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Abstract 2o i

1.8+ -
Many present day kicker magnets must have a relatively Sl r
short field rise time, and low flat-top and post-pulse ripple. E’l‘éi i
In order to design the electrical circuit for a kicker magnet 208 .
with the required specifications for field quality, it is nec- oo .
essary to quantify the effect of end-fields on the inductance ey T
distribution throughout the travelling wave kicker magnet. 50 100, 100 200,20 00 %0

This paper presents the results of an electromagnetic anal-

ysis of a relatively short, 10 cell, prototype travelling wave Figure 1: Pulse propagation through the prototype kicker
kicker magnet using a three dimensional code capable of

modelling eddy-currents: in order to verify the predictionsthe pulse through each of the 10 cells of the kicker. A
inductance measurements are also presented. high impedance low-capacitance probe was used for mea-
suring voltage on each of the HV capacitance plates. The
kicker was driven from a 29 source and terminated with

1 INTRODUCTION a 31.352(+0.2%) resistor B,.) for this measurement.

As part of the Canadian contribution to CERN LHC, TRI-The ‘fIat-t_op’ osciIIation; in Fig. 1 are damped out by_an
UMF is assisting with the design of the injection system[1€/apsed time of approximately 300 ns. The dimensions
2]. 3D simulations of the LHC kicker magnets will beof the ferrite of a cell were chosen such that the field in

carried out: these simulations will permit inductance peﬁhe ferntef ;Skiflfw tgj. Ifneehof |ts| B-H curv?,ﬁt the de5|gn
cell to be calculated, and will include end effects. In orde?prrent 0 - In'addition the reluctance of the magnetic-

to prove the integrity of the 3D software, for simulating acwcuit of a cell is dominated by the reluctance of the aper-

kicker magnet, the code has been used to model an exig'f[e’_ hence the i_nductance is virt_uaIIy constant up to the

ing TRIUMF kicker magnet for which measurement datg@ximum operating current. The inductance of_a cell was

exists. deterr_nlned from the measured pulse propagation, by the
As part of the KAON Factory Project Definition Studyfonown’]g procedure:

a prototype kicker magnet, based on the design of thosee Calculate flux by integrating, up to 350 ns, the poten-

of CERN PS Division[3] was built at TRIUMF[4]. This tial difference between the two HV capacitance plates

kicker is of the transmission line type; it consists of fer- ~ which sandwich the ferrite of the cell of interest;

rite C-cores sandwiched between high-voltage (HV) ca- ® Divide the flux by the current flowing through resis-

pacitance plates. The kicker has a ground conductor clos- tor R, at 350 ns; the current is calculated from the

ing the aperture, which has the effect of both improving  Vvoltage drop across the resistor.

the magnetic field uniformity and minimising magnet fill-|n order to improve the voltage resolution and the signal
time. The kicker is a 10 cell magnet with a characteristigop noise ratio of the measured voltage, the magnitude of
impedance of 30.. the driving signal was adjusted to be equal to the full-scale
The characteristic impedancty) of a cell of a transmis- deflection of the Tektronix 11401 digitising oscilloscope
sion line kicker magnet is given byZ, = /L/C, where utilised, and the signal was averaged 32 times. The same
L and C are the inductance and capacitance per cell of tpeobe was used to measure both the voltage of each capac-
kicker magnet, respectively. Impedance mismatches resitfince plate and acros?,,;. The measurement data was
in distortion of the current pulse, and therefore of the fielgrocessed to remove the dc offset of the channel of the os-
in the kicker magnet[5]. Ripple of the field in the kickercilloscope, and then normalised to the average of the volt-
magnet may result in an increase in beam injection losseage values in the time range of 350 ns to 500ns. The nor-
malisation process compensates for the drift of the Hewlett
2 MEASUREMENTS Packard 8082A pulse generator utilised for j[hese measure-
ments: the drift was measured to be approximately 0.06 %.
In order to determine self-inductance per cell of the proSpecial care was taken to ensure that the ground of the
totype kicker magnet, the kicker was driven with a puls@robe was always positioned adjacent to the midpoint of
with a 30ns rise time. Fig. 1 shows the propagation ahe back of the ground conductor, and the ‘live’ tip of the



probe was connected to the end of the leg of the HV ca-
pacitance plate. As a result of the procedure now adopted,
these measurements are more accurate than those reported
previously[4].

The self-inductance of the end cells was determined us-
ing two different procedures:

1. the ‘flat-top’ return current was allowed to flow
through the ground striplines at the ends of the kicker;
2. the ‘flat-top’ return current was not permitted 10 Figyre 2: High voltage, ground and connecting conductor
flow through the ground striplines, but instead flowed
through a wire which was arranged to have negligibléhe kicker magnetis driven from its centre: the HV conduc-
mutual coupling to the end cell. tor is connected to the ground conductor using the stripline
The measured inductance for each end cell of the prot6fthe end (ground) capacitance plate. Fig. 2 shows the HV,
type kicker, measured using the two methods (see abov@jound and connecting conFiugtors glmulated for thg kicker
is approximately 121 nH and 114.4 nH, respectively: thu'agnet: for_ clar_|ty the ferrite is omitted from_ the_ figure.
6.6nH is attributable to mutual coupling between thdn order to simplify the 3D model, the connection is repre-
ground stripline, at the end of the kicker, and the engented as having the same shape as the ferrite cores. The
cell. The self-inductance for the second and ninth cellv0 end HV capacitance plates, which sandwich the end
is approximately 76 nH. The average cell inductance fdg'rite, are omitted from Fig. 2: it is necessary to simulate
the four central cells is 73.3nH: the total self-inductancéese plates as they act as ‘eddy-current shields’ preventing
of the kicker, as determined from the two methods (sg®agnet flux exiting th_rough the s_lde of the ferrlte_s._Slnce
above) is 833nH and 820nH, respectively. The relativ1® Y component of field is relatively constant within the
error between the measured inductances is estimated toth#ner cells (see below) it is not necessary to simulate the

+1.9nH, and the absolute error is estimated to be less thhlY capacitance plates, within the 8 inner cells, as conduct-
+20p. ing regions: it is sufficient to replace these HV capacitance

plates by volumes of air, which also reduces the complexity

3 SIMULATIONS of the model significantly.

The boundary condition set on the Y=0 plane enclosed

Fringe fields result in an appreciable increase in inductan&&tween the HV, ground and connection is set to normal
per cell towards the ends of the kicker. Hence in orddpagnetic with a non-zero potential. The boundary condi-
to obtain realistic predictions it is necessary to employ Hon on the Y=0 plane outside of the HV, ground and con-
3D code. In addition, because the excitation pulse contaiff§ction is set to normal magnetic with a zero potential. All
high frequency components, it is important to model eddpon-conducting regions, except for the volume underneath
currents: Elektra[6] is a 3D code which can simulate eddtfie connecting conductor, are specified as being regions of
currents. total potential. The effect of the above is to set the net cur-

Accurately simulating a magnet in 3D using a finite elefe€nt enclosed (1 kA) by the contour integral around the HV
ment code can require a large amount of memory and CFnd ground conductors to be equal to the value of the (non-
time. In addition, the accurate simulation of eddy current&€r0) potential specified (see above). Similarly the volume
requires that there are an adequate number of finite elédderneath the connecting conductor is specified as being
ments per skin depth (e.g. 3), near to the surface of the cah-egion of non-conducting (air) vector potential: this en-
ducting regions. However, due to symmetry of the kickepures that the net current in the connection is equal to the
magnet, it is only necessary to model a quarter of the magPecified potential.
net (Fig. 2). Since displacement current is not simulated, The self-inductance of a cell towards the centre of the
it is not necessary to drive the model using a representkicker can be estimated from the following equation:
tive pulse: a representative pulse would require a signifi- X w x !
cant number of finite elements in the conductors in order to p=HrOxr (1)
accurately account for the eddy currents resulting from the h
Fourier spectrum of the pulse. Instead the model is exciteghere,w is the width of the aperture (155 mm between the
using a sine-wave. The chosen frequency of the sine-wai#y/ and ground)y is the length of a cell (measured to be
(40 kHz) is high enough such that there is little magneti80.25mm) which is made up of ferrite-5mm) and a
field within the conductors: 40 kHz also corresponds to BV capacitance plate5 mm); andh is the height of the
frequency of interest for the LHC injection kickers[2]. aperture (80 mm). Thus from equation/1=73.65nH.

The prototype kicker has striplines at its input and out- The self-inductance of each inner cell is derived from the
put. This kicker was designed to be driven from a matchelektra predictions by integrating the Y component of the
impedance pulser, and terminated at its output using medicted flux densityBy) through the back yoke of the
matched resistive load. However the Elektra code does nappropriate ferrite, along the Y=0 plane, and dividing the
permit external circuits to be modelled. The 3D model ofesultant flux by the total driving current. The predicted
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Figure 3: Predicted and measured cell self-inductance Figure 4: Y component of predicted flux-density

inductance for the central cell is 73.54 nH, which is withirP® MM from the end of the ferrite. .
0.15% of that given by equation 1: the slight discrepancy 1he X and'Y components of kick have been determined
is due to the fact that equation 1 treats the ferrite as havidgP™ JBy-dz and [ Bz-dz, respectively. The effective
an infinite relative permeability, although this is somewhd€ngth of the kicker (330mm), at the centre of the aper-

offset by the fact that the aperture width of 155 mm neglecf§re; iS 9.2 % greater than the actual length (302.5mm).
skin depth in the HV and ground conductors. fo-dz, calculated from a 3D and 2D analysis, is within

Calculating the self-inductance of the end cell by inte£1 % Of the value at the centre of the aperture, for a frac-

gratingBy through the back yoke of the appropriate ferrite',‘ion of the aperture area of approximately 0.69 and 0.79,

along the Y=0 plane gives a value of 111.3nH, in Compaf_espectively: the shape of the ferrite and conductors have
ison with the 114.4 nH measured. The results file obtainé?fev'ous'y been optimised with Opera2D[4].

from the Elektra simulation includes the total stored en-

ergy: this energy will include the mutual inductance be- 4 CONCLUSION

tv_veen the end _ground and HV striplines. Thus the PrSeasurements carried out on a kicker magnet are in excel-
Q|cted end—C(_eII inductance was re-calculated by determ'ﬂént agreement with predictions from the 3D eddy current
ing the total inductance (830 nH) from the stored energ ode Elektra. Thus we are confident that Elektra can be

and subtracti_ng the sum of the other cells inductance ¢ uccessfully used to predict the inductance, field distribu-
culated from integratind3y through the back yoke of the ion and kick for the kicker magnets for LHC
inner ferrites. The total predicted inductance (830 nHB ’

is in excellent agreement with the measured total induc-
tance (833 nH), and the calculated end-cell inductance is 5 ACKNOWLEDGEMENT
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