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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 increased the aitractiveness of a deuterium-lithium (D-Li)
neutron source for fusion materials and technology testing. This
paper discusses 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
muitiple acceleratar modules? providing deuteron beams to two
liquid-lithium jet targets orienied at right angles.3 This beam/target
geometry provides much larger test volumes than can be attained with
a single beam and target and produces significant rezions of low
neutron-flux gradient. A preliminary team-dynamics design has
heer. obtained for a 250-mA reference accelerator module. Neutron-
Mux levels and irradistion volumes were calculated for a neutron
source ir:co-porating two such modules, and interaction of the beam
with the lithium et was studied using a thermal-hydraulic computer
simulation. Cost estimates are provided for a range of beam currents
and a possible facility staging sequence is suggested.

Introduction

According 1o a recent international assessment,4 the present
understanding of materials behavior 1n a fusion reactor radiation
ecnvironment s insufficient to guarantee the required performance
and endurance of future reactor components. The perceived need for
2 high tlux materials-testing neutron source resuited in the current
International-Energy-Agency (1IEA) imtiative to examine th) source
requirements and to evaluate the technologies available for meeting
them i1n the near term 3

This paper presents an accelerator-driven source concept that in
Aerved from FMIT, but takes advantage of improvements in *he tech-
nulegy of high current 1on accelurators.7 1o offer & more attractive
and co t effective facility for fusion matenals testing As 1in FMIT,
15 MeV deuterons are used to generate a fusion like neutron apectrum
trom the thick target yield ot the Litd,n) nuclear stripping reaction
I'his spectrum, which peaks ear a neutren energy of 14 MeV, pro
duces atomic dispiacements tdpa) and traismutation products v g,
Helrumi in irvadiated matariais with ratios that hracket the complete
range of fusion r actor environments Hecause the deuteron energy
i~ .fjustable, the dpa/He ratio could. in principle, be tuned to atudy
pussble spectrum dependent effects

A mmdular sccelerator and target configurstion s envisaged, as
howo in Fig 1, which provides for rest cell flus and volume flexibnl
tv Nux gradient tmiloring, staged ezpansion of capability, and
.mproved facilhity availabihity  Although many accelerntor desigm
.nrintiona are poasible, this paper focuses 2'n & two module nource,
arth each unit delivening « 250 mA cw heam  Each accelerator
mudule would conmist of twe D¢ de injectors, two radio frequency
mdrapoles {RFQ), a heam funnel, and a single dnft tube haac
1Tl The reference neutrun source contains two hthium jet targets

tiented At Y07 with sach target 1eceiving one beam  Animphed 1y the
tigure, tolal current conld be expanded to 1000 mA by adding twi aceel
crator raodules or reduced to 250 mA by ehiminating one RFQ trom
s ich maodule

“Thia work was supporied by loa Alamos National Laborstory Program

I W velopment I"umr- ubider the auspices of the US [XOE

*Supported in part by an appminiment to the US DOE Fumon Fnerygy

:'mll wioral Rossaich Program administered by (lak Ridge Awsiniated
nisersitien

Fig 1.

Reference Neutron Source: Two 250-mA accelerator modules

and two lithium targets.
upgrade potential

Laghtly drawn modules indicate

FMIT Technology Bose

The FMIT fazility was to provide a 100 mA deuteron beam to n
lithium jet target, generating a 05 utre test volume exposed to 4 min
ymum uncolhded neutron Mlux ot 1014 niem?2 & tequivalent to fusion
renctor wall londing powsr of 23 MW/m? ), and a 10 emd volume at
1 nem? w23 MWm?: Flua gradients in the teat zone were high
I'he aceelerator conmiated of a 1K) keV D* cw ingertor followed i a
2 MeV RFQ and a 38 MeV DTL, both oparating at B0 M,  The DTL
weelerating gradient wan 1 MV'm, and the total RF power requined
wits 2 A MW The deuteron hwam was to be conveyed to the hithium jet
hy o high energy beam transport (HEHT) ayatem that included n
vaergy modulating rf cavity for broadening the heam energy sprend
ta 15 MeV irma) Lithoum Mlow rate in the jet was 173 mes, and penk
beam pewer deposition denmity 1n the (et resched | K MW cm?!

Hefore the project termination 1n 1984, FMIT firmly estabilished
techmical feambihity for the 1) 1a source concept  The program anelu
ded neutronica ealeulations to determine test cell lun levels and
valumes, thermal hydrauhie caleulations 1o model the heam target
interartinn development and operation of & prototype lithim et and

noulntion syatem, construction and cew aparatian of 1 protaty e
meetar and RFQ. and & complete engineerning deaign for the tacniny

New Accelerator Concept

e the completion of the FMIT deaign there hove beon g ooty
et nhvnces an hgh onrrent on hina h-r'llmlnu\ thnt with 0w



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-ma et 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
frequencies, currents, and energies selected for each component.
Preliminary beam dynamics simulations have been earried out for
this module and are discuased below.

Injector, RFQ, and Funnel

Because of beam loss inherent in the RFQ bunching procuss, about
140 mA of D* must be injected to obtain 125 mA at the output Tmis
requirement could be met by a duopigatron 10n source similar to one
operating at Chalk Rivsr Nuclea: Laboratury.® The selacted RFQ
frequency (175 MHz) is more than twice that of FMIT, allowing a
large reduction in transverse structure dimensions. High-power 10§
to 1 0 MW cw) tetrodes are commercially available to provide the
accelerating energy.

Beam behavior ni the RFQ was simulated with the code PARMTEQ,
using & 1000-superparticle iiput distribution uniformly filling a four-
dimensional transverse phase-spawc hyperellipsord. The longitudi
nal distribution was that of a continuous beam with zero energy
spread. Figure 2 shows 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 L) beam emittances shown are
normalized rms values
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I'he nutput heems frem the two REQs are combined longitudinelly
i tane the REQ frequency 1o a ‘unnel of the type soon to be testen at
v Alatmos At the tunnel entrance, the leamas are 16 4 cm apart and
e comvrrging at a relative angle of 200 Earh beam 1a tranaported

Table L R%me
1.2 em powaer (copper)

Mean aperture 03 MW _
Tank dismeter 38 cm power (berm) 04 MW
Structure len 5.4 m RF power (total) 07 MW
Surface field (peak) 25 MV/m tpul emittance (1) 0.27% mm-mr
Transmission 89.3% Output emittance (L) 0.46x mm-mr

separately through four PMQs and a 175-MHz buncher to the beam
combining elements, which consist of a large-aperture defocusing
PMQ and a 175-MHz rf-deflection cavity. The bunches from each
RFQ are separatsd by 180° in phase, and are kicked onlo a common
longtudinal axis by the rf deflector. An adu:itional four PMQs and
two 350-MHz bunchers provide a six-dimensional phase-space match
from the funnel into the DTL.

Drift-Tube Linac

The DTL consists of two 330-MHz tanks operating as 1JA struc
tures. The focusing pattern of the dnft-tube quadrupoles 1x FOF()
DODO, and their field gradient 1s ramped from 120 to 100 T m with
increasing beam energy. The accelerating field in the first tank 1y
rnmped from 3 to 4 MV/m, while in the second the field s held con
stant at 4 MV/m Radio-frequency power would he supplied by 1 MV
cw, 350-MHz klystrons now ava.lable fromn several manufucturers
The frequency 1s more than four times that of FMIT, and the acceler
ating gradient 18 three Lo four times higher, resulting in a4 muck mnge
rompact accelerator Improved control of beam halos tand beam logs:
13 sxpected with the higher fraquency structure

The umulaton code PARMILA was rur with 1000 superparticles to
exanune the DTL heam dynamics a! 250 mA. The inpul phase space
distnibution 18 that of a uniformly filled six-dimensional hyvper
cllipsoid whnse rms dimensions match those obtained from the RFQ
autput  No particles from this distnbution were lost from interception
by the drift tubes Figure 3 shows the beam s radial dimenmon as 1t
truveraes the DTL., along with its phase width and energy spread
F'uble 11 lists 1mportant DTL parameters ncc mentioned ahove
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Table [ DTL Purameters

[Tank dimeter S5vcm | Output smittance 1T 0.30k mm mr
No_ of drift tubes 128 Output smittancs /L)

0&1lr mm-mr

Dnf-tube apsrture 2.0 cm | RF pows: (copper) 33 MW
Total length 13 m war (beam) 5.0 !
Beam loading 1% ‘power (total) 113 MW

Pigh-Energy Beam Transport

The HEBT wll consist of n penodic focusing system with at least
one bend, so that back-angle neutrons from the targec strike a shielded
dump rather tha- the accelerator A spur-line and a high-power beam
stup will be needed to parmiL accelerator tuning before beam s
wwitched to the warget. Special elements wmil be inserted into the HEBT
‘0 ‘ncrease the beam s energy spread to 1 0 MeV (rms) and to fiaten
and widen the transverse distmbution These manipulations are
required to maintain sufficiently low peak power deposition denmity
in the lithium jet.

Hoth internal anc external forces can be used to ocbwain the required
beam energy spread If the periodic focusing system at the end of the
DTL. 1s continued 1nt. the HEBT, longtudinal space-charge forces
will increase the rma energy spread of a 250 mA “eam from 70 tu
500 weV within five maters A 2 MV, 150-MHe energy dispersion
cavity placed near the end of the HEBT can provide an additional
500 keV energy spread. Preliminary calculations show the fean:
bility of using non-linear optics (octupoles® in the HEBT o chwain a
wide. flat, honzontal plane beam denmity profile at the hithium target
rather than the Gaussian distnbuuon assumed for FMIT In addition
1o lowenng the power deposition in the target, this festure provides a
more uniform neutron fluz distnbution in the test volume

Target Hea'ing

i'he steady siate interaction of a 250 - mA deuteron heam with the
“thium jet was modeled by a |.os Alamos adapation of the iwo-dimen
sional Patsnkar Spalding tnarmal hydraulic code!? using the same
Now conditions as 1in FMIT 17 3 mus Now velocity, 220°(" inlet tem
19 cm inlet jet thichness) Energy deposition va depth
protiles for 15 -MeV deuterons were cslculated using the code
FRIM 9 ! assuming a Gaussian beam anergy distribution with a
10 MeV rms value  The beam spatial profil. at the target was
wpeclied ms & 4 cm wide rectangular distributior with 1 em rmy
s aan edgeein the direction normal to the hthium flow and a 1 cm
rms Gaussmian distribution 1in the flow direction  Figure 4 compares
e specitie energy deposition profile calculated for a monoenergetic
N MeV beam with thul for 8 beam with a 1 0 MeV rma energy spread
hoawaing that a tactor of 2 reduction in dF,. de can lre obtamed at the
Nimgy prah
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Figure 5 compares the manimum hthium temperature o the et
with the saturntion temperature (boirhing paint) as a tanction ot i~
tance trum the target back wall  The selected temperature protile
jpraisses through the maximum Lemperature point in the hithiam, about
4 em helow the beam centerhine, at this location the jet thickiiess
21 .m For the chosen beam parameters, the hthium temperature
remains sufely below the loeal berhing point. even with 25 times the
FMIT deuteron current, except in a very thin laver at the jet surtiee
I'he ithium evaporation rate from this surface layer 13 tound to be
negligihle
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Temperature profile i1n taken through

Neutronics

‘'necoll.ded neutron flun contours were calculated fur servernl
beamn wrget configurations A representative contour plot
i terms of eguivalent neutron wall loading power) 1a shown in Fig o
tor the reference case of two 2BO MA beams incident on two targeis
‘tiented at 90" and centered 10 cm from their common vert 'z Thrae
pluts were produced fram point - wise Nux data genersted by the com
puter code used for the onginal FMIT neutronics caiculavione V4
Ihis codde 18 hased on & complete st of differential cross sectiona lor
~everal deuteron energnes and several neutron energies and angles
the cross sections are generated from semi empinical Hita of capen
mental measursments to Lud.ni stripping theory an well as ocher
ontnibuting nuclear reactions  The resulting threr dimiensi ol
pom? source neutron Mlus maps were then combuned to e conteur
jdote for selectsd beam/target grometnes

prosented
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Using the 3-D flux maps, it was possible Lo esimate the available
test volume exposed to a specific average neutron flux (in the simph-
fying limit of no perturbation introduced by test samples or the
lithium jet). This volume 18 plotted in Fig. 7 as # function of tota!
heam current for different (average) wall loadings The beam/target
grometry i1s as gaven in Fig. § Test volumes estimated for FMIT are
shown for comparnson.

{0 )] v Tt

TYergg 1 1 s B N O |
10 % | MW
8 MWt i
-é 1 FMIT (1044 axcmiel o
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= 1MW mt
01
5 10 Mwm
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Total Beam (‘urrent tmA)

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

Conciveions

We descnbed a 1) i neutron source that would have five umes the
{euteron current of FMIT [n the reference heam/target geometry. the
test volume st a specific average uncollided neutron fluz scales
appronimately as Il‘ll 8 where |, 15 the total deuteron current The
*est volume available in the reference |PMIF concept weuld therefere
e I8 uimes greater than in FMIT (for the same average uncollided
seuteon flunr Beam dynamies sinulations show that a compact,
tagh frequency RFQ/DTL accelerator design 1s (eagible at 2350 mA,
ind that it should perform with small emittance growth and negh
gibie beam loss Target healing simulations show that the energy
irposition problem 18 tractable at 250 mA with suitable manipulation
1 the heam snergy spread and spaual profile in the HEBT

In a mulumodule facility, each accelerator unit would be housed
1 a weparalely shielded vaull swo that maintenance could be carned

it on any unmit without shutting dow | the entire neutron output  This
‘eature would increase overall facility avalalnhity foe uners
Une can imagine s facility staging scenano that starts with a
ingle inac module with an output currsnt s low as 23 mA | RFQ:,
1at whith 19 demigned with the correc: choice of frequency, gradient,
cle o cperate st up o 280 mA  The facility couild be upgraded in steps
ty adding RF power. then a second RFQ. and then g second accelera
- r mudule tn reach 300 mA  The final upgrads 10 100D mA would
‘otve the addition of two more accelerstors as suggested n Fig |
\ prelhiminary construction and )peration cost analynis has heen
arrisd out for the range of 1otal beam currents and 18 summanzed 10
Lable [T costs are in 199 BUS  The accelerator estimales are hased
n recentl component cost-  target and test facility costs are ratrap
Intedd from FMIT  Electric power costa asnume 90% beam an time

Table [Tl Pacility Cost Estimats Summary

Total current 125 mA 250 mA 300 mA 1000 mA
Construction 107 M 150 M M 184 M
Electnc power §3 Myr 187 Miyr [174 Myr [348 M/
Total cperaung 13.9 Miyr [198 Miyr | 32.7 Miyr | 545 M.

conventional s</RF power-conversien efficiency .0 46, and a hne
source as economical as that for FMIT (80.035%W-h) A plot of the
construction cost estimates as a functicn of total deuteron current
reveals that these costs seale approximatsly as 14/ 62
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