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B. L. ~~ ●nd w. E. Boatick

Loo Alam9 Eatianal laboratory
Lo- -, w )k.ice, 87344, USA

ABST9ACT

Ta~mA ●tap-up trmafomra hava ham fabricated ●nd wad with
M$natic flu% uo,praooion Scnaratoro in tha pact with ,ffaCtiV, COUpli~
coaff Iaionts of 4.76. l& have ●ttowptd to dmign srn units with a~f -
ficimto in tha rmga of 0.83-0.92 by taki

r

●dvanta~ of nmwar diolac-
trics. TIM tntomt is to raiaa tba volta~ o raoc frm cO.39 ItV/cm to tha

raqa of 0.96-1097 IIV/cmO This has tha ●ffect of mkh$ tha ●condary
thimr ●nd parmitti~ ● hi$har aoupllng cffialaaay. &varal dasigna for
coupliq tha 13. 2-c~da by 52. hm-1~ plata gomarator to loads in th
raqa of 10 to 30 9 with ●n output of -1 Ml hava baan studied. Th989
doaigna mat taka into ●ccount that tha primry of tho trmsfornr 10
.witchad into tha circuit ●s ● load in parsllal with tha $marator’s
bsllaot induc orO tic, tho load i~dana~ mot ba transfomd to ba

frm tha ,mm!?::’t: k had.
amparabh to to trmafar a ci~ificant frsction ef tha ~ar

A final daoi~ ●xamfmo tha conatraintc
impomd by ●ttmpting to tranaform tha output of ● plata gumrstor up to
10 W into ● high i~dmca load, -377 Q. A voltato straw of 3.9 MV/am
it raquirad in this particular daaign for’ 140 kV par tum in tha

mcondaq winding.

IN’TRODUCTIOW

Tha plats-typ9 PCG(flux ampramiou gmarator) 1. ● lW impadmoa
souraa of pulmd pcwar, To wor ● ralativ~ly hith i~danaa load with
om of tham Smaratoro, ●ma mthod of ihpdaaaa mtahi~ ust ba usad
to aouplo tha load with tha pwor supply. IM 13,2 am n 52.0 am pl~to
gonorator ●ahievm ● output Impsdmw of 30-40 mfl near tha amphtion of
its Wm. ilowavor, an ●hatron baam dioda, for ●zamplo, MY rapmmnt ●

load impadmm of 1-50 R, dgpandi~ on the ●aat configuration. To
offoat tha wamsaq utah batwam th~ POU●nd tha load, wa hava docigmad
swcml ●ir-aora PUIOQ trmafornrs with diff~ri~ aharaatorioctao to
Illustrate tha mmpromims that am MY maka in ●dapti~ tranofosr
tmhnolo~ for this ●pplication, An important aspaat of this otudy is to
shw hw tha aonotruation am ba taiiorad to ●ahiav, eoupli~ aocffi-
aiants *,9, with ●osoeiat~d ●argy ●ffieianalu, W primry intar.st
hat Mm to provid~ 41 MVto load impadanaoo of 10, 20, ●nd 300 from tiw

* Work mipporto~ by the US Mpartmant of Mtar~,



(1)

whro L1 = tha tranofomar primry ind~ctanca, L
d

= tha trmsfornr

09 COU&ry inductance, k - th, couplirq ca, fficiontl ● 1 = th9 otray
inductana htmaa tha $anarator and trmafornr. An 44AitioUal hnafit
of cha mr mtorials tnd tishc~r caconda~ windi~c ohould ba ● 18-
prwammt in reliability which is crucial for si@a-8hot ●xplooim PCO
●xpsriunts.

CIRCUIT MODEL

To provida a basis fo.’ discussion, H start by conaid~ri~ th

traasfomr circuit that waa medclad. In. Fig. 1, th~ gamrstor -r
oupply it shown coupl~d through ● clooing switch to tha cransfomr pri-
mary. In this airauit, th~ quantiti~n of Intamot in tha wdal ●ra
LO ● Sanarator inductance, {C = Sanarator Impodsnac, LB = ballmt induc-
tor, ‘8 ● tin wlmn C1OSIW witch compl~tao circuit to tha tranafomr
Prkv, L1 = trmnsfommr prims~ Inductance, L2 = eranofo~r .acondary
induatanca, H - mJcual inductanc~ batwaon the primry ●nd s~aondary, n ~
turn ratio of th, tranoformr, ~ = load raoiscanca or Impdana., v~ =

voltaga davalopad ●cross
?

il = prima~ currant, ●nd 12 - mcondam
eurrantg Now, if ●ll qusncit ;a mra rafarrad co tha primry oidc of cho
tranafomr, w hava Fis. 2 whara t t q~ntitias i2, L2, ~, VLO and,RL

9ara trmsfomod to i; = niz, L~ = L2/n , M ■ M/nl R~ = RL/n , ad VL =
vL/n.

r. M,n
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To obtain ●- othor useful qucntiti@s, w My uw tho quivalcnt cir-
Cult, Pit. 3, co anc W 7 quivclmt Of mm trcccformro ‘%
(lMkc8c induct-a) is dcfiwd ●s

%
● (Ll - if’) + (L~ - N’), M h

SOUS L1 ●d L ●rc tolomopod mar uc
1

Other , ●ro th c laqth 0 ●nd
●rc spcccd C coo to ccch other, thn w ccc tbt tln 1- hductcnco
bOC~O ~ m 2(L1 - ii’). tiSO, n’ is W rocogniscd QOthe Okmt idUC-
tmc~ for tlm trmcfornr. TIM couplint coofficioat is dofitmd 88

ki&, (2)
+L1L2

●nd the l,akcga ●nd shunt inductancoo can b# rapromntod ●s simpla func-
tionc Of k;

% ‘ 2 L1 (1-k) (3)

hvct, tha 8mamptiOm ll~C~-8~?y tO Si8@if7 ~ ●nd thg physicci COW
stralnts roquirad to mmko●n ●ffiaimt ●ir%ora ctop~p trmuformr rw
cult in ● non-trivial CD (distributed capacitance) which to primmily duo
to tha oscondary coil, Thus, w wdify our circuit ochcmatic to include
this capccitanco in Pi$. 40

P
●a C~ im rafarrad to the primry, TIMrw

lationshipuith CD is C~ - n ~, ●

Throughout tha circuit dwclo~nt, wc hcvc oh- tho closing switch
ouch that wham it C1OOOS●t Ta, tha bclhat inductor ● tha trmmfornr
am pcrallol circuit ●lmcntog ThUS, WCmst not 0n17 trmsfOr8 th~ out-
put of tha W6 UP to the dooircd local vo taca, but t

cut bc transfornd dwn much thct
●M ,, Wbi;-?h%;z+zr;the currant flwins in tho bcllast i

the bcllaat Ourrcnt, ■ the ●ffmtivc impadcnac of the bcllcst
loop, Prom ●n intuitive viowpdnt, cm con om thct this it ● very dy-
ncmia situc ion sinca ●m incraam in ~ to th~ trmofornr will laad to ●

!daarmsc in n,

LWb r, (L,-M’) (L;-M’)

R;OVL’
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This , in turn, lmra tha ●f foctiv, Zm which acts to wtar tho retch
hiri$ -ought. Gim thio mituat ia , it WO Maosary co uM bth th
qusntitiao that ham bna darimd harm ●nd ● eirault soda, wrlttoa ~
R. S. Csird, to mslymo tha ●~ciftc trmsfo-r dsoisM ●- load
impodmcoo considsrad for tha oxplosim -r supplias.

Spaaific tranafornr dosi~ hava km obtainad by usias ● ‘build-
Out” ●pproscha A windi~ uedral sim 10 oalactadP ●d with this mtar
dimatar M ● ●tarti~ point, tha r~ini~ cqnsnto ●ra ●dded in
succa09iv9 lmyma, ?1s. 30 In thio Mrmaro tha ralativa crom aaation of
tho stcondary windi~ within tha prlmry coil is minimisad, with ●n aaso-
ciatad incraaoa M tha mupli~ aoaffic~ant. An important concldaration
in thasa dasigm is that thay can M uoad only onca, so tha ●xpmm of ●

individual unit cm b. roducgd while still praomvlns ●cqh rolhbility
to snauro sdaquata porfomanca for ito OIM wlsa. For ●xamplc, ths
mmdral could ~ ●n olaboratao graded wtal systmuith ● wry Msh
rdiability, appropriate for rap-tata ●pplicatlocu, but tk ●xpansm of
thio approach would ●lto h prohibitive for cin@o+tot urea,
Altarnmtivaly, PVC, pol~inyl ahloridc, pips i. vary iwxpaasiw ●nd ha.
vary d~oirablo fabrication charactoriotico,

PLAOTIOM-ANORIL
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Tha Cdcd.stioru fOr tha 377 0 lmd -CO porfomad on Ch - Ci-

cuit a. for th mallar i~dancos, ●xcmpt initial @n9r8tor currant. of
1 ●d 2 HAwr, ~d, Tabl- V. For ●n initial current of 1 M, tba cur-
rcnta flouing in the ~mrator, bdlamt, ●d primmy uma vary .Imilar to
tho t~ical cam ●houn in Fig. 70 In Fig. 9, tk voltaut ●croos tho load
●a ● function of tima is plottod for both tha i8pdmca mtclwdo 137 turn
dasign ●nd tM ai@ficantly mfsmatchad, 80 tun trmsformr. Th ini-

t1s1 ~narator currant for them ploto was 2.0 MA. Ons should uot~ tht

tha umtchad wava form it significantly difformt from tha matched cma.
v

8> I I 1 1 1 I I i

04 1 1 I 1 1 1 I I I
oiiiiiati titi

1.0

0,0

‘14.lQ mu t

M.o I#,s MA MB ho 1*,S li,o
Ilm (w)

?igura 70 ?iguro 8,
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Wed ncorary Unor ●

To ●rriv9 ●t ●pccif ic pcrsmttra for tln purpocas of this ●t~, ●

ntmwlual “ alcuht iom w W9d to c~B9 the ~tcmcoo of intormt 9
Throo aora dmails ●rc required boforc dim. cnlculctiow ●n. Pooclblo.
First, for tha mlla tm ~ndrcl simo, ● 30.4~do ●Womdmry foil
i8 plmmad with tha ptiM~ coil ●xtmdi~ bcyOnd the OC~OlkdC~ by
0.64 cm on gach ●nd. The 47.5 cm mmdral 10 dsalgncd for ● 45.7 cm
s~condcry la~th with ● dmilcr primmy ●xtmuidn ●. h thm other two
units. A sld&r priMry cmtmcion ●. for the other w unlto Is uocd
for this msndrol. Finally, in cll casm the cov9r ovor the ..cmdcry
WiUdi~ is 0.1 S~thick. Tho rsmlto of th9m cclculctionc arc pro-
santad in Tablao 1, 11, ●nd 111, for tha 14.13 cm, 21.91 cm, snd 47. S cm
mcndralss rmpoctiv.ly. lltc mmbor of tuma uas detormlnsd by the rc-
quiromcnt to trmcf om the local impadc ● to the 30 @ of tha gmcrctor.

Tim ●ffactlvc
~

‘Tr-turn capacitance, ~, of tho ●acondcry tindi~ cm bc
tad by C+ a Cc. A/8 whcra e - froa spaaa ~rdttivity - 8.85 x

‘Qf~NB c ● ralat10 iv- pcrmitt?vity, 4- ●roc of o- turn, ●nd d -
insult ion thicknam bctwom turns. ?or chc 21.91 cm mcndral,this will

$give ~’a for thg 1.97 UV/cn ●nd 0.98 HV/cm ●traoooo of about 12.a UP ●nd
6.21 nP, rcspoctivaly. ~s nat capccitanca,
for cxampla, the high-str-so, 20 Q varoion
mcndrol will hcv~ ● ●ppromimato ccpccitmcc

A find pair of dgoigns addrm.am
trmsf ormt~ ttm output of the plata FCC to

?
is then CD ● 3’*n, .0

0 ‘the trcmfomr th this
of 456 p?.

the ●trcmc condition of
powor ● 377 Q load. In both

of tlmo ccsm, th~ wndrol dicmctar is 21.91 cm, ●id it- lon@h in
61 Cm, TIM imulation straso wad is ● very lar~ 3.9 MV/cm, which My
ba juot pomiblo with the htoot didoctric mctmials on ● onc~hot
basis. TIM diffaronco in tho two dmigns is thct on- hc ● n of 137,
which impcdwm matchoa tha 377 Q load to 20 M, whila tha othar hcs ●

●mcwhct ●rbitrary n of 800 This ●acond valua trmmforw the local im$w-

dmca dam only to 59 ma, or ●bout ● factor of two ●bovo th~ nomincl gon-
●rater burnout Impadancc of 30 M. Tha other qumtitias of Intorost sra
liotad in Tablo V,

CIRCUITCALCUIATIOMS

Circuit calculations hcvc ban ~rformcd usi~ the circuit im~ig. 1
●nd R, S. Ccird’s circuit coda for tha trmsfomr dooips in Tablas 1,
II, ●ad 111. Thc onc modification to this circuit w8s to ●dd C into the
●condcry sida of the ttmcfomr. ?ltwo the ●ctucl ciroui that was
ealculctad is shan in ?1s. 6. Tha Cmcrator wdalad h the
13.2 cm M52.8 cm plata flus comprassiou ~narator. TIM initial currant
in tha gmarator and bcllaot inductor is 1.0 MA, ●nd tho bcllast Muc-
taneo is 60 ml!. Tha closi~ switch wcs ●atuatad ●t 13 IJC, rolativc to
first gmcrator ●ction, wharc the total flux compassion time is 14
From tha calculations, a typical ●xcmpla of the currms flowin~ in
gmarator, bcllaat inductor, ●nd trmoformor primcry ●s a funothn
time is shown in Fi8, 7. A wmmry of tha aircuit calculations for
tranmformr designs using ● stress of 1.97 W/cm is @vcn in Tablo
In Hso 8, thm 10 0 local voltast ●s s function of tip is plott~d
●eh of tha thrco mndral stsm,

Ms.
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cow.., th rq wuld b X md ~tu if b ~ @ *
47e Wi8utor m&rol M bmm uintdmd ●t tb M.X~M d *

othar * oyatam. MWWttmlws, u ~mtd bl a- -= * m
10 Q calculation,, tho Calplhg Comfficimac , Whilm *-, $* m%, *
c~late ●nau8r to qu.octim of ●ffiuiomuy. In this ~, *-
nation of ● k = 0.959 ●nd a 1- induats-nm of 10. S nB w tifiuiwt
to ●llou tha 21.91 cm wndrcl trawfo-r to PUO tha hi@aot vol~ &ad
pcmr to it. led. Ma should nota that tbs diff-?onw fra atti-,mdml
oisa to tha 47.5 cm systm in 1- iductuw 1. amly 4.5 IIE, and tha
largo tramfomr lisd t clasrly auporior coupliTu cmffiaimt of 0.978,
almtt that of ● f~rric~ corad unit. Th9 ruoon for tk sc-itivi~ lka
in tha rauinicig Inductance of the plat~ ?CO ●t tbo timm tha cwltch i-
clooed, OKlly 48 uE. Thus, ths larsaot rnndral, vith ito lar~r valuao of
laakaga Inductmca, navar ramlt~ in suprior parformnca, wan with it.

larga valuas of k. In fact, for tha 30 Q load Impatinca, tha cmallaot
mandral with its ●Mlarly amallar k valw of 0.941 pmforu battgr than
●ithgr of the othar two trsn.afo~rs. ‘IIIio is tru9 prbarily bamuaa
both tha 21.91 cm and tha 47.5 cm mndr-1 units now hava lcakaga
Inductances that ●ra ● reasonable fraction of tha rouinin@ gonorator in-
ductance . To improva the perfomanca of tha largest rnndrol in principlo
onc could langthan tho 47.5 cm -ndral until tha ralativa Inductmcos
w.r~ l~rad sufficiently to rasult in low leakage inductance whila min-
taini~ thma rathar imprcooiv~ coupling coafficianta. Boumar, aa ●

practiul mattar the Inductance b9tw9cn tho ~mmrator ●nd ttm primary
coil will incrgaso with tha vov larsa diffarmcc b~m tho width of
tha gancrator output ●nd tha width of tho transfo~r pri-ry Goil. Trom
Eq. (l), th~ Incraam in this 10 tin significantly rduco tha syota p@r-
fo~ncc, ●nd OM will probably find that thoaa dooignc arc probably mar
or slightly Myond tha practical width to COUP1O with tha 13.2 cm-uido
u~n~rator.

In th~ ●xtrama transformer design. ● vsry significant fcatura 10
rcvoalod. Uhilc tha narrowost, faotaot rioirq pulaa 1. obtainad with tha
tranafomar dooignod to retch tha FCC output impwianco with tb load, the
ovarall hot parfomanca, in tcm9 of voltago} currant, ●nd prnr, IS
●chiovod with tha unmatched unit. Tha voltaga improvmant i- 700 kV in
tho latar caoa. Tho reason for this is that tha combination of a
slishtly improvad coupling c~fficicnt and ● lower loab80 inductance
outwai8h the oi~ificanco of oourca-load Impd.anco macahi~. Slnoa tho
choica of th turn ratio for tht unmatchad transfo-r was ●rbitrary~ it
is quits pmaiblo that ● y~t lowor numbar of turns would yi~ld ●van
b~ttrr parforunc~ in spit~ of ●n ●var worasning i~dmct matchi~ con-
dition.

8UHMRY

From thasa calculations wa can draw thrao conclusions. Fir~t, if
ona can find and uao di-lactric ●yotau that ●ra r~liabla at volta~
straaa~s of 0.98-1.97 KV/cm, thm it should h po~sibla to conacruut
pulaa transfo~rs with coupling ccmfficimts of at laast 009 or batter.
For ●xmplo, ono mlsht contidor using ● combination of polypropylana ●nd
castor oil or polypropylma ●nd fluorinat aa two potantial dialtctric
syatarn to ●chicvc hold%ff of thaoo Volta- stracmaso Anothar isom
conacrna tha mnoitivity of ths tranafo~r ~rfo~naa to ito lQakaw

,..,
.. .,,,
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Ml& imeemmcois tbt me tranef~ i@~ OWttubd into me ~ra-
tor alrauit 8c ● tk whm there is only <S0 * of in&@anca ramid~
in th W& Thus, the ralmtiva tuni~ of tlao tran8formc for this -r
suppLy i. * ~t mom delicate -t-r than 1s usumU7 the sittmtion.
FiMUy, we k mm, by wing tlw ~lculatione for che 377 9 load, chat
thg l~o inductmnco aoneitivity in system perfornmca with this -r
supply can ●ven cnitweigh the ~rtance of i=pedanca retching the load
with the pouer supply. In the specific ●xaaplo given, this minatch we.
● factor of ~ whila tha nat outpat waa aignlficantly improvad.

Therm ●ro ●ev*ral ●apecto of ●ir-core trmafo-r d~sign that -re
aot addr~amad. The most important ●spect that waa omittod i- tho impor-
tacc ●nd ●pplication of grading ●tructuraa within tba winding #tntctur@o
to control and, wh,ra uoccosary, lmar tba field stremeo ●cting on the
Insulation syotam. TIM omiaaion hers is only due to ●n effort to draw
tbo emphaoia to the rather unique challange~ of coupli~ ● FCC thr~h ●

tran~fo~r to a load. To hild ●n ●xperimental trmafornr, this ●spect
of the design la a critical concarn. Also, we did not ●ttempt to •ddraa~
the ganeral iseue of what differantiat~c a capacitor from a traU.8f0-r
in terms of the ulti~te voltage stresses that can be applied in the two
davicaam Finally, no ●ffort wao Mda to determine what tha ultimate con-
straints for ●nergy flew through ●n ●ir-cors transformer could b.. This
is partly due to Inaufficiant work on this subjact and partly duo to
tachnolosical improvement which will cha~e the results darived frcm cur-
rent capability. Nevertheleno, we anticipate ●ddraooing thcoo queotions
in the relatively near future within our ●xperimental pro~ram.

1. C. H. Fowlor, R. S. Caird, D. J. Erickson, B. L. Fre~n, ●nd
W. B. (km, “Pulse Transfo-r Operation in Magagaum Field.,”
Ma~gaums Phyoicc ●nd Technology, Bditor Potar J. Turchi, May
30-June 1, 1979 pp.

2. D. J. Erickson, R. S. Calrd, C. ;. Fowlar, B. L. Fraemno W. B. Garn,
and J. H. Goforth, “A Megavolt Pulsa Tranoformar Powerad by ● Fact
Plato Generator,” Proceeding of Third Inta~tional Conference on
Magaeeuoo Field Generation and Related Topics, Novosibirsk, June
13-17, 1983, Editoro V. H. Titov ●nd G. A. Shevatoov p. 333.

3. J. C. Msrtin, P. D. Champney, and D. A. Hammer, “Notas on the Con-
struction Methods of ● Martin Hi@h-Volta8c Pu19a Tranoformr,”
School of Electrical Mginaeringg Cornell University ~-~/2s
Juna 28, 1967.

4. C, M. Fowl.r, R. S. Caird, ●nd W. B. Can, “An Introduction to hplo-
siva Ma~netic Flux Co8praasion Generators,” IA-5890+IS, Februaryp
1975, p. 21.


