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ENERGY VARIABLE DELTERON LINAC FOR MATERIALS RESEARCH NEUTRON SOURCE'

R.A. Jaineson

Accelerator Technology Division, MS H811
Los Alamos Nauonal Laboratory
Los Alamos, New Mexico 87545, USA

Abstract

Basic research in new materials and matenals technology is
a key national resource, and several countries are making plans for
advanced capabilites, including intense neutron sources.
Advances in high-intensity lincar accelerator technology can
provide efficient drivers for such sources. Aspects such as energy
vanability, uniformuty of target dose distnbution, target
bombardment from muitiple direchons. hme-scheduied dose
patterns, and other features can be provided. operung new
opporturuties in the expenmental program. These considerations
are discussed in the context of a 2040 mA continuous-current,
35-MeV compact deuteron hinac facility. as a subset of designs
with much larger (250 mA) current capability. The possibility for
a current-upgradeable facility 18 bnefly descnbed.

introduction

Advanced neutron sources are needed for basic and applied
ma:cnals research.! The neutron spectrum produced from the D-Ui
reaction has been judged useful for many matenals research
problems, especially for fusion reactor matenials. Earlier
programs, including the [.os Alamos Meson Physics Facility
(LAMPF) and the Fusion Materials Irradiation Test (FMIT)
facility prototype, demonstrated key features of the required
high-intensity accelerator and target technology. FMIT was to be
an internationally funded D-Li neutron source based on a 100-mA,
15-MeV cw D* linear accelerator, with a materials test volune
charactenized as 60 dpa/year in 10 em3 (1.0x 1913 n/em?s)and 6
dpa/year in 400 cm3 (1.0 x 1014 n/cm2-sec). Continuing discussion
over the nearly 10 years since FMIT cancellation has been focused
by tie I[EA Fusion Power Coordinating Commuttee on studies for an
International Fusion Materials Irradiation Facility (IFMIF2 that
would hopetully provide larger flux and test volume than FMIT
wonld have, within a simular cost boundary, by using recent
technical advances. In the near term at least, the D-Li approacn
is the only approach with a sufficiently demonstrated technology
to proceed quickly to an operating facility. Indeed, advances
duning the last decade 1n accelerator technology allow the
conhident proposal of an IFMIF based on 250-mA, 13-MeV
aceelerator / target modules.d Two such modules, oriented at 909
relative to the test v.lume, are shown to provide a test volume 18
umes larger than PMIT (for the same average uncollided neutron
thuo

The cost of such an IFMIF and the complications uf
mternational funding have led to senous planning in fapan? for a
nearcr-term low- to intermediate-fluence facility that would
address imany arcas of basic matertals research as well as aspects
ot fusior :naterials development. The smmgy5 proposes an
Energy selective Neutron Irradiation Test Facility (ESNIT),
coupled with a highly modemized test laboratory using modular-
type hot cells (MODULAB) and the Small Speciinen Test
Techmigue (SSTT). Although the deuteron current of the ESNIT
might be only 20-40 mA (to reduce costs), the comt  ation of
MODULAB and SSTT i expected to offset some of the
Jisadvantage of reduced ux,

* Work wpported by the US Department of Energy and with
the hospitality of the Japan Atomie Energy Research Institute

ESNIT, or the larger IFMIF, would be configured to provide a
tnore flexible experimental facility than earlier designs.® Some of
the capabilities that could be provided mught suggest new
expenmental techniques to materials researchers. As its name
implies, ESNIT wili provide energy selectivity, typically 1n
discrete steps. Neutron intensity can also be vaned. The target
chamber could be irradiated by more than one beam, from different
angles, providing many possibilities for tallonng the flux
distnbution. The density distnbution ot the deuteron beam at the
target could also be tailored using advanced techniques in
magnetic optics, affording further contrul of the target chamber
distnibution. Finally, the acceerator and associated beam-
transpczt element. are all cysentially electronic devices and
therefore can be controiled and modulated in hme-varying
patterns under computer control, operung the possibility for study
of rate-dependent effects.

The ated sources provide many details of the m .terials
research needs and facility requirements. We discuss bnefly here
some aspects of the deuteron linear accelerator system.

Accelerator [asuea

While detailed design work has not been funded, ESNIT and
IFMIF requirements fall within the envelope of extensive work at
Los Alamos during the 1980s on the neutral particle beam program
and recently on design studies for Accelerator Production of Triium
(APT) and Accelerator Transmutation of Waste (ATW). These
latter two applicahions require cw proton currents of up to
250-300 mA at 1.5 GeV. Detailed conceptual design work on the
accelerator for APT/ATW has been completed, and APT was
stringently reviewed by the Energy Research Advisory Board of
the US Department of Energy.” Their findings include the
following:

¢ The continuous-wave RF iinac approach 1s the mo:t
advanced accele ‘ator technology for application to the production
of tritium,

¢ ‘The continu us-wave RF linac approach for APT is
technically sound. While an integrated accelerator system has
never been built and operated at APT conditions, the accelerator
feasibility and engineering development issues could be solved
with an adequate research, component and systems development,
and engineering Jemonstration program.

¢ Beam transport is & mature discipline. The high-energy
transport system requires some component development and
testing. However, beam transport is not expected to be 4
signuficant problem in an APT development program.

* Aninitial 4-year period would be required for activities
including R&D, system optimization, conceptual design, and
design of the first sections (up to 60 MeV) of the accelerator
system, with parallel activities such that ennstruction of an
engineering demonstration could be completed in 2-2.8 more vears

This review is of major importanrce In assessing the present state
of the art of high-brightness, low-loss accelerator design  What
are some of the key features?

tigh-Intensity Linacs With Yery Low Particle Lugy

Stray beam losses along a linac produce radioactivity in the
beamline ¢lements that can severely complicate maintenance One
of the most critical requirements for a high-intensity Linae tactory
environment is that beam losses along the accelerator be kept low



enough that "hands-on” maintenance' 1s possible over the life of
the faality. At deuteron energies up to 3540 MeV, this means
that no more than a few mA/m of beam loss (or a fractonal loss of
~104/m for a 30 mA linac) can be tolerated.

Our design pnnciples insure that high-current operation 18
combined with excellent beam quaiity based on fundamental beam
ph)'SICsAs We must start with a high quality 75-100 keV 10n source
having low emuttance, and preserve that emittance through the
following acceleration and transport to the target. Up to about
2 MeV, we use a radio-frequency quadrupole (RRQ) for bunching
and inital acceleration. The RFQY is a superb preaccelerator for
maintairung beam quality under high-current, spacecharge-
domunated conditions. Following the RFQ, we use a dnft tube
linac (DTL) or short sections of separate cav.ties up to the
35-40 MeV final energy. Both the RF frequency and the
rransverse/longitudinal focusing strengths are kept as high as
possible, within other constraints. This minimizes the charge per
bunch with given phase advance per focusing penod, and keeps
the beam size small. (While spacecharge forces are increased in
a smail beam, the spatiai extent over which the beam thermal
energy 18 distnbuted is smaller, and the latter dominates.) In the
DTL or separate cavity section, we design for large ratios of
aperture to transverse-beam size and longitudinal bucket size to
beam phase length, and may use a ramped accelerating gradient to
help insure this. We insist on good alignment, good closed-loop
control of accelerator field amplitude and phase, and extensive
diagnostcs for beam control and maintenance of the operating
regime. Even s0. some halo and spill may occur, but activation
effects can be limuted 1n a variety of ways, including use of rad-
hard clectromagnet quads (this sets an upper limit on the DTL
frequency? and localizing losses at selected spots using emuttance
filters. Our facility design work has also addressed many details
of the operational, maintenance, fallure mode, and safety
requirements of accelerator-based factory installations,

We have also carefully compared the expected performance
of our 250-mA cw/ 1.5 GeV <lass proton linac designs with the
expenence of ' AMPF, presently the most intense operational
tacility at | mA average/0.8 GeV. The detatled companson is
beyond the scope of this paper, butis summanzed in Table 1.

Table 1. Detailed Comparison of LAMPF vs AI'T

LAMPF ArT

(Actual) (Rengn Goall
Average current 1 mA 250 mA
Peak curreny 17 mA 30 mA
Particles per bunch® 05 x 109 22 x 109
RF buckets filled (in high- 1/4 all
BRETRY SeCtion)
Activation tmRem/hr) 4 <l
Beam losy (nA/m) 02 <5
Fractional loss/m**s 2% 107 Q2x 108
Aperture/rms beam size 63 X

* The extrapulation of ~4 4 1n particles per bunch 1s the meaningful
crtrapolation 1n teems of (undamental beam physics, rather than the
apparent tactor of 230 i average beam current.

** Exceptfor afew hot spous. APT has a (actor of 2-3 sdvanuage because
it 1s not a pulsed machine. An addiuonal factor of about $ 18 needed; by
using large aperture/rms beam size muo, we believe much larger faciors
will be attuned.

*** APT needs 10 umes lower fractiona) lossym than LAMPF w retun
hands-on maintenance A facwr of 1) should be achievable.

' Hands.on® ve remole maintenance: < 1) mRem/hr..

unconstratned  hands-on; 100 mRem/hr..-hands-on, hmited
access time, 1 RemMr--hande-en with carefully controlled,
very limued accesy; 210 Rem/hr remote maintenance
reguired

Hawving thus firm bas:s for relation to an existing factory fand to
other machines such as the high-bnghtness 100-mA/7-MeV Loy
Alamos ATS and the CERN linac) 1s important in establishing the
credibility of the present state of the art.

ESNIT Features
Epergy Slecuvity

ESNIT neutron peak energy selection should be possible in at
least three steps, e.g., 5. 10, and 14 MeV. with corresponding
deuteron energies in the range of 10 to 3540 MeV.10 Such steps, or
more 1f desired, would be made by splithng the accelerator
structure into appropnate sections. This 1s usually Jone anywav to
accommodate to the RF amplifier system. The beam would be
accelerated to the desired energy and transported through the
remaining deactivated sections. We have deaded to use
electromagnets in our high average current applications, rather
than permanent magnets that are rather easily radiation-
damaged. Electromagnets are particularly appropnate for the
energy-selective feature because ther strengths can be computer-
controlled for ophmum focusing at different beam energy and
current levels.

Beam Distnbution at the Target

The deuteron beam density distnbution at the molten Li
target 18 important for target design and will also influence the
test volume charactensucs. To distnbute heat through the tariet
depth, an energy dispersion cavity could be added at the linac it
as in FMIT, to rapidly sweep the beam energy over a small range
A more complex system using two or three harmorucally reiated
RF frequencies could be used if hugher uniformaty were needed.

The addition of higher-order nonlinear clements to the
transverse beam-transport system could provide more uniform or
tailored beam distnbution over the target and test volumes. Using
a combination of quadrupoles. octupoles and duodecapole
electromagnets, a peaked distnibution can be transformed 1nto a
rectangular uniform distnbution in two dimensions.! 1 The method
"wraps back” the tails of a Gaussian distnbution into the central
core. Containment of seven standard deviations of the imital
gaussian has been achieved in simulation studies.

The distnbution tadonnyg sysieim iequires further detaind
design L. be able to handle the wide energy range discussed above

In a modulanzed [FMIF sy.tem, or similar scaled-down
smaller ones, 1t would be natural to daliver the neutrons trom
separate targets to the test chamber trom ditferent direchions,
affording vanous options for the dose distnbution in the chamber
Separating a 2040 mA ESNIT scale machine into mordules would
introduce probably unwarranted sxpense, but other methods o
providing mulnple beams are possible and would be studied
specifically for this application.

Elestronic Yanation ot Neutron Beam Characteristics

The accelerator and associated beam-transpors elements are
sl cssentially electronic systems, and can be con rohiad and
modulated on a imeycle basis. Theretore, the beam energy,
intensity, and distnbution could be varied in possibly complex
patterns under computer control. This may open turther
cxperimental approaches for studying vanous ime-dependent
cftects.



Beam Current Upgradeable Design

Figure 1 shows one conceptual design for a1 ESNIT optimuzew
at the design current of 25 mA. The use of hugher frequency
components would result in some cost saving and somewhat less
length and RF power requirement than the current-upgradeable
concept shown 1in Fig. 2, which is essentially a partial IFPMIF
module capabie of 125 mA. We would recommend the current
upgradeable approach.

350 MMz Drift-Tube Linac 700 MMz L1 Target
! ! N ' HEBT [
. I8 —~ RFQ r——'szrooolr—{ fisaFOfODOPO ——— 1
L 1 N (= i —
%0 hav 3 MeV WHey 14 20 23 0 38 Mev
Parameters RFQ omn
mmmnos (n. rme.T) | 0.0 % mm-mwed .11 « me-mred |
Emamnoe in, rme. L) | 021 « mm-mrae 0312 mm-mree |
! Acosinretng gradient L0 V™ |
| Strucware ngin aom 09 m
| NE power (veam) | wouw 0.0 MW
i W power (oBppET) i 2260 0w 1.4 MW
RF power (t0le/) ' waouw 224w |

Fig. 1. Conceptual variable-energy 25-mA D+ linac optimuzed for
Jdesign current.

179 MNz Drift-Tube Linac 350 MMz LI Target
©T 1  HEBTY M
$ — RArQ L T T I R S
L - . J i
30 nov 1 MV 15 0 2% 0 38 Mev
Parameters RFQ oT.
Eminanoe (. rme, T 0.10 « mm-mrng 011 « mm-mred -
Emvriance (n, rme. L) | 0.19 ¢ mev-mreg 020 ¢ mcr-mead 1
Acceiersing gredient ‘ 1$20Mvm |
SIructure lengen am 20m |
R nevaspr (Roser) . 8w 0.8 o !
AF power (coppet) L 100.2 W 1T W |
AP power n-un_ _ 192 7 uW | 1MW |

Fig 2. Conceptual vanable-energy 25 mA D+ linac upgradeable
10 125 mA,

Suminagy

The techmical design of an ESNIT deuteron linac neutron
saurce with a flexible range of energy vanability and perhaps
attractive density distribution talloring is feasible. The facility
could be current upgradeable. Detailed destgn work could begin
immediately to flesh out the concepts and to determine the cost.
An energy-selective intense neutron source, embodied 1n the ESNIT
proposal, 18 an attractive capability for materials researchers.
and 1t should be possible to provide this capability within
reasonable cost and ime constraints.
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