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HIGH-PERFORMANCE DEUTERIUM-LITHTUM NEUTRON SOURCE
FOR FUSION MATERIALS AND TECHNOLOGY TESTING *

G. P. Lawrence, T. S. Bhatia, B. Blind, F, W. Guy, R A. Krakowski, G. H. Neuschaefer,
N. M. Schnurr, S. O. Schriber, G. L. Varsamis ! T. P. Wangler, and M. T. Wilson.

MS-H817, Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

Advances in high-current linear-accelerator technology since the
design of the Fusion Materials Irradiation Test (FMIT) Facility!
have increaned the attractiveness of a deuterium-lithium (D-Li)
neutron source for fusion materials and technology testing. This
paper discusscs a new approach to such a source aimed at meeting the
near-term requirements of a high-flux high-energy International
Fusicn Materials Irradiation Facility (IFMIF). The concept employs
multiple acceleratar modules? providing deuteron beams to two
liquid-lithium jet targets orienied at right angles.y Thia beam/target
geometry provides much larger test volumes than can be attained with
a single beam and target and produces significant revions of low
neutron-flus gradient. A preliminary keam-dynamics cesign has
heer. obtained for a 250-mA reference sccelerator module. Neutron-
flun levels and irradiation volumes were calculated for a neutron
source irico-porating two such modules, and interaction of the beam
with the lithium jet was studied using a thermal-hydraulic computer
simulation. Cost estimates are provided for a rangs of beam currents
nnd a possible facility staging sequence ia suggested.

Introduction

According 10 a recent intarnational assessment.4 the present
anderstanding of materials behavior in a fusion reactor radiation
vnvirnnment ia insufficient to guarantee the required performance
aml rndurance of future reactor components. The perceived need for
a high-1lus materials-testing neutron source resulted in tha current
Interrnational- Energy-Agency (IEA) initiative to esamina thy source
1eijuiiements and to evaluate the technologies available for reeting
them in the near term 3

Thia paper presents an accelerator-dnven source concept that in
shaveil feom FMIT, but takea adventage of improvements in 'he tech-
nuleyry of high current on accelurators®.7 1o offer @ more attractive
el en ¢ effective facility for fusion matenals testing As in FMIT,
A5 MeV deuterons are used to generate a fusion like neutron apectrum
11am the thick target yield ot the Litd.nt nuclear stripping reaction
Ihis spectrum, which peaka i ear a neutren eneigy of 14 MeV, pro
nees atomic dispiacementa idpa) and tratamutatio:t producta ri g,
Helgmin nradiated matanals with 1atios that hracket the complete
range of fusion r actor environmenta Hecauae the deuteron energy
v lpnatahle, the dpa/ite 18t0 could. in principle, be Gmed to sty
poowsihile spectrum dependent effects

A mmlulne acceleiator and arget configuration is envisageil, ns

heatoin Fig 1, which providea fo1 teat cell Mlus and vilunte Nenilul
v tux grahient talloning, staged espansion of capabihity, nmi
avprevial fmahty availabibity  Althuugh many scceleratm ilesigm
svarintians are pnasithle, this paper (ocusea 2'n a two module snurre,
Aut vnch unit dehivening « 2% mA ¢w heam  Each acceleratnr
wpalnle wiuld consist af twa D¢ e mjectors, twa raihin frequenry
Fonhicymles 'RFQI, 8 heam funnel, and s single e} tuhie e
DY, The refeience neutrun source cuntains twn hthium jet targets
virmted ALY with each target 1ecoiving une beam  As nnpheil in the
tiggiine, tatal cnarent rauld be sapandeil tn VX0 mA hy milding tweomeeed
ceptor randnlea w1 reilurid to 230 mA hy ehinmiating ane {EQ 1o
cach malnde
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Fig 1.

Reference Neutron Source: Two 250-mA accelerator nnlules

and two lithium targets. laghtly drawn modules nihicate

upgrade potential

FMIT Technology Bose

The FMIT fazility waa to provide a 100 mA deuteron hienmm i n
hthinin jet Larget, generating a © 5 ntie test volume espaseil tn a mm
«minm imcollided neutron flus ut 1014 niem? & requivalent i Yasem
I

rens v wall loading power o 23 MW/m?2 1 and & 10 rm*! vulin

1 rm? w023 MWm®: Flus gradients m the test zane were hugh
Fhe neveleratgr ennmisted of a 1) keV D ew myectm fmllnwel in g
2 Moy RFQ and a 18 MeV DTL, both uperating at RO Milz  Fioe DTE
wewherating graihient was | MV'm, sl the tutal RF pawer reqaaid
wias "t t MW The deuteron bwam was tn he conveyed tn the htlnn
In a1t hgh energy beam transpoit +HHEHT! aystem that meladid an
vy mndulagting of cavity for broadening the heam eneigy sporend
et MoV irmar  Lathium fluw 1ate 1n the jet was 171 mos, mind penk

Venim power ileposition density in the et 1eached | K MW-em'!

Iteliire the pinject termimatinn in 1984, FMIT fumly coalditond
techaneal feamhility far the 1) 13 sunree romeept  The pugonm imeln
Jiedl mentinnies caleulationa ta ileteimine test cell Nas leveds nnld
vidames, theimal hydianhe ealenlatioms tn molel the Sunn target
mterartion, develnpinent anil uperation of a ynaletype ithinm ot noj

voonlatin avatatn, cnnstrnctinm aml cw o aperatian o 0 oty e
auectar nml RFQ. sl 8 enniplete engnneerning design duar Ve by
New Accelerator Concept

e e cangletinn o) the FMET deaignn there e b gt
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construction of an improved D-Li neutron source, with higher perfor-
mance at lower effective cost. These advances include: a comprehen-
sive emittance-growth theory: better beam-dynamics simulation
codes; development of the beam-funneling concept for current multi-
plication; th2 use of high accelerating-structure frequencies. per-
manent-manet quadrupoies (PMQ), and ramped accelerating
gradients to control beam-emittance growth and halo growth; and the
use of high-order optics in beam transport systems to manipulate
beam profiles.

The 250-mA accelerator module proposed as the building block of
our referenee source concept is sketched in Fig. 1, which also tabulates
{requencies, currents, and energies selected for each component.
Preliminary beam dynamics simulations have been carried out foi
this module and are discussed below.

Injector, RFQ, and Funnel

Because of beam loss inherent in the RFQ bunching process, about
140 mA of D* must be injected to obtain 125 mA at the output Tris
requirement could be met by a duopigatron 1on source similar to one
operating at Chalk Rivsr Nuclear Laboratury.® The selected RFQ
frequency (175 MHz) is more than twice that of FMIT, allowing a
lacge reduction in transverse atructure dimensions. High-power 10 5
to | 0 MW cw) tetrodes are commercially available to provide the
accelerating enargy.

Beam behavior ui the RFQ was simulated with the code PARMTEQ,
using s 1000-superparticle iriput distribution uniformly filling a feur-
dimensional transverse phase-spac hyperellipsoid. The longitud:
nal distnibution was that of a continuous beam with zero energy
spread. Figure 2 showa the radial distnbution, nhase width, and
energy spread of these particles as the beam traverse: the RFQ
Table | lists important RFQ parameters not displayed in Fig 2: the
transverse (T) and longitudinal rL) beam emittances shown are
normalized rma velues

180

180

0 90 270
02 '
. 4
DR —-W '
0y ? . .
1) 90 1RO A0
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Fhe antynt beems fiem the twn REQs are cominniel longitimbine sy
n1ane the RFQ frequency i a ‘unmel o) the type soatt 1 be tesded at
Voo Almnas At the lunnel entiatice the heams e iti 4 em apat aml
e caaneigmyg at aelative angle o« 200 Fach beam s iranapa il

Table L

3 s
power (copper)

Mean aperture 1.2 cm 03 MW _
Tank dismeter 38 ¢cm power (berm) 04 MW
Structure len 5.4 m RF powsr (total) 07 MW
Surface field (peak) 25 MV/m tput emittanes (T) 0.27% mm-mr
Transmiasion 89.3% Output emittance (L) 0.46x mm-mr

separately through four PMQa and a 175-MHs buncher to the beam
combining elements, which consist of a large-aperture defocusing
PMQ and a 175-MHs rf-deflection cavity. The bunches from each
RFQ are separatsd by 180° in phase, and are kicked onto a cummon
longitudinal asis by the rf deflector. An adi:rtional four PMQs amt
two 350-MHs bunchers piovide a sis - dimensional phase.space mntch
f1om the funnel into the DTL.

Drift-Tube Linac

The DTL consiats of two 330-MHs tanks operating as IBA struc
tures. The focusing pattern of the dnft-tube quadrupolrs 1x FOFO)
NDODO, and their field gradient 18 ramped from 120 to 100 T m with
merrasing beam energy. The accelerating field in the first tank i
inmpeil from 3 te 4 MV/m, while 1n the second the field 18 hirhl rom
stant at 4 MV/m Radio-frequency power would he supplied by | MWV
cw, 350-MHs klystrons now ava.lable froin several manulnctimery
The frequency 18 more than four times that of FMIT, and the accrim
ating gradient 18 three to four times higher, resulting 1in a4 muck maece
rnmpact sccelerator Improved control of beam halos 'and tirnni lnys:
1 expectad with the higher fraquency atructure

The smulaton code PARMILA was rur with 1000 superpartiring 1o
vainiie the DTL heam dynamics a! 250 mA. The input phase spaci
Jistrbution 18 that of a uniformly filled sis-dimensional hyvper
vihpsotd whose rms dimensions malch those obtained frum the RFQ
.ntput No particles from thia distnbution were lost frum interceptum
hy the 1lrft tubes Figure 3 showa the beama radial dimension as i
iruveinea the DTIL,, along with ita phase width and energy spremil
Tahle |1 hats ymportant DTL parameters nat mentoned ahove

J
190
]
1
|
190
v 2 [ r 1 !
' 1
11 P RN !
|2 l 1 1
(4] a0 100 144)
Ftg 1 Weam parameters i DFE v 17 OMILA o) ot
forg? Horoamtal displacement -om
AVETRTEIN Phase deviation om avainhiooen s dogeen
MM FEoergy deviation bnion synchrorane My



Tahis . DTL Purameters
[Tank diameter S5v¢m | Output smittance 'T)  0.30k mm mr
No of dnift tubes 128 Output smittancs 'L)

0OZis mm-mr

Dnf-tube apsrture 2.0 cm | RF pows; (copper) 33 MW
Total length 13 m war (beam) 5.0 }
Beam loading 71% power «total) 13 MW

Pigh-Energy Beam Transport

The HEBT wall conaist of n penodic focusing aystem with at least
one bend, so that back-angle neutrons from the target strike a shielded
Jump rather tha: the sccelerator A spur-line and s high-powei beam
stup will be needed to paimit sccelerator tuning before beam 18
iwitched o the warget. Specisl elements wmil be inserted into the IIEBT
‘0 'ncrease the beam s eneigy spread o | 0 MeV irmsi and to Viatten
.nd widen the tisnsverse distnbution These menipulations are
1equired to maintain sufficiently low peak power deposition denaity
n the hthium jet.

Hoth internal and external forces can be used to cbuin the requited
beam energy spread If the penodic focusing system at the end of the
DTL. s vontinued intc the HEBT, longtudinsl space-charge foices
will inciease the rma enei1gy spiead of 8 250 mA “eam fiom 70 tu
SN eV within five matera A 2 MV, 150 -Mliz ¢nergy dispersion
vavity placed near the end of the IIEBT can piovide an additional
510 keV energy spread. Preliminary calculstiora show the feas:
bty of using non-linear optrea 1octupolas® in the HEBT o ochuain a
wide. flat, honzonwl plane beam denaity profile at tha lithium warget
rather than the (isussian distnbution assumed for FMIT In addition
10 lowening the powar deposition in the target, thia fenture pirovid=s a
mme umifurm neutron fluz distnbution in the test volume

Target Hea'ing

vhe steady state interaction of 8 250) mA deuteron heam with the
“thium jet was mideled by a los Alemos adaptatuon of the iwo-dimen
swiial 'stankar Spalding tnermal hydraulic code!'? using the same
Yow conrlitions as in FMIT 117 3 mva Mlow velocity, 2207(" milet tem
19 cm inlet jet thichness) Eneigy deposttion ve ilepth
peodilens fur 185 MeV deuterona weire cglculated using the code
FRIM 9 ! pasuming s (isussian beam »nergy ‘histribution with
{1 NMeV rms value The Leam spatial profil. at the warget was
sweelied 88 & 4 em wide 1ectangular distrihutior with § em rma
tenvs uane edges i the duectinn normal to the hithium fiow and 8 ) cm
inie Tianrmian distribution in the flow dnection  Figuie ¢ compares
he apecdle ene1gy depositian profile calculated for 8 monoenergetis
i MeV heam with thut for s beam with 8 1 0 MeV rma energy spread
shoowang 1hiat 8 Yactin of 2 reduction in b de can e alitamied ay the
Miagy pesh
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Foyrmre 5 compares the masimum hithium temprratire tnthe e
wilh the <itnrntion (emperatuire +boiling pointi ns 4 lanetim ol -
taner Iromt the target back wall  The selected tempernture profile
jraese s threngh the matimum tempeiratusre point in the Ldinam, afnat
4 em lwhiw the beam centerhine, at this location the prt thickness o
2! om Fur the chosen beam parameters, the Inthium temperatu-r
remanns ailrly Lelow the loeal boilnye point. even with 20 tinies the
FMIT deuteron current, encept in a very thin layver ut the jot surinen
I'be lithium evaporation rate fiom this surface layer 15 Yunid to he
neghigihle
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Neutronics

tneoll.ded neutron Mua conlours were calculated (ir wevernl
hwam wrget configurations A 1epresentative contour plot
e lerms of aguivalent neutron wall-loading powei i is shuwn ae P
lut the reference case of two 250 mA beams incilent un twu turgets
diented st Y0” and centered 10 rm from their common verr s Thesr
phre were produced Nom point wise Nus ilata generated hiv the com
pater code used for the onginal FMIT neutronics eatcnlarons !
e viude 18 hased on & complete aat of differential c1uss aecrime for
wveral deuternn energnes and several neutron eneigies armd angtles
the 1188 sections are generated Nom semi empirical Nita ol coparre
wiental measurements to Lird.ny stnipping Thenry as weld na cahin
untrifiuiig nuclesr reactions  The resultrmyg three donvene vl
Jevn! sunrce neution flus maps were then comluned to pove
1 1urs Yur selecisil heam/iarget geoinetnes

prresentedd
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Using the 3-D flux mapa, 1t was possible to estimate the available
test volume esposed to a specific average neutron flus 11n the stmph-
fying hmit of no perturbation introduced by teat samples ur thr
hthium jet). This volume s plotted 1n Fig. 7 as ¢ function of towa!
heam current for different taverage) wall loadings The beam/target
geometry is as gaven in Fig. 5 Test volumes eatimated for FMIT are
shown for comparison.

100 ' ] [

1y 1 [ S BRI 8 |
10 g | MW
8 MWt i
-é i FMIT 11044 axcmiael o
-l
E oMY @t
5 Di
10 MW'm?
.a * FMIT o dwamier
)}
> 4.0l
“nml'—-—; -
! arvond N
NI ’ ! '
: IOMW @t 101 Mo mewireas: ~ § Jni0' "acmd .. 1
1Y ¢ {1 1 Vo ' P XY
{}) L) 1000

Total Beam (Current tmA)

Fig. 7. Test volume va total beam current at several neutron. wall
loading levels for contour map of Fig 6 FMIT teat volumes
are shown (or companson

Conciveions

We descnibed a 1) 14 neutron source that would have five timea the
leuteron current of FMIT In the reference beamtarget geometry, the
teat volume st s apectfic average uncollided neutron flus scaies
appirnsimately as |I‘|l 8 where I, 1a the total deuteron current The
*rst valume available 1n the reference IPMIF concept weuld therefere
he 'S times greater than in FMIT (for the same average uncoliided
swutron Nua: Heam dynamies sitnulationa show that a compact,
Ligh frequency RFQ/DTI. acceleiator design 1a (easible at 250 mA,
inul that 1t should perform with amall emittance growth and negh
cilie heam loss Target heating simulations show that the eneigy
lepusition problem 1a tractable at 250 mA with suitable manipulation
4 the heam snergy spread and spaual profile in the HEBT

In a mulumadule (acility, each accelerator unit would be housed
w4 weparalely shielded vault so that maintenance could be carnei]
it an any unit without shutting dow , the entine neutron output  This
‘enture would increase overall faeility availalality o uners
Uine can imagine a facility staging scenario that atarts with a
ingle hinac module with an output currsnt as low aa 25 mA ) RFQ.,
vl whith 19 designed with the enrrec: choice of fregquency. gradient
ir hoocpeiate st up to 280 mA  The (acility could be upgraded i steps
1 ndhlhing RF powei. then a second RFQ. and then o secnnil arcelera
- r mulule ta reach 300 mA  The final npgrade to JUDD MA waull
‘wvodve the mildition of twn mire acceleiators as suggestest m Fig
\ jrellininary constiuction and jperation coat analyaia has heen
arriad nut fnr the range of tutal beam currents and 1a summanized 10
Falde 111 cnsta mie in [9% BU'S  The acrelerator estimales sie hased
1 ie ant enmpnnent cost-  target amil test facibity rnsta are ratrap
tatedd fium FMIT  Flectine puwer casts assime 90 heam an time

Table [Tl Pacility Cost Estimats Summary

Total current 125 mA 250 mA 300 mA 1000 mA
Construction 107 M 150 M M 84 M

Electnc power §3 Myr 187 Miyr [174 Miyr [348 M
Total operau 13.9 Miyr [198 MAyr | 33.7 Miyr |545 M-

conventional a&’RF power-conversien efficiency .0 46, and a hne
source as economical aa that for FMIT (30.035%W.-hi A plot of the
construction cost estimates as a functicn of total deuteion current
reveals that these costs scale approsinatsly as |14 62
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