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Abstract

Two sets of four LHC inflector magnet systems must pro-
duce akick of 1.36 Tm each with aduration of 6.5 us, arise
timeof 750 ns, and an overall stability of £0.5%. Theelec-
trical circuit of the complete system, including al known
stray quantities, has been simulated with PSpice. Many
stray e ements were determined from Opera2D simulations
which included eddy-currents. 3D analyses have a so been
carried out for the kicker magnet using the el ectromagnetic
analysis code Opera3D. Equivalent circuitswhich simulate
the frequency dependence of inductance and resistance of
the Pulse Forming Network (PFN) have been derived. The
dimensions of the PFN coil have been selected to give the
correct pulse response. The end cells of the PFN have aso
been optimised. The discharge stability of various PFN ca-
pacitors has been measured. This paper presentsthe results
of both the analyses and measurements.

1 SIMULATIONS

A previous paper by the authorg[1] details operationa re-
quirements, geometry, and results of initia PSpice smula
tions, for the PFN. The research reported in the present pa-
per builds on that presented previously.

1.1 PFN Cail

The PFN consists of two 102 L-C networks of 27 cells
connected at both ends in parallel. The ends are equipped
with thyratron switches, the main switch (MS) at the mag-
net side and the dump switch (DS) on the opposite end.
Each PFN coil has a diameter of 42.4mm and is precision
wound as a continuous straight solenoid with a constant
pitch of 22 mm, to assure the same self inductance and mu-
tual coupling coefficients for al cells, apart from the end
cells. The coil conductor isa Cutube of 8 mm diameter and
1mm wall thickness. The inner cell inductances are com-
posed of 7 turns. Each coil is surrounded by a1.5 mm thick
Omega shaped copper screen which has an internal radius
of 140mm (Fig. 1). Both PFNs are mounted in a rectangu-
lar tank with walls made of 5mm thick mild sted.

The inductance and resistance of each cell exhibit a
strong frequency dependence that has been quantified with
the simulation code Opera2D[2]. Thetotd inductance of a
cell decreases by approximately 13 % between 0.1 Hz and
40k Hz (Fig. 2), hence theradius of the coil cannot be based
on the DC vaue of inductance. In order to extract both self
and mutual inductance, asafunction of frequency, fromthe
Opera2D predictions, the simulations were carried out in
four steps on 10 consecutive central cells of 7 turns each:

1. onecel ismodelled as carrying current;
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Figure1: Cross-section of 5¢2 PFN

2. three cellscarry current: thereis one off-state cell be-
tween adjacent on-state cells;

3. three adjacent cells carry current;

4. dl cdlscarry current.
Predicted stored energy permits the calculation of various
guantities. Thefirst step gives the self-inductance per cell.
The combination of thefirst and second steps give the mu-
tual coupling coefficient k15 between cell inductances 1 and
3, provided that ;5 can be neglected. The first, second
and third steps then give k2. As a cross-check the total
inductance per cell (self and mutual) calculated from steps
1 through 3 is compared with that calculated from step 4.
Steps 1 through 4 are carried out over a range of frequen-
ciesfrom0.1Hz to 10 MHz. The predictionsat 0.1 Hz have
been checked with DC simulationsfrom Flux2D[3] and cal-
culations based on equations in Grover[4], with the screen
assumed to be at infinity, and are in excellent agreement.
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Figure 2: Inductance of standard cell versus frequency

Fig. 2 showsthreeplotsof cell inductance asafunction of
frequency (see legend), as calculated from Opera2D simu-
lations. Thecurves can be split approximately intofour fre-
guency bands. Below 5Hz magneticfield ispresent outside
the copper screen resulting in a high inductance. Between
approximately 5Hz and 200Hz there is a significant de-
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Figure 3: Equivalent circuit for a7 turn cell [damping circuit valuesfor MS end cell in parentheses]

crease in both self-inductance and the mutua coupling co-
efficients because eddy currentsinduced inthe screen result
in negligible field outside of the screen. Between 200Hz
and 5kHz the reduction of inductance ismainly dueto the
proximity effect. Above 5kHz the main cause of variation
of cell inductance can be attributed to skin-effect.

Fig. 3 shows the equivalent circuits utilised to simulate
the cell resistance and inductance over various frequency
ranges. The simulated val ues associated with the damping
circuit of the MS end cell, are shown in square parentheses.
The PSpice Optimizer[5] has been utilised tofit the equiva
lent circuit tothe Opera2D predictions. Themaximum error
for the equivalent inductance and resistance valuesis 1.5 %
and 0.1 %, respectively up to afrequency of 8MHz. PSpice
transient analyses show that the variation of cell resistance
and inductance below 200Hz, i.e. the effect of the mild-
sted tank, has negligible effect: thus this section of Fig. 3
can be eliminated from the model.

The frequency dependent losses result in a droop of the
‘flat-top’ field[1]: asimilar dopeis produced by replacing
the skin and proximity effect circuits of Fig. 3 by aresistor,
whose value corresponds to the cell resistance at approxi-
mately 40 kHz. The losses can be compensated for by lin-
early grading the cell capacitors such that they increase in
value from the MS end to the DS end of the PFNg[1]. The
optimum grading is0.09 % per cell. Measurements confirm
that the natural spread in capacitance values of production
batches is sufficient to achieve the required grading.

Each capacitor has an equivalent series resistance of ap-
proximately 14 m<2. In addition the end to end stray capac-
itance associated with a cell is approximately 3pF (Fig. 3).
PSpice transient analyses carried out with these stray val-
ues show that they have negligibleeffect upon the predicted
magnetic field.

1.2 End-cdl Inductance

The PSpice Optimizer has been used to independently opti-
mize the inductance of both theMSand DS end cells. The
valueof theM Send cell inductance was specified, and then
the Optimizer was run with the values of thefront and MS
cell[1] asparameters, and both rise-timeand ripplewerein-
cluded in the specifications. Provided that therise-timeand

ripple definitionswere achieved, the rise-time was reduced
and the Optimizer re-run. The minimum field rise-time oc-
cursfor asaf-inductance of approximately 130 % of that of
acentral cel, and remains within 10 ns of the minimum for
an inductance in the range of 122% to 135%. A nineturn
cell has been chosen, as it has a self-inductance of approx-
imately 133%. Opera2D simulations show that the corre-
sponding k1> coupling factor to the adjacent cell is 7.4%
(compared with 8.6 % between two adjacent central cells).
A similar analysisfor theDSend resultsina5turncell: the
self inductanceis 67 % of the central inductance. The cou-
pling coefficient &, to the adjacent cell is10.3%.

1.3 Damping Circuit

Each cell of the PFN has a damping resistor, connected
in paralel with the coil inductance, to damp out flat-top
oscillationg[1]. The nominal values of the damping resis-
tor are 16.4¢2 for the DS end cell and 10052 for the other
cells. Thedampingcircuit self and mutual inductanceterms
are calculated using both Opera2D and Grover[4], and are
shown in Fig. 3. The stray inductance is simulated as a
self-inductance (88 nH) mutually coupled (k=20%) to the
coaxial portion of the self-inductance (34 nH) of the associ-
ated PFN cell. There isalso inductance associated with the
wiring connections (105nH) to the PFN winding, and the
internal inductance of the resistors (6 nH). Due to the rel-
atively large vaue of the damping resistor associated with
the central and DS end célls, their stray inductances have
negligible effect upon the predicted magnetic field. How-
ever the stray inductance associated with the damping cir-
cuit of theM Send cell can cause asignificant overshoot and
subsequent ripple of themagneticfield. For thisreason, two
parald resistors, one on either side of the coil (Fig. 1), are
required for the MSend cell.

1.4 Simulation Results

Fig. 4 showsthe predicted magnetic field in the kicker mag-
net for a PFN built as described above. End effects in the
magnet are neglected, and the terminators and cables are
simulated as being ided. The rise and fall times (0.1% to
99.9%) are 641 ns, and 2.8 s respectively for a (reduced)
pulsewidthof 4.25 ps. A study of the post-pul sefiel d shape
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Figure4: Predicted field in kicker magnet

as afunction of pulse width predictsthat for widthsof 4 ps,
4.5 us, 5pusand 6 us, thefield fall time (99.9%t00.1%) is
2.8us, 2.8 us, 4.2 psand 4.9 iis, respectively. The predicted
fal-timeislessthan 3 4s, for al the above pulse-widths, if
afal-timedefinition of 99.9% to 0.3% is used.

2 COMPONENT STABILITY
2.1 Discharge stability of PFN capacitors

Previous experiences have shown that contact problemsin-
side PFN capacitors can be one of the main sources of flat-
top degradation. Severa technologies of capacitor fabri-
cation, from various manufacturers, have thus been inves-
tigated. A stability test has been set up, in which the ca
pacitor under test is discharged from 15 kV into 2102 re-
sitive load through a single gap thyratron. The discharge
current was monitored over a few thousands cycles. Dur-
ing part of the test the capacitors were subjected to knocks
and vibrations. The overdl stability of the power supply
was limited to £0.25%. The test capacitors differed by
the method of interna connection between the elementary
series-connected units which compose each capacitor. Ca
pacitorstype 1 had elementary units only pressed together
and maintained by an insulating rod; capecitorstype 2 were
identical but had an additional spring to ensure agood con-
tact pressure; capacitors type 3 and 4 from two different
manufacturerswere composed of elementary unitssol dered
together.

The following results were obtained: capacitors type 1
had an instability of +0.35% which increases to +0.95%
when subject to knocks and vibrations; for capacitors of
type 2 the instability was +0.35% and +0.40%, respec-
tively. Capacitors type 3 and 4 have shown an instabil-
ity of +0.25%, independent on whether knocks and vibra
tionswere applied. From these va ues, theinstability of the
power supply itself must be deducted. The results confirm
that internal elementary units must be soldered together to
achieve an acceptable stability.

2.2 Stability of termination resistors

For both main and dump resistors, existing coaxia high
voltage, low inductance subassemblies will be used. They

arecomposed of 10 series stacked ceramic carbondiscs, im-
mersed inaforced liquid siliconeflow and cooled by weter.
The long term stability of the unit is linked to the ageing
of the resistor discs. The relative resistance change based
on manufacturer testg[6] can be expressed in the empiri-
ca relation dR(%)=5.6(1-exp(-t/20)), wheret isthetimein
weeks. According to thisformula, the 0.1 % stabilisation of
thefinal resistance va ueisreached after about 80 weeks. In
order to accelerate the stabilisation process, CERN dready
pre-impregnates the discs under vacuum and high tempera-
ture, but further investigationsremain to be made.

The short term stability is linked to the temperature co-
efficient of thematerial (—0.08%/°C). Each PFN pulse has
a maximum energy of 1730J and will heat up the resis-
tor stack by 0.2°C. Without heat exchange, the temperature
would increase by 2.2°C between the 1st and 12th pulse,
leading to aresistance decrease of 0.18%. A test isunder-
way to measure the capability of theforced cooling system
toreducetheresistancevariation. Carewill asoberequired
to guarantee the initial temperature of the resistor stacks to
within 1°C before each injection period.

3 CONCLUSION & OUTLOOK

Beam emittance conservation duringinjectionintothe LHC
imposes stringent design requirements on theflat-top ripple
of the magnetic field of the injection kicker systems. In or-
der to establish aredistic equivaent circuit of the system
for pulse response simulations, secondary effects such as
frequency dependence of the PFN coil and damping resis-
tors as well as stray el ements have been incorporated. The
results show that the required pul se response performance
can be achieved. Further refinements to the model are re-
quired, and then asensitivity analysiswill be performed. In
parale the pulse to pulse stability of discharge capacitors
has been analysed resulting in the conclusion that dl inter-
nal capacitor e ements must be connected by soldering.
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