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Abstract described ingreater detai[1]. Two insulation techniques
wereused, mica paper iribbon form of 18um thick,
Large masses of magnetiore materialarerequired for - and inorganic coatings of €im thick.
many of the inductioraccelerator-basegrojectscurrently In this paper, weextend the previous work with
understudy; the quantitiesequired exceed ¥0kg for a measurements on cores manufactured from afoyduced
linear heavy-ion fusiordriver, so core performance andpy four manufacturers: the amorphous alloys 2605SC and
cost are critical issues. Wehave evaluated cores of 2605SA1 from AlliedSignal (USA), 9KCP30KCP,
amorphous alloys from AlliedSignahdMRTI (Moscow 2HCP, and 7421 from Amet (Russia);and the
Radio Technical Institute) and nanocrystalline allﬁmn nanocrysta"ine a||0ys FT-1H from Hitachi (\]apan), and
Hitachi and Vacuumschmelze. The covesre of moderate VitroVac 800 from Vacuumschmelze (Germany)_ The
size, between 1 and Ky. We characterizedhe materials 2605SC wasinsulated with mica paperwound and
in terms of the flux swingAB from -Bremanentt0 annealed by LNL (USA) [1]. The other materialsvere
+Bsaturation @2nd theenergyloss versugsiB/dt. Wefound  coated, wound, and then annealed:FT-1H by Hitachi
sources foreachmaterial thatcould coat, wind,andthen  (Japan), the four Amet alloys by MRTI - Moscow
annealthe cores. Thigequiredthe development othin  Radiotechnicalnstitute (Russia), 2605SAand VitroVac
coatings that withstand 350-35C€ anneal temperatures. goQ by National-Arnold Magnetics (USA).
The result iscore performance nedhe ultimate small
sample performance of eaomaterial, with highe®AB and 2 RESULTS
lower losses than thearlier approaches afsing as-cast
material or rewinding afteranneal, in bottcasesusually
cowinding with thin mylar (~4m thick). We are
beginning systentode studies oftradeoffs betweenAB
and losses.

Our experimental methods for measuringore
parameters have been discussed previously [1]. Briefly, we
discharge a 1ufd capacitorbank through a thyratron
switch into 1 to 32 primary turnsvrapped around the
minor cross section of the toroidal cores. Tdwee has

1 INTRODUCTION been _reset to {BmanentWe measure¢he current through

the primary and the voltage across a 1-sgoondary. The

In a previous paper[l] we showedthat tape wound flux swingAB and the losses u(JAnare referenced to the
magnetic induction coregrocessed byannealingafter area androlume of alloy,determined byweight, not the
winding, produced superior performance to cores wound géometricalarea androlume of the corei,e., we correct
as-cast material anubot annealed, or to cores woumdth  for the packing factor. The digital oscilloscope calibration
previouslyannealednaterial. Annealingafter winding is  was checked by the manufacturer to be within
advantageouboth to gain the full flux swingand to specifications (errors<1% of full scale), the voltamebe
wind while the material is stillductile. With annealing attenuation wasdjusted to bavithin 1% over therange
afterwinding, weachieved performance nettie ultimate of time bases used (10-100 ns resoluti@my the current
small sample performance[2]. The major technical transformer/terminator were also checked to be within 1%.
challenge in annealing cores after winding is providing an we summarize our findings in Table 1. Wst each
interlaminar insulation[3], that reducesdy currentlosses  alloy by the manufacturers designation, and eachwite
at high magnetization rates. The insulatiomust an abbreviation ofts manufacturerdabeling. Each row
withstand annealing temperatures thieler of 360 C  represents a different core, except for 2605SA1, whate
without applying mechanical stress to the amorphousrom onecore is analyzed at 4 differefiux swings, to
metal ribbon, and must meet otfreguirements related to allow direct comparison of the losses at the same flux
cost, lifetime and packing fraction which havebeen swings as other alloys can achieve. We note thatotse
increasesnore rapidly than thesquare ofthe flux swing
* Work supported bythe U.S. Department ofEnergy (seescaling in Eq. 1 below) so that orwn tradeoff

under contract No. W-7405-ENG-48 (LLNL) and DE- increased coreapital costs foreducedpulser capital and
ACO03-76SF00098 (LBNL). operating costs.
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Table 1: Core flux swing and loss for various alloys, all annealed after winding.

Alloy Core No. ABmax(T) ABy(T) C1 Co u(J/m3) ID(m)
(1 us dur.) (1 us dur.)

2605SC C-12 2.46 2.30 171 583 651 0.125
2605SC C-13 2.30 2.20 130 612 609 0.125
2605SC C-14 2.39 2.30 144 591 633 0.125
2605SA1 NA-97 2.84 2.70 144 1341 1720 0.125

" " " 2.50 136 1158 1294 0.125

" " " 2.30 129 1068 1023 0.125

" " " 2.00 123 993 734 0.125
FT-1H 982-1 2.03 1.95 41.5 355 248 0.06
FT-1H 982-2 1.97 1.90 25.0 367 231 0.06
FT-1H 982-3 2.06 2.00 27.5 354 249 0.06
FT-1H 982-4 1.99 1.90 28.0 354 226 0.06
VitroVac800 NA-1 2.28 2.15 18.4 304 241 0.102
VitroVac800 NA-2 2.21 2.10 39.7 240 203 0.102
VitroVac800 NA-3 2.14 2.10 27.6 284 224 0.102
9KCP 06-01 2.40 1.85 84.6 773 486 0.327
9KCP 06-02 2.25 78.2 934 827 0.327
9KCP 08-01 2.79 1.75 -30.3 807 374 0.336
30KCP 00-01 2.69 2.60 221 848 1147 0.115
30KCP 01-01 2.53 2.45 139 1027 1123 0.110
30KCP 05-01 2.30 2.25 65.5 1032 895 0.326
2HCP 03-01 2.49 2.3 137 530 575 0.110
2HCP 03-02 2.59 2.30 263 440 614 0.110
2HCP 07-01 2.26 2.15 77.3 756 626 0.327
7421 04-01 2.07 1.90 128 843 584 0.110

rate and shapthe beam. The sag in the voltaggn then

_ . ; - be assigned to the fall time. For comparisBmax and

AB = -(-B It is obtained b . 4
max Bsaturation-(-Bremanenk y the loss u(J/m3) for a fis pulsedurationarealso listed.

applying fourcriteria to asampling of the 20-7Glata . .
records of primary current and secondary voltage for eachWe note thathBmay in Table 1 is generalljess than

core,eachrecord at adifferent level of pulsercharge or published small sample values_, this miaiicate th‘f’“
number of primary turns. The four criteria are: further deyelopment isneeded in core manufacturing
(1) The primary voltage is dropping; technologies. o o
(2) The current isbeginning torapidly increase above Thel lossesare fit with the 2-term loss criterion of
its average level; Faltens’ [1], .
(3) The loss per unit flux change approximately []J [] OAB 1t O _[MB[jrus{] t O

doubles; and SO G 0 < ad. 0
(4) The core impedance drops to 0.1-0.25 of peak value.q“_ DZ'ST D:b5pm DZ'ST r D:bsum

While these criteriaare only semi-quantitative, the where T(us) is the pulse durationand tm) is the

L L - thickness of the ribbon with an exponent of 1 or 2 (an
uncertainty in the flux swing is usually within 0.1 T. A xponent of 1 isused inhere). Weset t = 25um to

more precise, engineering, determination of the usallgmpare coresnadewith alloys of unknown thickness.
flux swing depends orthe design ofthe pulserand the The yltimate capabilities of theifferent materialswould

requirements orthe precision of theorevoltageoutput.  he more fairly compared if the tape thicknessese used
The values listed in Table 1 areegasonablenatch to the in Eq. 1. Q (which represents dc hysteresis losses) and
assumptions of the systenesde[4] with which we are C, (which represents théast-pulsediossesdue to eddy
evaluatingaccelerator architecturegmdcomponents. This ¢ rentsand domain wall motion)are determined by a
code assigns portions of the flux swing to the &esdfall least-squares fit to the data.

of the pulse voltagebefore and after the beam passes, The data andit are shown in Figs. 1-3 foR605SC,
while the central portion of the pulse musaccurately 2605SA1, and VitroVac 800 respectively. The fitsien
match the desired pulse form in order to properly accele- tg be best for the VitroVac 800, but lies above the data

The usable flux swin@By is slightly smaller than
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Fig. 1. 2605SC C-l14latashown by dots, fit by line,
AB=23T.
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Fig. 2. 2605SA1 NA-97 datdyB = 2.7 T.
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Fig. 3. Vitrovac 800 NA-2 datahB = 2.1 T.

for low magnetization rates iach example. In some
cases, the fit is verpoor, e.g.core 08-01 where G is
negative. We are looking at alternative models wittich
to better characterize the data.

The consistency of amorphous metates has been an [5]

area of concern, see for example, Ref. [8lhere the

standard deviation in loss per volume ranged from 14-29%

for 3 sizes of 3&ores 0f2605SC. While we dontave
sufficient cores of any one alloy to obtain reliabtandard

deviations, we compute 3% with 2605Sd we find
three other alloys that also have <1@%ndarddeviations
of loss: FT-1H, VitroVac800and 2HCP. The first two
arenanocrystalline alloys. The MRTdores (the bottom
10 rows) come in three geometries: The ingldeneter of
the cores is listed in the last column of Table 1. Cores
with diameters nead.1 m have masses betwedn6 and
2.3 kg. Cores withdiameters nea®.3 m have masses
between5.4 and 6.1 kg. All of the MRTI cores use
0.020 m wide ribbon, except for 08-01 that useaterial
slit to 0.009 m wide and weighs 2.5 kg. We see toats
with a similar geometryare groupedmore closely than
those of different geometry.

The capital cost of cores is minimizedth 2605SA1,
which is manufactured in large quantities for use in 60 Hz
transformers. Its cost varies from $20/kg in small
guantities to an estimated$4/kg in lots larger than
100 kg. It also has the largest flux swingyhich
minimizes the amount of core material needed. However it
has the highest loss per pulse, at the same flux swing its
losses are about 1.5-2 x that of 2605SC, and at maximum
flux swing they are near 3xthat of 2605SC. And
compared with nanocrystalline, the losses are 3-7x higher.

The operating costs of aaccelerator araminimized
with the nanocrystalline alloys: the lossasee down a
factor of 7 comparedavith 2605SA1 at maximum flux
swing. However, more material ireeded, by aleast the
ratio of the flux swings (2.7/(1.9-2.15) = 1.25-1.4), and
by more if a large build-up is needed. The material is also
more expensive: most of the componeats similar to
those in the amorphous alloys 2605SC and 2605SA1, the
major difference isthe addition of 3% niobium. The
niobium will increasethe ultimate cost of thenaterials
in large quantities by ~$1/kg of alloy. Threxlditional
capital costs will be partially offset by tmeducedcost of
pulsers.Theseand other tradeoffs arebeing investigated
with a systems code [4].
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