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HIGH-INTENSITY DEUTERON LINEAR ACC!\@MTOI (MIT)*>

Robert A. Jameson °
Los Alsmoa Scientific Laboratory, AT-DO, MS 811,
P. 0. Box 1661, Los Alsmon, MM 87545

For fusion reactors to become operstional, one of
the many problems to ba so’ved is to find materisla
sble to withstand the intense tombardment of 14-M~V
nevtrons relessed by the fusion procesaa. The develop-
ment of alloys lesa likel7 to bacome damaged by this
neutron bombsrdment will require years of work, making
it desirable to bagin studies in parallel with other
sapects of fusion power generatora. The Fusion Mate~
risls Irradistion Test (FMIT) Faecil.ty, to be built st
the Hanford Engineering Development Laboratory (HEDL),
Richland, Washington, will provide & high neutron flux
and a neutron energy apectrum representative of fusiom
reactor conditions in volumes adequate to screen and
qualify samplea of cardidete fusion reactor materiala.
FilIT’s design goal is to provide an irradiation teat
volume of 10 ecm” st a neutron flux of 10*° n/cm“-»s,
and 500 cm3 at & flux of 10!% n/em2-a. This will
not allow teating of sctual components, hut samplea in
the most intense flux region can he subjected to accel-
erated life teating, accumulating in one yesr the total
_umber of neutrons seen by a fusion resctor in 10-=20
years of operation.

To produce the neutrons, a 100~mA, 35-MeV deuteron
beam will be directed onto a 2-ca—thick, 600-gpm cur-
tain of liquid lithium metsl, which strips the deu—
terons and allows the remaining neutrons to continue
on to the teat ssmplea. The deuterons will he pro-
duced by the largest component of the facility, a
high-intenaity, continuoualy operating linear accel-
erstor (Linac). The sccelerator part of the FMIT
facility is being deaigned and built bv the Accel-
era.or Technology Diviaion of ths Los Alamoa Scien®
tific Laboratory (LASL) for the HEDL. The srchitect-
engineer for the project ie the Parsona Company of
Pasadana, Califocrnia.

This unique joint effort, initiated in late
Februarv, 1978, is a blend of accelerstor and mate-
riala science expertise, in a facilitv to be located
near a source of economical electrical power (Fig. 1).
The FMIT project cost in eotimated at $83 million with
sccelerator costs beitg ~$35 million of thet totasl.
The achedule requires prototype R&D work and system
design to he accomplished at LASL (using laboratory
and office faciltities provided under the joint
agreement ), procurement snd installacion at the HEDL
site, and initial beam-on-target operation bv late
1983, A staff of ~50 LASL snd 20 HEDL pereonnel is
presentlv being assembled at Los Alamos for the Linac
activities. Figures 2 snd 3 show the proposed layout
of the accelerstor and test cells. The !~cilitv is
being .eiigned for a 20-vear plsnt life with 80% plant
aveilability, implving a high design availability for
the Linac. Output vurrent may vary from 3(-'C0 ir"
and one additional deuteron ener gy betwi en 20 and >
MeV will be provided. ''Handsi-on" mai:tensnce for
acucleratur components is slmo a design gral. These
requirements demand conservative design and the moat
carnful attention to fundamental factors that aflect
beam losres along %he acctlerator snd transport linas.

*Work supprated hv the U. S. Department of Energy.

Baaic Deaign Choices

The beam lossea from the FMIT Linac must not
exceed in sctual amount those from existing machines,
in spite of an operating intenasity hundreda of times
more. Becauee sustasined losses of only a few micro-
smperea can cause component handling problems, the
degigner is interested in knowing where all of the
beam goea, down to four o five orders of magnitude
below the total current. Several preasently operating
proton linear sccelerstors have demonstrated the
eccelerstion of pulaed currenta in excess of 100 mA to
energies greater than 15 MeV. These pulsed machines,
hovever, operate st low duty factors and impediments
to msintenance from radistion buildup caused by
spilled particles have not been a concern. TIhe
nesreat high-intenaity operating experience comes from
LAMPY, whicn has been running at 500-1A average
current with 5- to 7-mA peak current.

Extrapolation to the deaign of FMIT from these
machines muat be made with great csre. Because beam
spill was not a major concern, measurement methoda
that could look at machine performance characteriatica
to the necessary resolution have not been developed or
ueed. Non-intercepting mesaurementa of beam centroid
information sre made, but profile mesauremants on
full-intenaity beams sru _not svailable. Radiation
detectors have indicated4 that csrefuvlly tuned con-
ventionsl machines may operate for short perioda at
the desired low apill levels, but theas mesaurements
lack the discrimination necesssry to provide design
information. Theae teats also indicate the need for
extensive engineering to gusrantee stable, consiastent
performance over long periods.

Present analytical theory gives guidence on the
basic festurea of linac design, but cannot provide
information to high precision on tire non-linear
behavior of intense, space-charge dominated be.ms.
Numerical simulation codes used for this purpoase have
been highly developed over the past vears,® but at

present sre quantitaetively accurste to only a few per
cent.

Fig. 1. Aarial viuw of the FMI™ site on the Columbia
River at the Hanford Engineering Development

Labovatorv, Richland, Washington,
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A nuaber of proposals3™® for deuterium-1ithium
neutron scurces have beer written, with vsrying
d-grees of concern for beam spills. The USSR pro-
posal, based on extensive analvtical work, some hard-
ware experier.ce, and using a revolutionary low-energy
accelerating structure discussed further below, takes
an unequivecal position at one end of the spectrum;
they believe that remote maintenance will be essential
for a2 100-mA machine.

Given this state of the art in operating expe-
ricace and design techniques, from which we must
2ctrapolate over two orders of magnitude in average
current, am' given the desired time schedules for the
FMIT project, we have therefore decided to:

(a) Concentrate R&D effort on the low-energv part
of the Yarility from injector to about 5 MeV, because
beam formation and capture at injection will determine
ttw aptll characteristics. A complete prototvpe to
Y MV will be built at LASL.

(b)  Procred immetiatelv with design of a drift-
tube liuac from 2 MeV to 35 MeV, using existin, tools
antl experience, and assigning conservative safetv fac-
tors. This will allcw committing about 80% of the
accelerator cvosts and all of the building costs in
parallel with the prototype work.

(¢) Incorporate the capabilitv for remote
handling of accelerator compnnents into the machine
design from the verv beginning, to insure feasibilitv
and identify cost impacts warly.

We next discuws th~ areas where R&D would he
necessary and the tradevffs involved. It is well
known that from the beam dvnamics point nf view, the
mnst critical part of a linear accelvorator is the sec-
tinn that transforms the dc hmam from the ion source
into a hunched beam and accelerates the hunches
through the first ‘ew MeV. The strong space-charge
forces in the high-idtensitv linacs now being degignnd

1~

Fig. 3. Pictorial schematic of FMIT Linac components.
compound the .roblem significantly. There are equally
important engineering constraints on this same part of
the machine. A resolution of the following factors is
necessary.

(a) Discussions’ on the present and projected
state of the art in ion sources and high voltage
accelerating columns indicate that significant
developmental problems could be expected for cw injec-
tor systems in excess or about %00 kV,

(b) The drift-tube Linac becomes severely con-
strained by the requirements for magnetic quadrupole
focusing as the injection energy is lowered, espe-
cially when strong focusing is desired to minimize
spill, and represents a significant design challenge
at 400 keV even if the frequency were lowered to
50 MHz.

(c¢) Simple cavity-plus-drift bunching systems
have two major shortcomings: they do not sufficiently
depopulate the outer regions of longitudinal phsse
space, leaving part .cles that are likely to be lost
because of machine imperfections; and they lgck the
ability "o precisely match the longitudinal phase-
space characteristics of the input bunch to those of
the Linac, causing undesired coupling and emittance
growth. Many more complicated schemes have been sug-
gested, +9 hut all have heen plagued hy complexity
and the tendency to improve the longitudinal phase-
space properties at the expense of the transverse,
with no (or negative) overall gain.'Y,

There are also several mitigsting factors. Recent
workll- leading to a better understanding of the
space-charge and rf gap effects in linacs has indi-
cated that higher operating frequencies are advan-
tageou3 in controlling transverse emittance growth,
and that transverse emittsnce growth is correlated to
a lesser extent with the choice of sync. ronous phase
and accelerating gradient hnt is substantiallv inde-
pendent of injection energy. This allows some leeway
in the choices of operating frequency ond injection
energy, although longitudinal considerations still
require a fairly low frequency. The same work indi-
cates the importance of strong transverse focusing and
the great necassity for achieving six-dimensional
matching throughout the entire acceleration process in
an operating linac. Evaluation of rf svatem require-
ments indicates that reliable tubes are available, and
that modern tank design and vacuum techniques would
probahly allow higher accelerating gradient than used
in existing msc'iines if desired for uconrmic or beam
dvnamics reasons.l16,17

Our nwakening to the potential of a new low-anergy
accelerating structure development in the USSR® has
led to the possibilitv of resolving these fundamental
Hesign chivices in a trulv satistving wav that attacus



Fig. 4.

Developmental version of an RFQ structure,

beam formation and capture (and therefore beam loss
and beam quslity) at the very heart of the matter,
while at the same time greatly reducing the engi-
neering development required for the injector and
drift-tuhe Linac systems. This structure, employing
the principle of "space-uniform-focusing,” must be
developed. We are now quite confident, based on
extensive work dutring the past yenr,le that prac-
tizal structures can be developed with less overall
effort and time thsn would be required to develop a
suitable cw injector at 2400 keV, a bunching schere,
and low injection erergy (<750 keV) drift-tube Linac.
Further, we believe that the result will be so much
better than the conventional approach that it will
find wide use in other applicatons, including perhaps
the improvement of existing machines.

The space-uniform-focusing structure, also called
the radio-frequency quadrupole (RFQ) structure,

(Fig. 4) basicslly establishes a spatially uniform,
time-slternating (rf), electrostatic quadrupcle field
in the hHore region at the ends of the four vanes.
Particles of arbitrarily low energy can be trans-
versely focused. By introducing a spatislly slter-
nating perturbation on the vanes, a longitudinal elec-
tric field component is obtained. By beginning these
perturbations slowlv and at the wavelength corres-
ponding to the energy of the injected beam, the beam
is adiabaticallv bunched. After a certain point, the
vane scallops are gradually incressed in amplitude and
wavelength so that acceleration occurs. The important
points ahout this process are:

a) FEssentiallv all of the the dc hoam is cap-
tur:d into bunches without leaving residues (tails) in
ar-as of longliudinal phase space where they would
tend to be lost later in the Linac.

b)  The “unches are intrinsicallv formed with the
proper lougitudinal match in the space-uniform
focusing structure, and can he longitudinally,matched
into the subsequent drift-tube Linsc.

c¢) The structure is ideallyv suited to low par-
ticle energies. In the FMIT case, this means we can
inject st <100 eV, and then make a transition into a
drift-tube linac at a few MeV, greatlv easing the
injectar and drift-tube engineering prohlems,

d)  Transverse [ocusing strengths and matching
conditions that give satisfactorv transverse emittance
hollavior appear achievable for the FMIT parameters.

The levelopment problems are being svstematicallyv
attacted. Thev include tuning techniques, h“ow to
aupplv rt drive, tolerance reguirements, fabrication
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Fig. 5. FMIT prototype lavout.

methods, and many other details. The first beam tests
using the RFQ structure will be conducted later in
1979 at 440 MHz on an existing test stand.

FMIT Linac Design Status

From these basic considerations, the conceptual
designs of the FMIT Linac and its accompanving proto-
tvpe have proceeded rapidly; Title I work is essen-
tiallv complete. The frequency of the 80-MHz has been
chosen for both the RFQ and drift-tube parts of the
machine. The LASL prototype layout is shown in Fig. 5;
it will be completely prototvpical in as manv details
as porsible, and will aerve for the development of
computar control, operations, and msintenance pro-
cedures as well as component development. Occupancy
of the new Prototype Building is scheduled for August
1979; beam acceleration to 5 MeV is projected for late
1980.

Injector development is being done using the test
facilities from the earlier LASL Intense Neutron
Source project.*V: An Osher-tvpe reflex-arc
source and single aperture extraction svstem (Fig.°6),
designed with the aid of the SNOW transpor: code,2®
is operational and producing 100 mA of hvdrogen ions
at 100 keV. Emittance meesurcments are planned using
a double scanning technique, with a goal of <0.l-
cm-mrad normalized. A parallel development of a
cusp-field source is also in progress. As a backup,
in the event a more conventional drift-tube linac is
required, a two-stage, 400-kV injector is beiug
designed. The 90° hend, energv analwvsis appreoach
dumps unwanted ion species at lower energv, and
retuces the column gis load and <ubgequent x-rav
production,

Circular symmetrr is maintained to the entrsnce of
the RFG sectivn, in which the quadrupols focusing is
taperet on over the first few centimeters. The heam
dynamics in this device, including space charge. are
being incorporated into the simulation code PARMILA
and some preliminary results have been nbtained,!®
Capture etficiences of “7% appear achievable., It is
interesting to note that with space-uniform focusing
anv particles not accelerated are transported to the
sntrance ~f the first drift=tube tank, whrre the« are
rapitly lost. Other important charactreristics of the



Fig. 6. Cutaway view of the ion source snd extraction

system.

structure are the major influence of the bore size on
other parameters and che very large transverse accept-
ance availahle. Further work will include code
davelopment using time as the independent variable to
treat the bunclhiing region space-charge effects more
accurstely., The mechanical tolerance requirements are
also being studied.

The 80-Hz opernting frequencv keeps the component
size as small as nossible while retainirg conservative
safety factors in the machine acceptance and current-
c.rrying capability. A single operating frequency
minimizes the rf system development effort and simpli-
fies maintenance.

The drift-tuhe structure engineering design and
inbrication techniques are discussed separately.?3:24
As shown in Fig, 7, the copper-clad steel tanks will
s atilfens? by heavy rings. The drift tubes, each
eontiining an electromsgnetic quadrupole, will be
mountst in clusters on support girders approximately
three etars long. The girder ussemblies wiil be
loweriil into slots in the top of the tanks, The
vacuum aml rf seals to the tank structure will trans-
£or no stress to the Jdrift-tube support girders, This
arrangement will allow the fabrication of complete
drift-tubn/girder assemblies, alignment in a tooling
dock and transfer of internal aligmmeunt to external
references, girder-to-girder alignment and/or read-
justment of individusl drift tubes under actual
nperating temperature conditiors, indupendence nf the
girider svstem from thermal stresses in the tanks, and
provisions for removal of girder vactions by remote
handling. A constant-field-strength, constant-length
quadrupole svstem is being considered that maintains a
strong focusing law and considerably reduces the hard-
ware complexitv of this svstem. The water-cooling
svstems will incorpurate auxiliary heating to allow
operation nver the sxpected range of transient,
tuning, operating and maintengnce conditions, and
closet'=loop control to keep the syatem gt resonance.

s

Fig. 7. Conceptual design of the drift-tube Linac

tank and drift-tube support system.

The vacuum syatemz5 will use Roots blowers with
mechanical backing pumps for roughing to 107~ torr
(Fig. 8). Turbomolecular pumps in series with the
roughing pumps will bring the system to 10°% torr,
where a combination of ion and titanium sublimation
pumps will take over for operation.

The rf System26 unit power package size haa been
set at 0.5-MW cw based on completed tests of the EIMAC
8973 tetrode with a LASL cavity system. The tube was
operated for 6 hours at »450 kW, with all parameters
at <65% of maxis.m ratings and plste efficiency of
~65%, Smooth grid modulation characteristics were
also demonstrated. The FMIT will require 15 systems,
including one extra amplifier per tank to allow cun-
tinved operation with any one amplifier per tank out
of commission. The system schematic is shown in
Fig. 9; the field control system will maintain the
proper rf phase and amplitude in each tank under all
combinations of operating conditions. Switching to a
voltage-controlled-oscillator frequency source aids in
the recoverv from off-resonance situations.

The design of the High-Energy Beam Transport
(HEBT)27 svstem, Fig. 10, is bssed on a periodic
focusing and bending system that preserves the accep-
tance of the latter part of the drift-tuhe Linac up to
the last quadrupole in =2ach leg before the target.
This minimizes beam loss until the last quad, where
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some loss will be accepted on scrapers to keep the
quad size within bounds. The beam is large at this
point, where it is focused sharply to achieve the

desired 1 x 3 c¢cm spot on the lithium target (one sigma

value of Gaussian distribution). A required +500-keV

heam energy spread will be provided at a time-averaged

rate, high compsred to the target thermal response
times, by an asynchronous energy-spreader cavity
operating at ~79 MHz. This approach minimizes the
space and voltage requirements for the energy=-
spreading system, and allows the use of rf equipment
identical to that in the main system.

Control of the entire FMIT complex will be done by

a computer svstem based upon two central -~ mputers: a
primary computer for control and an aux?
Zor data processing (Fig. 11). Local subsystems will
interface information directlv between the central
computers and the facility or will use local micro-
computers to help process data. Provisions for the
use of the control system under the various main-
tenance scenarios are being considerad.

Diagnostics and instrumentation are a challenging
problem on the FMIT Linac. Conventionsl non-inter-
fering current monitors, beam-spill detectors, beam
centroid position monitors, and phase pickup loops
will be provided. It is expectec that the phase
pickup loops can be developed to provide reasonably
accurate phase profile information. Transverse pro-
file nr emittance information, however, cannot be
obtained by conventional methods that interfere with
the beam.
tior from beam-generated light are being studied.

With profile information, emittance informstion can be
reconstructed.?

Summary
——

The development and design of the FMIT accel-
arator-hased neutron factory for materiuls research is
proceeding rapidlv, under a project management plan
intended to nptimize the commitwment of project funds
on the desired schedule, but with tlie requisite atten-
tion to R&D and prototvpe activities in the areas that
are crucial to the long-term viabilitv, reliabilitv,
ant maintenunce of the facility. The LASL-based FMIT
Linac Group, under the direction »f E. ., Kemp, is a
completely integratert LASL/HEDL group that was formed
in April 1978 and has grown during the last wear into
a smoothlyv functionirg and highly motirvated, effective

.ary computer

Systems for obtaining beam profile informa-
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team. They are ably augmented by the structure design

and beam dynamics exper' ise of the Linac Technoluogy
Group led by D. A. Swenson. Synergism with other
projects of the LASL Accelerator Technology Division
under E. A. Knapp continually aids progress toward the
FMIT goals, and the FMIT project itself has important
connotations for the future development of high-
intensity accelerator applications, for example, in
nuclear fuel production or heavv-ion fusion. The con-
tributions and dedication of all these people, and the
support of the FMIT project offices at HEDL and the
DOE, are gratefully acknowledged.
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