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Abstract

New experiments at Fermilab require higher beam intensities at Booster, resulting in higher influence of
magnet steel on the beam. In order to carefully take these effects into account it is necessary to know
geometric and material properties of magnets. This work is dedicated to the measurement of magnetic
permeability of steel laminations of Booster gradient magnets as a complex function of frequency in the
frequency range from several megahertz up to 1 GHz. The magnetic permeability is estimated by analyzing
Sparameters of microstrip lines made up from laminated steel.

1. Background
Booster is mainly comprised of so-called gradieaigmets. These magnets have the combined function of

bending and focusing the beam. Basically, Boostadignt magnets are dipole magnets with the magneti
field gradient, which is achieved by using spegedmetry (see the fig. 1).
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Fig.1 Geometry of Booster gradient magnets

When the beam propagates through the chambeduté@s currents in the walls of the chamber. THd 6é
these induced currents influences the motion otbdem, creating instabilities. Given known the getygn
and material properties of the chamber, these tsffam be taken into account.

Usually, the beam is placed inside a pipe of a kngeometry and material properties. Since no beaenpi
used in Booster gradient magnets, one should khewptoperties of the Booster gradient magnets iatger

While geometry is known for some degree, the magmermeability of the laminated steel, which igdis
in these magnets, is unknown in desired frequeacyge.

2. Objective

The objective of this project is to measure the metig permeability of laminated steel used in Bepbst
gradient magnets as a complex function of frequaéndiie frequency range from several megahertoup t
GHz.



3. Approach
3.1 I dea of the measurement

The propagation of electromagnetic waves depends ypoperties of the materials, in which they
propagate.

The main idea is to make a microstrip (or stripelilsee fig.2) and measure how electromagnetic svave
reflect and transmit through such system.
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Fig.2 Microstrip (on the left) and strip (on theght) lines.

The magnetic permeability determines the resistbgses of a transmission line, so, by measuring the
effects, caused by them, it is possible to estinthée magnetic permeability as a complex function of
frequency.

3.2 1D transmission line model
One-dimensional transmission line can be repreddntean effective scheme, which comprises of saies

infinitesimally small elements consisting of rearste, inductance and capacitance per unit lengtshawn
on fig. 3.
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Fig.3 Effective scheme of infinitesimal small elethef the transmission line

By applying usual Ohm’s laws to the above schenee fthlowing expressions for voltage and current
distributions (so-called telegrapher’s equatiorss) be obtained:
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These equations have harmonic solutions (two tevitisopposite sign ok correspond to two different
directions of wave in the transmission line):
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wherek? =-jaC(R+ jwl) is a wave numbeA andB are coefficients determined by boundary conditions
j is an imaginary unit.

From (2) one can easily obtain characteristic inapeé of the transmission line:
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k andp are important parameters, which almost fully detee the propagation of current and voltage
waves in the transmission line.
3.3 Parameters of transmission line

Assuming the width of a strip conductor in a mi¢ripsline to be much larger than a dielectric theks,
one can obtain the following simple expressionshpacitance, inductance and resistance per ugjthe

C:€£0w1 L:/'IOE’ R:1+_J % + % , (4)
H W W 20 strip conductor 20 ground conductor

whereW is a width of a strip conductar — a thickness of a dielectric~ dielectric constan; — magnetic
permeability,» — angular frequency; — conductivity, 4, = 47107 H/m, £,=8.854187817620L1 16 F/m.

Capacitance and inductance are fully determinethbygeometry of a microstrip (strip) line and dotte
constant.

In literature more complicated formulae exist, whiake into account edge effects [1-3]. Such foaauwan
be obtained numerically and analytically (for exdenpy using conformal mapping into a region, white
width of a strip conductor is much larger than alefitric thickness, and then by using expressidhs (
However, we don’t need them since characteristjpeidance and wave number in case of negligibly small
resistive losses can be obtained experimentallytlaga used for analyzing steel microstip lineswakbe
shown below).
Both dielectric constant and magnetic permeahiilitye complex values:

£=£I_i£", #:#l_iﬂll (5)
Imaginary parts correspond to losses. The follovgagameter is called dielectric loss tangent:

tand =< (6)
£

Usually, this parameter is pretty small in the getigt allows one to drop tangent in (6). Thenediic
constant can be written as:

e=¢'(1-jo) (7)
3.3.1 Characteristic impedance and wave number in the case of negligibly small resistive |osses.

For copper, in which resistive losses are negkgli#cause of high conductivity (aroufl0’ (Ohml]n)'l),
one can drop oWl in formulae for characteristic impedance and waweber:
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where g, = /CL and C' are characteristic impedance and capacitance rpetemgth respectively in the

case of zero dielectric losses, =I/LC' is a time delay in the transmission lidejs a length of a
transmission line, subscriptstands for copper.

It is worth noting, thatp, and r, in this case are fully determined only by geometiya microstrip and
dielectric constant of a dielectric.

3.3.2 Basic formulae for steel strips analysis.

In the case of steel, where resistive losses ajk and cannot be neglected, one can easily obain t
following expressions (if the geometry and the eliglic are the same with copper microstrip line):
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whereR is the steel resistance per unit length, subsssgands for steeg — for copper.
Inductance per unit length in (9) can be calculdtech o, andr,:

One of the important questions is what formula Rors suitable for our analysis. Rough estimations of
magnetic permeability can be done by using fornfd)aone can drop the ground conductor term, since
all our experiments it was copper, which resistasoeery small in comparison with steel). In [4gth is a
following approximate formula for resistance perntuength of a strip conductor in a microstrip line
(obtained by conformal mapping technique):
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whereW s a width of a strip conductof,— thickness of a strip conductét,— thickness of a dielectric. This
formula works pretty well fotM/H up to the order of several decades (which is #se @n our experiments).
The order of resistance, calculated using it, gsséime with the resistance, calculated using (4).

whereLR =

For magnetic permeability formula, based on phenmiogical Landau-Lifshitz ferromagnetic resonance
(LL FMR) model, gives good qualitative agreementhwieal data [5], that's why it is useful to make a
fitting of the parameters of this formula:
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wheref is a frequency y, f, and f, are parameters, which are based on other intrpai@meters of LL
FMR model, we used these parameters for fittingrloelel to experimental data.

3.4 S-parameters

Parameters, mentioned above, can be estimateddbyzarg so-called S-parameters of a transmissioe i
S-parameters characterize scattering of electrogimgnvaves on the transmission line. df, a, are
amplitudes of incident signals aibgl b, are amplitudes of scattered signals (see figth&n S-parameters

are defined as follows:
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Fig.4 Incident, reflected and transmitted wavess @tcompanies the definition of S-parameters).

Equations for S-parameters can be derived by gatisfooundary conditions for voltage and current.

Schematics, which helps writing down necessary esqions, is represented in the fig. 5. The follgwin
system of equations can be obtained:

UO + Ul = U 2 + U 3
U,-U, _U,-U,
z, p
ue™+uet=u,’
ue™-uet U,
p I
wherep is a characteristic impedance of a transmissiwg, i, =50Q is an ideal characteristic impedance

of measuring systen— length of the linelk — wave number, meanings of voltages amplitudep@sented
on the fig. 5.
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Fig.5 Voltage waves in the system

By solving this system one can obtain the followaxgpressions for S-parameters:
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wherex =£.

By fitting formulae (8)-(15) to experimental datas possible to estimate all needed parameters.
4. Results

All measurements were done by using Agilent E508d&work Analyzer, which was calibrated with
85033D calibration kit. Obtained data were analyzét the help of MATLAB.

4.1 Copper measurements

Before making measurements on steel it is necedsacarry out analysis on microstrip lines made of
copper.

During analysis of copper microstrip lines, additib phase shifts to reflected and transmitted waver®
found (see fig. 6).

0.9 - - 180
N AN
0.8 N\ N 1 180
Ny 1 120
0.7 1 I l Y 90
§0.6 | | | | i gg o S1im
Z205 - | | 1o § — - S11m_fit
20.4 - I | | 50 5 Siip
S T =Yg -
=03 | |l | | o5 — —s11p_fit
?0.2 T -9
o1 | T -120
1 1 150
0 | SINN N 180
0.E+00 5.E+08 1.E+09
frequency, Hz
1 -
o \ /\.
2\ AN
0 0.7
3 06 T [} .
05 - g — e S21m_fit
g o s21p
E 041 N | =s21p fit
T
0.1 \\J
0 -180

0.E+00 5.E+08 1.E+09

frequency, Hz

Fig.6 Manifestation of additional phase shifts bimtcopper microstrip line withl\=12mm,H~1.4mm.
Determined parameters arg, =17.4, 7, =1.91710° 5, 0=0.02



From this picture it can be seen that fitting tmagnitude can be done in a very good manner. litiaad
the phase shape of the fitting model is pretty nthehsame as the experimental one.

This additional phase shift can be attributed teesa# reasons, including:
1. Not proper theoretical model:

a. radiation from pins of SMA connectors can causadditional phase shift;

b. different widths of SMA pins and microstrip causéransition region between pin current
and microstrip current. Such region can effectivelgrk as an increase in length of the
connector. This effect can be taken into accounsdlying 2D analogue of telegrapher’s
equations with proper boundary conditions.

2. Network analyzer calibration errors.

Radiation as a reason can be tested by measunraga®ieters a strip line (fig. 7). If this is theseathen,
connector pin having been shielded by ground cawdsiédrom both sides of the strip, the additionbhge
shift should be different from the case of a mitnipdine. But experiment didn’t reveal such a diffnce
(see fig. 7), which implies an exclusion of thigggestion. In addition, this experiment also shotes t
influence of edge effects: instead of dropping hiyres, wave impedance decreased fromQ7o110.12.
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Another reason, transition from coaxial line to rogtrip line, was verified by taking S-parametefs o
copper microstrip lines with different widths. Nepmkendence of the additional phase shift on widts wa
found.

The very simple explanation of this phase shiftgasgs that it is caused by the additional length in
measuring system, introduced by the length of thenectors. This hypothesis is supported by theafine
increase of the phase shift with the frequency. él®y, phase shifts for S11 and S21 must be the same
under such conditions, but they are different {ggé or 7). Fortunately, this difference can bglained by

the features of 2-port calibration of network azely(see [6]).

2-port calibration procedure consists of two stepport calibration using load, open and short chads,
and thru calibration. Used calibration kit didndrtain a standard thru connector, which led to @heasor
in thru measurements. This can be corrected by umieasthe phase shift of the thru connector, usethé
calibration procedure. Thus, if the S11 phase #tfials S21 phase shift plus thru connector phaife s
then the additional phase shift can be explainedrlyrs in network analyzer calibration. And thasifid to
be the case: at 1 GHz the S11 phase shift was aidegrees, S21 phase shift — around 15 dedhees,
connector phase shift — around 30.

So, copper measurements give us a way for deterquip, 7., dielectric losses (see section 3.3.1 for
definitions) and network analyzer errors. Fig. hbws an example of copper data with phase correctio
This example demonstrates that even simple 1-dimealsmodel of a transition line can describe the
behavior of the real system in the desired frequeange.
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Fig.8 S-paramaters of copper microstrip line withrected phase.



4.2 Steel measurements

Measurements of the steel microstrip line wereiedrout inside the magnet at different values & th
magnetic field (0T, 1T and 2T) and different oretians (parallel to the strip plane, normal to gtep
plane) (see fig. 9). For such purposes we useditzration magnet with controllable gap between pae
Technical Division.

Microstrip line Microstrip line

Fig.9 Schematics of the experiment with steel inB&ynet. Normal orientation is represented onftg |
parallel — on the right.

The steel type used in our experiments was DI MAX 21 This type of steel matches the propertiedef t
steel used in Booster magnets.

For all measurements it is crucial to make a vexydg tight contact between a strip conductor alayer of
a dielectric. In the case of normal magnetic fieféentation the steel strip was pressed with gtdsthe
same length by the poles of the used magnet. klpamagnetic field measurements this couldn'dbeae
and the steel strip was attached to the dielebjriepoxy glue.

4.2.1 Steel measurementsin normal magnetic field

First of all, it is necessary to take measurementsopper microstrip lines in as much equal coodgj as
possible. For this purpose we used copper micpoltre with the same geometry as the steel midpbktre

on the same dielectric, put it into the magnetha same way as the steel microstrip line. Actutily
thicknesses of strip conductors were slightly défe (0.55 mm for copper, 0.65 mm for steel), bis t
discrepancy should have affected the measuremenyslittle (less than several fractions of percegste
formula in [3] with the thickness adjustments).

It was found, that S-parameters are slightly déferfor copper microstrip in different magneticldie (see

fig. 10). Copper being a diamagnetic material, sddference can be caused by properties change of
connectors or steel used in magnet poles (a gapait 4 cm being between magnet and strip condurctor
the experiment, one cannot totally exclude sucimtmence).

Later analysis showed that in order to increase abeuracy of magnetic permeability calculations in
different magnetic fields it was necessary to uggper data for corresponding magnetic fields. Besidn
fig.10 one can see irregularities, which increas Wequency; they are caused by longer cablesciwh
were necessary to allow insertion of microstripitite magnet. Such irregularities are also caretaaed
by using copper data.
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Fig.10 Influence of the magnetic field on S-paraenebf the copper microstrip.

As anticipated, there was a noticeable differenevben data of steel at different magnetic fielsise(
fig. 11). Transmission being higher at higher maignéeld, the resistive losses, and thus magnetic
permeability, decreased.
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Fig.11 S-parameters of steel microstrip line idedi#nt values of magnetic field, normal to thepspiane.

As the first step, it is useful to carry out simplealysis using formula (8)-(12). In the fig. 12earan see the

fitting to copper data at OT. Higher loss tangent be attributed to higher losses in glass.

Fig.12 Reference copper microstrip line,
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The determined parameters were used for analyssseef microstrip. One can see the difference batwe
S-parameters of copper and steel microstrips ofighé3.
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Fig.13 Comparison between S-parameters of coppkstel microstrip lines at zero magnetic field.

Fig. 14 demonstrates the fitting of LL-FMR magngi@rmeability formula (12) at zero magnetic field.
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Fig.14 Fitting of LL-FMR magnetic permeability forra.

From these pictures it can be seen that fitting lmardone pretty well. That implies that it is pb#sito
determine magnetic permeability directly. For eaglue of frequency we have four non-linear equatitam
S11 and S21 (real and imaginary parts) and fouamaters to determine (real and imaginary partsaMew
impedance and wave number (or time delay)). Thusiumerically solving such a system of equations it
possible to determine wave impedance and wave nuasbeomplex functions of wavelength, from which it
is easy to determine magnetic permeability usimmidae (8)-(11).

For convenience, it is better to rewrite formulaB)(in the following way:

TR s
 =—L=
Uo  (144) - x* (1K) (16)
SZ :ﬁz matt
tU, (1+k)° - x*(1-)°
where k :g, X =exp(ikl )= exptiwr |, k — wave numberep — angular frequency;, — time delay, —

length of the transmission line.

The convenience is in the following. Trigonometfinctions being periodical, the program tries to
determine wave number only within this period, whleads to discontinuities near the boundarieshef t
period; such discontinuities are hard to be handbgd MATLAB solvers. However, the quantity
X =exp(ikl )= exptiwr | doesn’'t have such problems and can be easily rdeted. This value being
determined, it is quite easy to restore the cootisuvalue of wave number (time delay) by adding the
period after each point of discontinuity.

The fig.15 shows the calculatedvalues from data of copper and steel in differewatgnetic field. A

considerable difference between copper and steebeaseen on this picture, which is determinedigi h
resistive losses in steel. It should be noted Hbed,these values were calculated on experimeatal with

phase corrections.

Irregularities on this picture are caused by maaggystem errors; they have similar shape foesdilacted

data, which, as stated above, can be used in twdeduce them in final analysis. This can be addeby
simply usinge, calculated directly fromg, in steel analysis.
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Fig.15y values, calculated from data of copper and stedifferent magnetic field.

By using equations (9)-(10) one can calculate teelgesistance per unit length, and by using (h#)
values of magnetic permeability can be obtainede §rometric parameters for steel sthg:=12mm,
H =0.75mm, T =0.65mm. In order to determine magnetic permeability, wastmknow conductivityo.
Since our frequencies are lower than optical bes#wrders, conductivity is independent on freqyesmd

can be measured by usual dc techniques. Four-po#atsuring method revealed a steel conductivity of

abouto =2.3016 (Ohmm) .
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Fig.16 Calculated magnetic permeability of steahimgnetic field, normal to strip plane; solid lin@irect calculations,
dash line — LL-FMR formula fitting.

The determined magnetic permeability of the steeldrmal magnetic fields is presented on the fiiy.As
anticipated both real and imaginary parts decreastdhigher magnetic field. In addition, one cae ghat
irregularities are still presented, especially lve tregion of relatively small frequencies (becaumsehis
region the losses are pretty low). However, outyamashowed that these irregularities were mugigd, if
we didn’t use reference copper data at each vdltleeanagnetic field.

4.2.3 Steel measurementsin parallel magnetic field

As mentioned earlier, we had to use epoxy gluerd@eioto tightly attach steel strip to dielectriid glue
affected measurements. That's why in the analydisi® data it is necessary to have a referened dtga in
zero magnetic field. Once the resistance per emigth in zero magnetic field is known, the resisésnat
other magnetic field can be easily calculated:

Ty =T, [1+ R‘*  T=T, ]1+_i 17)
jal jol

Time delay can be determined by the numerical ghoe stated in the previous section. Assumirig be
determined only by geometric and dielectric prdpsr{not by the strip conductor), which is prettuah
true, one can express it from the first equatio(l@) and substitute it into the second equatiof1@j. Then

R can be easily calculated. For estimation of inaiicé per unit length any data can be used, because this

parameter is determined only by geometry, which gquate the same in all measurements.
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Fig.17. S-parameters of steel microstrip line iifiedént values of magnetic field parallel to thegsplane.

Fig. 17 shows the difference between steel in dffe values of parallel magnetic field. Such aatiéhce
can be seen in the calculated values of magnetmeability (fig. 18).

This data shows a dramatic decrease in magnetmeqadaility. Several irregularities on this picture gust
measuring system errors and don’t convey any usefotmation. No difference between 2T and 1T data

means that steel was already in saturation.

The reason for such a big difference between valtiesagnetic permeability, calculated from dat&etain
different orientations of magnetic fields, lies different boundary conditions. Assuming infinitelyide
strip, in the case of magnetic field, normal to #igp plane, the values of B-field are equal iesahd
outside of the strip in the vicinity of its surfadgut in the case of magnetic field, parallel te #irip plane,
the same situation appears for H-field. Since Hind®mn B = 144 H , the steel reaches saturation in parallel

magnetic field much earlier than in normal magngéid.
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Fig.18 Calculated magnetic permeability of steahimgnetic field, parallel to strip plane.

5. Conclusions

During this project the following goals were acladv

The technique for measuring magnetic permeabilgy amalyzing S-parameters is tested and
developed.

Detailed experimental investigation of the problsncarried out, several obstacles, such as erfors o
the measuring system, are taken into account.

The estimation of magnetic permeability as a comfaction of frequency in the frequency range

from several megahertz up to 1 GHz is obtainedfiergnt values and orientations of the magnetic
field.
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