining the coordinates range andnber of mesh lines in this
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Fig. 4.2. The 2D view of the yoke model and medls ¢e XY plane.

range. For the present model the mesh is creatadiually”. The mesh density
IS not a constant within the computation volume.eQran distinguish three
different mesh densities. The mesh is denser inytke material than in the
empty space, and the densest mesh is near plagedrtbap. The whole mesh
has about 10cells. Now the creation of the model is finished dhe model is

prepared for calculation.
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4.3. The calculations.

Now it is necessary to define the properties @& thaterial and the
boundary conditions. Depending on a physical problene may define a
dielectric permittivity or a magnetic permeabilftyr the static problem solver,
or the high frequency dielectric permittivity fone eigenmode solver or the
transient solver. Thus in the static solver modbke magnetic properties of a
material, the magnitude of the electrical currend ahe boundary conditions
will be defined. The term “boundary conditions” foamerical calculations has
another meaning than for an analytical calculatioran analytical calculation it
Is necessary to define the conditions for the §ad the interface between two
different mediums, whereas for numeric simulatians necessary to define
conditions at the boundary of the computation vaume. how the solution
should behave at the boundary of the computatidunve. MAFIA provides the
following types of boundary conditions:

 Normal: Set the potential of the boundary of thempatation
volume to a fixed value.

» Tangential: Set the normal derivative of the pagdnd zero at the
boundary of the computation volume.

* Open: Causes the program to approximate an opemdboy of the
computation volume to a free space.

The future device will operate within a magnetigegling. This means
that in the space within the magnetic shieldingdh&re no external magnetic
fields. Therefore the last boundary conditions eresen for the simulation of
the magnetic flux concentrator.

MAFIA can operate with both a linear magnetic mediand with a none-
linear, but cannot take into account a hysterdgestesuch a remanence. For the
purpose of creating a magnetic flux concentrater élktreme high permeable
ferromagnetic medium VITROVAC 6025F as yoke matagachosen. In order

to calculate the response function of the devicghenexcitation current it is
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necessary to take into account the non-linear-flebddependence. The relative

magnetic permeability of the computation volumeasequal to 1. To define the
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Fig. 4. 3. The non-linear dependence of the magfilet in dependence of the magnetic
field for VITROVAC 6025F. Black squares are expezintally measured
values.

magnetic properties of the yoke the non-lineadfiix dependence of material
is specified in table form. Figure 4.3 shows thepenhdence for VITROVAC
6025F. This curve was measured in order to desigthar devices such as ac-
and dc-transformer at GSI. From this data MAFIAco#dtes the relative

permeability of the material.
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4.4. Results.

The calculation of the magnetic field was made gisipersonal computer
with an AMD 1600XP processor and a RAM of 256MB.eTtalculation time
for non-linear problems depend on the strengthhefrhagnetic field and thus
from the excitation current. For small currents,ickhcaused a magnetic flux
that is far away from saturation, the calculatiakes about 5 minutes of CPU
time. For a bigger current, which causes a magfiétid flux near a saturation

the calculation takes about 10 minutes of CPU tifte MAFIA post processor
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Fig. 4.4. The 2D arrow plot of the magnetic flux &n excitation current of 10A, the small
blue spot is the current placed in the origin & toordinate system. The arrow size
defines the magnetic flux strength; the arrow dicgccorresponds to magnetic flux
direction.

module provides a wide range of graph types, 2bvamplots, 3D arrow plots

for vector fields, as well as hill plots and contquots for scalar fields. Figure
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4.4 shows a 2D arrow plot of the magnetic fluxdarexcitation current of 10 A.

One can see that the magnetic flux in the magnetke only is concentrated.

The field has only the tangential to the yoke b@rgadomponent.
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Fig. 4.5. The arrow plot of the magnetic flux fieldthe air gap area, the origin of the
coordinate system corresponds to the air gap cehteearrow size defines the
magnetic flux strength; the arrows direction cqomesls to the magnetic flux.

Because all magnetic sensors are only able to mease component of

the magnetic flux, the homogeneity of the magnétix within the air gap is

important. Figure 4.5 shows the magnetic flux vestwithin the air gap, the

field is mostly the perpendicular to the gap paed it slightly disturbed in the

closeness of the poles corners. Thus the fieldinviie air gap can be easily

measured with any type of magnetic flux sensors.

The arrow type plot is good for qualitative anatydbut to use such a

graph for the extraction of quantitative informatis not adequate. The absolute

value of the magnetic flux is more suitable for wfitative analyse. Figure 4.6

shows the contour plot of the magnetic flux absolglues. With the help of the

attached colour scale one can encode the absdlie of the magnetic flux.
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One can see from Figure 4.6 that the maximum vafumagnetic flux in the

yoke material is about TOT, that is far away from the saturation value édoa
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Fig. 4.6. The contour plot of the magnetic flux @bse values an for excitation current of
10 A. The aligned colour scale is in T. The hobcoo$ correspond to high absolute
values of the magnetic flux; the cold colours cspend to small absolute values of
the magnetic flux.

0.5 T. For comparison Figure 4.7 presents the ntagfiex absolute values for
a yoke without air gap with the same value of th@tation current. One can see
that the same excitation current caused a satarafithe magnetic yoke. This

fact can be easily understand with the help of Amjsdaw (4.1)
§|3| @l =1, (4.1)
L

where H is the magnetic fieldL any closed contour passing the air gap and
lying within the torus,| is a current passed through the contolr. Firstly

consider the case of a yoke without an air gap.siuaplicity the contourl. as
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Fig. 4.7. The contour plot of magnetic flux abselutilue for excitation current 10 A. The
aligned colour scale is in T. The hot colours cgpond to high absolute value of
magnetic flux, the cold colours correspond to snaséolute value of magnetic
flux.

the circle lying within the yoke is chosen. In sagtion thatH is constant along
the contourL one can obtain from Ampeére’s law 4.1 as the negtessions for

the absolute value of the magnetic field.

-
H = e (4.2)

For a circle of a radius of 0.11 m and a current@fA Formula 4.2 gives us a
value of the magnetic field of 14.46 A/m. From fledd-flux curve presented in
Figure 4.3 one can see that this value causesatatuof the magnetic material.
This fact is in agreement with results of numerisahulations presented in
Figure 4.6. For the case of the yoke with the ajp the contoul. consists of

straight line within the air gap and a part of ilel within the yoke. Despite the
fact that the magnetic field is no more constaah@lthe curve within the yoke

one can make the estimation in the same way athéoprevious case. Let the
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magnetic fieIdHﬁ1 be constant in the yoke. Let the magnetic fngbe

constant in the air gajh,; andL, are curve and linear part of the whole contour
L. Applying of Ampére’s law to this case lead to themula 4.3
H,[L+H, L, =1. (4.3)
The fields Hland I:I2 are connected via the boundary condition
Hin :z_jHZn’ (4.4)
where L, and W, are the permeabilities of air and the yoke malteria
respectively. Thus from formulas 4.3 and 4.4 thegymetic field in the yoke

material H ,is equal to:

o | v omR
M

where L, is the length of the air gap arld is the radius of the circle. The

H,

(4.5)

formula 4.5 shows that the value of the magneéttfin the yoke material can

be controlled by the& ratio, which is for the present case the relative
Hy

permeability of the yoke material or by the lengttair the gaplL,. For Requal

to 0.11 m, current equal to 10 A and with thséL =10° formula 4.5 give the
My

value of the magnetic field within the yoke of ab@@*® A/m. This value of the
magnetic field according to the flux-field datarfrd~igure 4.3 corresponds to
the magnetic flux value of about 1. It is also in agreement with simulations
that show the same order of magnitude of the magfiex within the yoke.

In order to ascertain the dependence of the magfield within the air
gap on the current position two series of simutetiare performed. In the first

series the current position varies in both negadive positive X directions and
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the. Y coordinate stays equal to zero. In the sg@m@ries the current position
varies in both negative and positive Y directiomsl dhe X coordinate stays
equal to zero. Such series of simulations for valuexcitation current equal to
10 A is made. The results are presented in Figugand 4.9.

One can see from the Figures 4.8 and 4.9 thaa#ivelinaccuracy of the
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Fig. 4.8. The relative change of the absolute miagiflex value in the centre of the air
gap in percent as a function the beam positioratian in Y direction for a beam

current of 10 A.
current measurement by the magnetic flux concentidie to the variation of
the beam position is about some>Jfercent. This result is valid not only for a
beam current equal to 10 A, but also for curreomfrl mA up to 100 A. This
fact follows from the linearity of the response ¢tian presented in Figure 4.10.
Because the sensitive area of the magnetic fietdseis small the
homogeneity of the magnetic flux distribution ispiontant. Figures 4.11 and

4.12 show the relative changes of the absolute setagflux values in two

perpendicular planes.
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Fig. 4.10. The dependence of the absolute magfakcvalue in the air gap on the
excitation current. The straight line is a linedrdf the data obtained in the
simulations.
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Fig. 4.11. The distribution of the relative changéghe absolute magnetic flux value.
The origin of the coordinate system correspondheoair gap centre. The hot
colours correspond to big relative changes; thd colours correspond to small
relative changes. The whole colour scale corresptmdelative changes about
10 percent. The area surrounded by the black laserblative changes of the
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5. Conclusion.

The table shows the absolute value of the magflati¢cin the centre of

the air gap, in relation to its dependence on ogation current.

0.001 A 2.61*10 T
1A 2.61*10" T
10 A 2.61*10° T
100 A 2.61*10° T

The magnetic flux value in the centre of the gapqgsal to 2.6M0° T if the
excitation current has a value of 10 A. For congmarj the magnetic flux value
taken from a point in the free space which is ledat the same distance from
the excitation current, is equal to M@> T. Thus, the gain caused by the
presence of the yoke is about one hundred. Now sdh@essential question: is
this gain enough? Let's take the magnetic flux esdlur the excitation current
that is equalto 10° A, and 100 A. The magnetic fields are correspoglgin
2.61107 T and 2.610% T. These two values define the dynamical rangef
required magnetic field sensor. The AMR magnetitdfisensors can measure
the fields at the lower boundary but they are rad¢ 40 measure the magnetic
fields at the upper boundary. The Hall sensorsabte to measure the magnetic
fields at the upper boundary but will sense notrahghe lower boundary. The
solution to this problem is the utilization of theagnetic field concentrator with
a compensating winding, which will always hold theagnetic field in the
magnetic yoke close to zero. Since the magnetie yighd is held close to zero,
one can use an AMR sensor. The sensitivity of thgmatic flux concentrator is
fully defined by the magnetic field sensor sengitivThe bandwidth of the
magnetic field concentrator is defined by the badtwof the magnetic sensor
and by the bandwidth of the feedback electronics.

A very important question about the measuremenssiofi small currents

is the influence of external magnetic fields. Framaple, the magnetic field of
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the earth is aboutt0° T. This value is comparable to the magnetic fluxseal
by a current of 0.1 A, and is a hundred times latpan the magnetic flux
caused by a current of 1 mA. Thus, it is necessamnake a good magnetic

shielding for the magnetic flux concentrator.
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