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A DT FUSION NEUTRON SOURCE BASED ON THE REVERSED-FIELD PINCH
C. G. Bathke, R. A. Krakowski, R. L. Miller, K. A. Werley, Los Alamos National Laboratory, Los Alamos, NM 87545

Abstraci. Results are presented from a prelimmary scoping
study of an chrmcalty-heated reversed-field pinch (RFP) operating
with a meady-state DT fusion neutron wall loading in the range
of 1.5 MW /m7 while genersting lezs than 100 MW total fusion
ponwer. These results are also uveful in progecting the development
of ignition /burn RFP3, 23 well as offering an economic source of
DT neutrons for fusion nuchasr testing.

1. NTRODUCTION

A strong experrmental datsbase s evolving from a number
of relatively small reversed-field-pinch (RFP) devices.'!~* Conse-

quently. the design and ~onstruction of the next hegh-current RFPs
are well under way in both the US and the European Economic
Community.* More recant studies of the commercial prospects of
the RFP as » high-power-density. compact fusion resctor’® have
been completed. showing » strong economic potentisl should the
prysics established by existing RFPs extrapolste through the next-
sep Jdevices to the resctor regime. Prebmenary scoping studies of
RFPs with charactermstics between these next-step devices and the
cornmercial power plant have also been reported.® The charscter-
istics of this spectrum (existing. planned, conceptusl) of RFPs ere
given on Table 1.

The mam trend in the projectiors given in Table | 8 to increase
the plaerma curremt and current denoity, whie maintsinng the
plasma dimenscons aa small as s slloweble by plsema transport,
to conmtiol the planva/well interactions. This trend towards small,
high-current plasma reflects the following evolution of the RFP
database: (8) nearly constant bets scabing (i.e.. nkpT o [2); (b) for
a fined velue of /. /7a’n. termoerature incresses knearly with current
(ie.. T, ox I4): (€) current densities con be mamtained sufficiently
tegh for D7 ignition by ohmic hesting slone. and (d) plasma
confinement at constant beta m ohmically-heated dicharge show
the confmemont time incressmg with plasma current (7p x I, v
m 0.8-16). These observctions along with: (¢) robustness Jﬂn
RFP relaxation or “dynamo’ procems thst mpanterm stable RFF
orofiles (i.e.. high toroidel fimid inside the plasma. which decresens
to » smafl velue and reverses sgn outside the plosma). (1) relatively
dow, lov..voltage sartup and current rampup rates of initially lewr-
energy RFP configurations; and (g) possibiiity of a variety of current.
drive schernes based on low-frequency njection of knkod magnetic
fluzes (i.e.. magnetic helicity injection). hae provided the possibikty
for » reistively direct snd inepensive Mesns to grvte and surisn
a burning DT plaama n & com sact, ugh-current-denaty RFP. This
device in ts steady-state smbodiment would funciion as p kowrto-
moderate- Q. driven or marginally ignited fusion test facility (F'F)*
with & main goal being the generation of ‘usion-reluvent DT nerstron
currents (I, = 1-10 MW/m?) from plcemas thet sre sufticemtly

small to operate with a *otal fusion power below -- 100 MW and of
sufficent Q (> 1) to preciude large expenditures in driver power
Central to the viabikty and/or feasibility of this compact
spproach is the sbility to manage heat end particle fluxes in a
torus that differs httle in size from those being planned (Table 1)
n recognition of this requirerment, recent work on the FTF 'RFP
has emphasizred the development of s more detasied understanding
of impurity control by magnet divertors.'®!! The progress made in
modeling edge-plasma processes m the RFP reactor® ' has also
sdded capability to analyzing this problem for the FTF RFP

2. APPROACH

The besic approach usrd n developing a quantitative un-
derstending cf the operating space avaslable to an ignition ‘burn
RFP, and uitimately to the FTF/RFP, centers around a coupled,
time-dapendent plasmna /first-wall / crcuit mmulation based on mudti-
species, profile-sveraging. rero-dimension mode! of the RFP plasma.
{Appendix A of Ref. 13, olso Ref. 8). A steudy-state vercion of this
cornprehensive model wes used to sweep through a wide range of
(rossible operating points and to identify the main design windows
ustablished by present-dey technological hmms (e.g.. stresses. heat
funes), operstion hmits (e.g.. Mmaximum fuson powsr, etc.). and
lmits imposed by the RFP physics detebase (e.g.. transport). Cost
estimates were oleo made, but n the carly stages of these analyses
only grovided guidance. Upon selecting & design point from the
steady-stete parametric snelysis, a two-dwnensional vacuum mag-
netics computation was performed to establnh the position of the
equilibrium-field (EF) and ohmic-hesting (OH) coiln, subject to the
usual constrairt imposed by equilibrium and estimated siartup (ie
OHC, stresses. power) requirements. A one-dimensional RFP trans-
port mudel wes used to estimate rediel denwrty and temperature
profies, porticulerly se determined by the impurity seeded. high-
radintion plasma needed to smooth heet fluxes i these compact
oysterme.  Both the detailed coll configuration and revised plesrma
prohiles were then used in the plasma/circuit smudation to deter-
mne the ohrmcally-heated startup transient leading to oscilisting-
freld current drive'? end steady state.

3. RESULTS

3.1. Perametric Systers Studies

Parermetric results sre expressed as conmtours in » plasmas
current-radius (/, —rp ) phase space. Thwe phase space i particularly
werhs' in that it messures indirectly two major cost items: (a) coihs
and power supplies (1,) and (b) the torus (r,). Teble Il kste all
parermeters that were held tixed during this phase of the study. with
a simplified (anslytic) coil model® ndicating 4 > A in order to heep
comparsbia the ohmic power requirerment in the PFC and plasme

TABLE . MAIN PARAMETERS FOR EXISTING (E), PLANNED (P), AND CONCEPTUAL (C) RFP DEVICES

Moo Minor Pasme Ploeme Corvent  Ehctren

Aversge  Pokidsl

Rodus Radies  Coyrremt Doduity Tenp. Ownsity bets
Device Statws  Laberstery Mel. Npim) raim) LiMA)  Je(MA'm?) T (kel') n(107/m?) i
TPR-IR(M) ¢ ETL/ Jepan 1 0l0 009 o1 5.1 0.60 0.3 01
ETA-BETAH B Padove/italy 2 0¢k 0128 0.1 3.0 0.00 1.0 0.1
HBTX-1A & Culan. /UK ) oK 0. 0.32 18 0.10 0.2 005
OHTE /RFP ¢ GA/USA 4 14 020 0.80 4t 0406 08350 0102
27.40M € LANL /USA s 114 020 0.4 '’ 0308 0409 01).02
RPX ’ Pedovs/Ruly ¢ 200 048 20 21 08290 0320 010
ITH (2 L ANL/UBA ) 240 040 40 00 0840 0380 10
FTF/REP d LANL Stue: ’ 10 0 104 11 120 6090 01.020
TITAN C UCLA-lnd Study 8 30 04 102 18 W aa an --



TABLE Hl. FIXED BASECASE PARAMETERS FOR FTF/RFP

Effect plasma atemic mmber, Z, ¢/ 1
Anomalous ohmit haating of ions, fopar '*) 0
Plasma aspect ratio, A = Ry /r, 6.
Tramport scaling parameter, (T, I:rg 1.25
Polowdet beta, Jy 0.10

Fraction of slphs-particie energy to plasma, [, 10

Pinch Parameter, € = By(r,)/(B,) 1.45
Reversel Porameter, F' = B,(r,)/(B,) -0.11
Deneity and temperature profiles cubic'®
(a) Actuaty observed n RFP experiments.

(5) Subsequentty modified by one- dimensionsl resuits when

the time-dependent plsema/circuit simulstion wes made.

The paramatrics model generates on a plot of I, versus =, ks of
constant neutron wall loading. /. (MW /m?), average first-wall heat
flux, g, (MW/m?), tota! fusion power, Pr (MW). conetant electron
or ion temperature, T, , (heV), constant electron density, n(m~?),
constant electron streaming parameter, { = ©p/v.,,, constant
currevrt density, jo (MA/m?), constant plasma loop voltage. 1,(1°),
constant Lawson perameter, nrg (1 'm?). and constant ignition
parameter. f-P-/UuPu + H‘Ip“ + IOHM”- where Pu u the
sipha-perticle power. F;, is the plesma ohmic dusipation, end
Jonar sccounts for possible snomalown hesting of the iom, as
is obeerved exparmentally. Selecting the following range for key
varisbles delines the design window used to guide tha study: . =
1-8 MW/m?, Pr < 100 MW, and ¢, < § MW /'m?.

The design window resulting from this snalysis % shown on
Fig. 1 for the basecase parameters keted in Toble ||. Toble Il hsts
the main paremeters for an r, = 0.3-m device opersted at either
I. = 1 MW/m? or § MW/m? the former cese is highly driven
(Q, ® Pr/Pn, = 0.0), whereas the latter is marginally “ignited”

TABLE HI. DEVICE PARAMETERS FOR FTF/RFP

Fwsion Newtron

First-Wall Loading
Parameter LMW/ m? b MW ,/m’
Plesma majer radive, Rr(m) 10
Pleemna miner radiue, rp(m) 0}
Plasmas shape circuler
Plosme velvme, 1'p(m’) 120
First woll orea. Apw(m?) %
Dlonhet /shietd thichnese, Ab(m) '* 0.30
Blanbet /ohisld volwrme, 19,5 (m?) 10.23
Polsida’ fieid ot plosme edge, By(T) 8.62 6.9
Tervide! fieid at plosms odge, B,(T) .0.4) .043
Sefuty fecter, ¢(r,) = |F|/OA ~0.015
Average eectren tempersture, T,(kel’) 433 L s ]
Average lon temperature, T (kel’) 420 "
Average vhctren denaity, n, (10%/m?) .22 460
Toreide! plasrna currert, [4 (Al A) 044 1044
Ploema current denaity, jo(M A/m?) by J ] »)
Lowssn peremeter, nrg(10%°%,/m?3) 1.4 140
Obmic powe in plasma. Ph, (A1) n.2 17.1
Fusien pewer, Py (AV') 7 19
Plesme Q-wohue, @, = Pr /Py, 0.00 I )
Firs-woll heat Pux, g, (AfH/m?) 101 20
Pimame loop veltage, V(1) IM 164
Stresming paremeter, { = Lp, /1ha, 0.0082 0.0081
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Fiy. 1. Ohmically-hested FTF /RFP design window formed by total-
power. neutron well loading. end average-hast-flux constraints for
the fmed paramuters given in Table |.

(Q, = 8.8). The mneitivity of the design window constructed in
Fig. 1 to changes in the main physcs perameters, 3s, . 8nd foyar
is dermonstreted in Fig. 2.

3.2. Maegnetics Configuration

The dusign-pomt determination described i the previous
section wes guided by en spproximate magntics medel besed on 8
tipolar OHC sing and » deain *0 mimimize obwic losses at steady
state.® A two-dimensionsl vacuum magrwiics code. CCOIL, was
used to establish thy detalle of a closely coupled OHC and EFC
set subject to the usual equilibrium, stress, and, power constrains.
with the latter twe being estimated fom s plasnia, circuit time-
depender simulation (Sec. 3.3) using tha resuits of Table III.
profile modifications for a highly radiating p'as.va, and thw CCOIL
colculations.

The OHC/EFC set wes nominafly positinned 8 distance trom
the plaerna. Ab, equel to the plosma redivs. r, > 03 m
Bothk OHCs and EFCo ware token to be fabricated from copper
alloy, since for the sizes being conmdered tho power consumption
ceuld be held tn «ccoptable bmits.  Liewise. a close-litting,
efficiently couplcd geormetry wes chosen under the sssumption
that if the ste could be minimized o single-plece “clovn-shell”
conhigurstion ceuld be odepted to gen sccese to the inner torus
for mainter-nce puwpasss. The posicien of the EFCs satwl-1 both
the equilih hm vertical-field constraint and a held- de:ay index in the
renge U < (-8B, /B(nr) < 065 Coil poutions ars optimired
so that magnetic flux from the beu'-iased OMHC is excluded from
the plesmna charbar ve o level that met maximum vertical-field
constreints fer efficiert plasna breshdown becouse of the low
tereidel tivlds in the RFP, thiu constreint s mere sevious then for
the tehamek.

Figure 3 givos o croes-sectionsl vim of the riossly coupled
OHC/EFC geometry thet results from the CCOIL computation for
the /. = B-MW,m? dusign. This col set i Mustrated in the
back bissed condition, with » streng octapoly null indicsting good
promise far breshdown. Tr: mair OMC and EEC pararmnetens are
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Fig. 3. Closely coupled OHC and EFC cail set for FTF /RFP shewing
the flux plot and field null in the bach-blased condition.

3.3, Stertup Simuintion

The one-dirmensional profies. coll parameters. snd genersl
guidance provided by the steady.-state parametrics study were com-
bined inte the time-dependemt plasma circuit simulstion medel.
initisl conditions were derived from a seperate REP bresk-
down /formation medel developed from enperimental dats * Typical

nisarns and sheidt seemamene omn olian —_ BI_ ®

The toroidel-field codls (TFCs) sre copper-slloy bands posi-
tioned st the minor redus immedistely outside the Ah = 0.3.m-
thick shield /test cell region. ARhough the TFCs operate at low
fieids, even during the stertup phate when most of the plasma in.
ternal toroide! flux i provided from the PFC st through the RFP
dynamo; magratic reple and magnetic islands, however. rep-esent
» major design constrant. The magnitude of the radial magnetic
ripple relative to the poloidel field. ABa/B,. i cbtained from two-
dimensional field-Hne tracings at the plesma (toroidal-field- reverssl)
surfoce. Gene:olly, magnetic mlonds con be kept acceptably smai
reistive to the distance between the toroidel-freid reversal layer and
the tirst well H A Bp/Bs < 0.003. Applying this constraint leads to
the TFC design summarized in Tabble V ond itustrated on Fig. 4

The divertor-fieid (DF) colls represent the last major compe-
ment of the FTF/RFP magnetics design end conwst of 3 mngle
nulling coll with flanking cells on eech mde 10 minimize the per-
turbation of the reversed tereidal field. Table V giver the main pe-
rermeters fer the DFCs, with the results given in Re!f. 11 indicating
that feur such diverter units, coupled to a hughly redisting plasmu
(/nap > 0.8). weuld sdeguately contrel the heat snd pertiche losd
onvisaged for the /. = Z-MW/m? dusign (Tadke II1)

4. SUMMARY AND CONCLUSIONS

Preliminary scoping studine’® of ignition /burmn 81 well as fupion.
tont taciitios (FTF) based on compact. high-pevaer.density RFP;
have been extended and continue a premising trend towerd an
sscnemic commardel reacter. The dagree of compactness that can
be achieved for these pre-commercial devices. however, depends
sensitively en the achioveable beta and trarepert. as well 80 the need
for effective current drive.'! contrel of eddy and image currents,
ond the coreful management of particle end energy fuxes'! The
next-step RFP dovices” (0. ZTH and RFX) will provide within
the 1090-92 time frome the meir physics databen needed to
achiove RCP ignitien/burr.. and ultimately the FTF /RFP sieady-
stote paremeters needed for eventual etension into an imteresting



TABLE IV. PFC PARAMETERS FOR THE FTF/RFP

Parameter Value

OHC EFC
Current (MA) 15.029/(-26.53)'*)  115])
Volume {m?) 1227 17.23
Ma_a (tonne) 90.32 126 .80
Joule losses (MW) 29.94(71/93 43'% §5.14'")
Paak field (T) 7.93% 408"
Current _wnsity (MA/m?) 123232 306328
EFC wertical field mdex - 063
OHC stray vertical fiedd (mT)®  122(133) .
PFC vertical transperency (%) 415

(a) Steady-wtate values.
(b) Back-bies values.
(¢) Forward-bias values.

TABLE V. TFC and DFC DESIGN PARAMETERS for the FTF/RFP
Parsmeter Vohe
T¢C DFC
Nuling Flonking
Number of TFCs N 4 [
Major redws (m) 100 107 185
Miner radive (m) 0.67 0.54 0.53
Radial thickness (mm) 74 430 602.0
Toreids! thickness (mm) 2456 438 2.0
Current pet coll (hA) 160.3 347 192.2
Curremt dewity (MA/m?) 9y 200 50,
Totel shmic power (MW) §3 30 1.2
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Fiy. 4. Plan view of FTF/RFP terus shewing (2) TFC that mest
the ABp 8, < 0.003 ripple comtraint ond. () the peleidelly
syrwnatrie tereidal-fisld diverter
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Fig. 5. Typicel plasma and circuit responses for an ohmically-heated
startup of the FTF 'RFP device.
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