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Abstract . . INDUCTION ACCELERATORS DESIGN
The proposedheutrino factory requireghat the muons
produced by the decay of pions and kaons produced by &Nhe parameteandpulse formatselected undeStudy 2
target bephase-rotated beforthey can be cooled and offeredimproved physicsperformanceand less demanding
rotation system that employs an inductianceleration ©Of the Neutrino Factorand Muon Colliderhave resulted
system. Thephase-rotation system consists of180- In thearchitectureshown on Fig. land the acceleration
meterlong inductionaccelerator, a mi-cooling system Waveforms shown oftig. 2. The waveforms ofthe three
with magnetic fluxreversal,and two 80-meter long induction accelerators arenipolar, that is they do not
induction linacs with adrift space betweethem. The reverse in polarity during the beam pulseduction 1 and
induction linac phase-rotation system uses a 620-m#areproviding acceleration cycles aébout 200 ns and
warm bore 1.25 T superconducting solenoid gtide the 400 ns respectively while Induction 2 is decelerating and
muons in the beam channel. Tplease-rotation linac is

divided into 1-meterlong componentseach with its | L~ St npelral
superconducting solenoid. Thisreport describes the | . J e
induction cells, the induction cglowersystem,and the [ P et ™

superconducting solenoid contained within those cells. | s
INTRODUCTION

The principle of magnetic induction h&eenapplied

Bongth [km)
o

to the acceleration of higburrentbeams in betatrons and [ i~
a variety of inductioraccelerators! The linear induction N | Recleeulaiing Linse (2330 Gt
accelerator (LIA) consists of a simplenonresonant U
structurewherethe drive voltage isapplied to an axially i r:—_ Starage Ring (a0 v

symmetric gap that encloses taroidal ferromagnetic . ) e .
material. The LIA is typically a low gradient structure that Fig. 1 Neutrino Factory and Muon Collider
can provide acceleration fields @&rying shapesndtime
durations from tens of nanoseconds to several
microseconds. The acceleration voltage availabdéniply
given by the expressiow=A dB/dt. Hence, for a given
cross section of material, the beam puldaration
influences the energy gain. Furthermor@r@mium is put
on minimizing thediameter,which impacts the total
weight or cost of the magnetic material. THameter
doubly impacts the cost of the LIA since thewer (cost) 0 et {m;’” e i
to drive the cores is proportional to the volume as well.

The waveform requirements durinthe beam pulse
makes itnecessary tomake provisions in theulsing has aduration ofabout 50 ns. A number ahduction
system to maintain the desired dB/dt during the ugeddl accelerators have been constructedhia past thatover
of the acceleration cycle. This is typicattipnetwo ways, the pulsedurationrequired bythe Neutrino Factory and
by using thefinal stage of the pulse formingetwork Muon Collider but none thalhave acceleratiogradients
(PFN) and by the pulse compensation network usually &nd peak powerevels thatare ashigh. Concentrically
close proximity of the acceleration cell. locatedinside of the induction cellthus requiring avery

The choice of magnetic materialgill be made by large inside diameter¢Fig.3). Furthermore, thestray
testing various materials bothferromagnetic and solenoidal fields at the gaps require an even ladigeneter
ferrimagnetic. These materials will include the nickel-ironto insure that thesfields orthogonal to the maifield do
silicon steel amorphouandvarious types offerrites not not cause a reduction itotal flux available. The high
only to determinethe properties thadre essential inthis  gradient and solenoidsdictate aninduction cell design
application but theenergy losses in the magnetizationwhich is far from optimum in terms of power
process which directly impact the cost. requirements and economics.
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Fig. 2 Acceleration Waveforms
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In the past two decades, great strides have beale in saturation). The losses for 2605 @Il be about 1400
the development of magnetic materials whichramacing J/n. The total losses, U, for the amorphous matavil
all previous ones used n the 60 Hz power induséigause be U=(1400J//)(.162n7)(.75) or U=170J/cell. Théosses
of low loss, ease ofmanufacturingand low cost. These using the amorphous materiie about twice as high as
materials are amorphous alloys whiate manufactured in those of theferrites and, thereforahe cost of the pulse
ribbon form by rapidly quenching astream of molten generatowill be greater. Theeconomics, howevesstill
materials on aold rotating drum. The ribbon is cast infavor the amorphousaterial because its cost is about one
thicknesses of 15-28m and has @reaterresistivity than fourth of that of the ferrites. Even though the pulse
other magnetic materials makingdirectly applicable for generator nearly doubles in cost, the net result is a saving
short pulse applications. In previous inductemtelerators of about 10%. Anadditional advantage ithat all three

wherethe pulseduration wasvelow 100 ns, it hadbeen

accelerators are atyst identical in designThe design of

traditional to use ferrites as the magnetic material. Ferritgsduction 1, 2 and 3 is shown on Table 1.

were chosen simply because they offered the loemestgy
loss andminimum overall cost. Forinduction 2 with a
50ns pulseduration ferriteswere the obvious choice.
However, furthercost analysisndicatedthat eventhough
the energyloss was lesgor ferrites, overall cosbenefits

resultedfrom using amorphous materials. This shift in

cost benefit has occurred because the cost of
manufacturing ferritebasbeen increasingvhile the cost
of amorphous alloys halseen decreasingoffsetting the
increase in the cost of driving the induction cellsotder
to make agood comparison, a thorougtesign was made
using the two materialsand their respective drive
modulators. If full saturation ischieved in 50ns, the
losses forferrites (CMD 5005) areabout 800 J/rhwhile
the losses for amorphous materials (2605%€) more
than oneorder of magnitudehigher. Since the cost of
ferriteshasincreasedtonsiderably inthe past twodecades
while the cost of amorphous materials ligsreased, it
was imperative to take anothieiok at usingamorphous
materials of the same cross-section (volume) asettiges
since this would mean that the flux swinguld be much
lower than that at full saturation awould be the
magnetization rates, hence, tlosses. Inorder to make
the best comparison, design wasmade of both the
ferritesandthe amorphous materials. Using thendard
101.6mmwidth (w) and adelta B of 0.5 Tesla for the
ferrite CMD 5005 then tharea A=w (5 — r,) = VDt/DB.
From Fig. 2 thesignificant part of theacceleration
waveform is the fall time while the rise time is

unspecified and will be determined by the pulse generato?s.

Because of the large gappacitancendthe impedance of
the pulse generator, the rise time will tearlythe same

as the fall time so that the FWHM will be about 100 ns.

Using 100 ns as FWHM dpt andthe per cell voltage
V=188kV then the outsideradius =870mm. The
hystesisis curve for CMD 5005 indicates that
DH=1000A/m and the losses will be 500 3/rfihe ferrite
volume V= (r,2 — ) W=.162nf which will result in
81J of losseper cellrequiring a drive currentl=4.3KA.
Using the same cross sectiorakabut applying the
amorphous materials, onean now find the losses.
Because the packing factor of the amorphous mateiial

be 0.75 instead of unity the flux swing will be .667T an

the magnetizationrate dBdt = 6.67Ths (i.e 100ns

TABLE 1
Accel D (03] Volts | Amps | Enemgy
ns | Tesla|] A/m KV KA J
Ind 1 250 2.0 1200 214 5.09 273
Ind 2 100 | 0.67 2100 188 9.05 170
Ind 3 380 2.0 900 143 3.84 209

PULSE GENERATORS

Induction Accelreators 1, and 3 aredriven by pulse
generatorswith output voltages ofseveral hundred
kilovolts and currents in the tens of kiloamperes. Prior to

the development of the

nonlinear magnetic

pulse compression
modulator, it hasbeen
traditional to drive the
induction cells directly
from line modulators.
Because of the vergigh
voltages and currents
required by the induction
Fig. 3-Typical cross-section of two meters
linacs, the only modulator that can provide short
pulses with such highpeak power levels (several
gigawatts) is the magnetic pulse compression type.
The requirementfor induction 1 is togenerate an
acceleration pulse shapadgradientshown on Fig 1 and
Each acceleratarell previouslydescribedmust produce
a voltage of 214 k\andafterthe beamtraverses700 of
these cells it willhave gained 50 MV of energy.From
Table I, the necessary drive current for one cell is 5.09KA
for a durationfull width half maximum (FWHM) of 250
ns. As previously mntioned, no switches existhich
can produce this type of pulsirectly so byinvestigating
the optimum operating voltageand current of the
switches, therequired stages of compression will be
decided.Since Thyristorshave limits in di/dt of several
kiloamperes/microsecondnd voltage limits of a few
kilovolts it can be seethat alarge number othem in
series and parallel combination will be required.

d hyratrons also havémits in di/dt andvoltage butthese

limits are atleast oneorder of magnitude greatethan
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thyristors. Thyristors have practically unlimited life whileeconomic reasons are the glass envelopts. Inorder to

the thyratrons have an operating life of the orde2@000
hours. Even taking inta@onsideration replacemenbsts,
the thyratronoffer a simplerandmore economical pulse
compression system (fewer stages).

For technical and economic reasons, the pulse
compression system is designed to drive one meter or all
seven induction cells. The total energy required will be
U=273x7=1,911 Joules plus the additional losses
incurred in the pulse compression scheme. The 500 Joule
magnetic pulse compression system designed to replace
the Advanced Test Accelerator spark gaps achieved an
efficiency approaching 90%. Allowing for 5% losses in the
thyratron switches, 5% losses in the resonant charging
and 5% in the power supply, the total input energy per
pulse is 2,548 Joules and at 15Hz average repetition rate
the total power for seven cells W=38.2 kW. The total
power for Induction 1, W= 3.82 MW.
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Fig.4-Simplified diagram of a magnetic pulse compression
modulator for driving seven cells.

Fig 4 shows a simplifieddiagrams ofthe pulse
generator which will drive 7 cellwith a voltage pulse of
214KkV, 35.6 kA and a pulsguration FWHM=250ns. The
resonant charger initiates the sequence by charging
capacitor G to 2xVdcps or30-40 kV. Thecharging
current through G will have the effect of partially
resetting the first stage compressiand the step up
transformer. The reset of the other stages and the induct
cells will be done by a separafilse generatoijust prior
to initiating the pulsesequence.The pulse compression
sequence is initiated by firing the switche®d discharging
C, into the first stage of compressioAfter two more
stages of pulse compressiand pulse shaping, the
waveform isdelivered toseven induction cells. Thiotal
energy that must bswitchd bythe thyratronsnclude the
system losseand amounts to 2548 Joules. Tresergy
is stored in capacito€o=5.661F and isswitchedinto C1
through inductor L1=.828vH with a seriesimpedance
Z,~.382 ohms.

This results in geak halfsinewave current of 28kA
for a peak power of 2.3GW. Sevemgitions inthyratrons
are available. This highest continuoymwer thyratrons
arethe ceramic envelopainits while the glasnvelope
units are capable of nearly as high a peak pawgr low
averagepower capability. Since theaveragepower is
moderate(38kW) the appropriate choice for technical and
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carrythe 78kApeak current, twelve paralleleviceswill
have to be used. To insure current shareagh thryratron
will switch its own capacitor which is Co/12=wF.

The magnetic pulse compression modulators for
Induction 2 and 3 will be very similar to Inductionwith
small variations in the number of stages docordance
with their respective pulse duration.

The total energy perpulse and the total power
requirements at 15 Hz averagspetitionrate forall three
induction accelerators is sown on Table II.

TABLE II Energy and Power
Requirements
Ind. Accel Length Pulser Total Total
(m) Energy Energy Power
(J/m) (kJ) @
15Hz
(kW)
Induction 1 100 2,548 254.8 4,247
Induction 2 80 1,190 126.9 2,115
Induction 3 80 1951 156.1 2,602
Total Power required from Grid 8,964kW
CONCLUSION

The proposedneutrino factory phase rotatorequires
some verydemandingpulse shapeand power levels for
driving the three induction accelerators. However,
number of inductionacceleratorsand magnetic pulse
compression modulators have beeonstructed which
coverthe range ofppulse duration and peak power levels
required. Further studieswill be required in the
optimization of the magnetic materiand nodulator
design. There are indications from the manufacturers of the
amorphous alloys that a thinner ribboan bemade in
mass production thus reducing the overall power
requirements. It is quite realistic to expect reductions of
10-20% in overalpower requirementand nodulator cost
using thinner alloys of the materiabedfor study 2.
Further studieswill include the generation of a bipolar
pulse usingbranched ragnetic whichwould result into
combining Induction 2 and 3.
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