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Abstract multi-pulse data in asingle dynamictest. The ultimate
goal of this Advanced Hydrotest Facility (AHF) is to
The AdvancedHydrotest Facility (AHF) is a facility produce a high-resolution radiographic movie of a
underconsideration by the Department of Enef®OE) dynamictest object. Achievement dhis goal requires
for  conducting  explosively-driven hydrodynamic the development of a number of new technologies
experiments. The major diagnostic tool at AHF will be ghcluding accelerators, converters, beam steering/optics,
radiography acceleratdraving radiationoutput capable of and detectors which make up tA&iF system, as well as
penetrating verydense dynamic objects on multiple the computational toolseeded tointerpretand visualize
viewing axes with multiple pulses oeachaxis, each the data. This paper reviews accelerataechnologies
pulse having a time resolutiarapable of freezing object proposed forAHF which are currently under development
motion ¢ 50-ns)andachieving a spatial resolution 1 py the DOE laboratories at LLNL, LANL, and SNL.
mm at the object. Three acceleratotechnologies are
being considered for AHF by the DOE national 2. TECHNOLOGY APPROACHES
laboratories at Los Alamos (LANL), Livermore (LLNL),
and Sandia (SNL). Two of thesee electronaccelerators
that will produceintensex-ray pulses from aconverter
target yielding adose= 1,000 - 2,000Rads @ 1 meter.
LLNL has proposed a 20 - 40/eV, 3 - 6 KA linear
induction accelerator (LIA) driven by FET-switched
modulators driving metglasoaded cavities. SNL has
proposed a 12-MeV, 40-kA Inductive Voltage AddifA)
accelerator based orHERMES Il pulsed power
technology. The thirdbption is a 25 50-GeV proton
accelerator capable of 10" protons/pulseproposed by
LANL. This paperwill reviewthe currentstatus of the

There arepresently twoconceptual approaches to AHF
radiography, the traditional x-ray sourpeoduced by the
interaction of a beam of (12 - 40 MeV) electrons with a
high Z “converter’target, and anewer approachsing a
pulsed beam of (2550-GeV)protons todirectly irradiate
the test object, whiclarethen imaged by aninnovative
magnetic lens system. Bo#pproachesnust becapable
of penetrating the high density test objecd achieving
the requiredspatial and temporal resolutions taesolve
phenomena of interest. The resultiragliographic source
requirements for each approach are given in Table 1.

three accelerator concepts for AHF. Table 1: AHF Radiographic Source Requirements
Parameter X-ray Proton
1. INTRODUCTION Pulse length (ns) < 50 < 50

Resolution at object (mm) 05-1/0 05-10

X-radiography is a well-known diagnostic for -
Equivalent flux

nondestructivetest measurements, both of static and

dynamic systems. Pulsed-radiography iscommonly - kRads @ 1m 1-2 7
: - protons/sec - 10
usedfor the study of a number of physical problems
. . . . Number of pulses 5-10 5-10
involving the hydrodynamics ofmaterials, for example, -
. o Number of views (axes) 4-12 4 -12
the stability of acceleratedmaterial interfaces and the .
e ; Pulse separationug) 0.2-15| 0.2-15
response of targets to ballistic penetration. Intense Temporal coveragait) 15.75] 15-75
single-pulse x-ray sources have besedfor the past 30 D gg! - -
years to stu.dlywdrodynamicphenomena at thextreme 2 1 X-Radiography Approaches
energy densitieproduced inthe hydrodynamicstage of a _ _
nuclear detonation (beforeriticality). Traditionally this The U.S. hydrodynamic x-radiographyrogram has
data, obtained in non-nuclet@sts, hasupplemented that traditionally used electron linacs such as th20-MeV
available from underground nuclear tests. Phermex rf-linac at LANLandthe 18-MeVFXR single-

With the advent of the Comprehensive TBah Treaty Pulse, linear inductioraccelerator (LIA) atLLNL. For
(CTBT), assurance of the safety and reliability of th&. AHF, LLNL has proposed a 20 - 40 MeV, 3 - 6 kA, high
nuclearstockpile in theabsence of undergroungsting repetition rate, solid-state modulatdriven LIA, with
requires the development of high resolution pulsed injectorandcavity designs closelyelated to anadvanced
radiography systems capable of obtaining multi-axis, LIA being developedfor the Dual Axis Radiography
HydrotestFacility (DARHT) now being built at.ANL.

" Work supported by Sandia National Laboratorigader [1]
Subcontract No. AV-0973
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An alternate x-ray sourcébased onhigh current, t’ﬂs cons  soms
inductive voltageadder (IVA) technology developed for | @ 0
weapon effectsimulation hasbeen proposed byNL. v 2ome "5‘5"5'
Pulsed power-based x-ray soureerefirst developed and  20-40MeV,3-6KA R

have beenused extensively by the British Atomic I%Hﬂllﬂllﬁﬁlell-ﬁa@tflﬂ]ﬂm]]
Weapons Establishment (AWE) for hydrotestliography. 200 ns - 2 s
These machines have typically been < 10-Me\énmergy, [ )j /
but the Sandia-developed IVA technology keatended the variable interpulse
capabilities of theseaccelerators to 20MeV in the spacing down to 500 ns
HERMES Ill accelerator. The IVAAHF proposal is an for 210 pulses  Metglas cal
extension of a pulsed power radiography concept

developed a®ne of the options for DARHT. [2]. For

4 -8 lines
of sight

1500ns + 1 25ps

AHF, SNL hasproposed d2-MeV, 60-kA, 50-ns pulse induction
length IVA. ﬁ adder
. FET-switched
2.2 Proton Radiography modulator
hard tube
Protonradiographymay becapable ofmeasuring both modulator
mass densityandthe atomic number of materials in the Fig. 1. Schematic of LIA AHF concept.

radiographed object. F&HF, LANL has proposed a 25

- 50 GeV proton synchrotrorfed by an800-MeV linac

injector similar to LANSCE. The required beam flux is gt <_:(?n5|sts of four stripline elec_trodasld afast pulser fpr
N . . ._driving the electrodeanddeflectingthe beam. A dc bias
X 10" protons/pulse. Aunigue magnetic lens system is

used to discriminate between Coulomb multistattering dipole wound over the kicker igsed tosteer the beam in

. ) . the absence of a pulse to one of two or fidesiredoutput
and nuclear (strong interaction) scattering effectextoact ., )
. : positions whichare separated bseveralcm. Thepulser
target information.

drivesthe striplineelectrodes to overcomihe biasfield
3. ACCELERATOR TECHNOLOGIES and SWitCh the _beam to an_output posi_tion. drAt space
following the kicker amplifies the spatial separation, but
In the following paragraphs we discusthe LLNL, not the angular separation. A DC septum magnesésl
SNL, and LANL - proposed accelerators ®HF in more  two steer the output beanapartand provide room for
detail, covering the unique features of each, thgdditionalfocusing magnets if necessary. A prototype
technology status, and the issues to be resolved. kicker with two outputs has been installed on B¥eA-Il

; : beamline at LLNLand preliminary tests givemeasured
3.1 Linear Induction Accelerator (LIA) deflonto S consiseont vSith theoryy 9

The LIA fast kicker system concept is shown in Fig. 2.

The demonstrated utility of LIAs for pulseddiography
accompanied by advances irsolid-state modulator o
technology havded LLNL to developthe AHF system F—— ”L L
conceptshown in Fig. 1. A 20 - 40 MeV, 3 - 6 kA J’I
accelerator producesMHz train of pulses rangingrom

= drift sgaca Eﬂ
200 ns to 2us in length. Faskickersare used tadirect _I_'IIL — ]F

e Cabls

the individual pulses to various beam lireegl converters
arranged about the object to be radiographed.

The AdvancedRadiography Machine (ARM) induction
acceleratocells are driven byFET-switched modulators.
Prototype ARM modulators have bebuilt andtested at
LLNL. The 2-MHz, three-stage ARM-II modulator has
4,032 FETs in @eries-parallearray and produces a flat-

HIFET NEgH

-

L. !
LT

naiiched beam posdiion

topped 45-kV open circuit voltage pulse with a maximum i #
source current of4.8 kA. The 10-MHz ARM Il s s e
modulator, currently under development, will take Fig. 2. LIA fast kicker system schematic.

advantage ofthe FET's active amplification region to
producearbitrary waveform shapewith a 20-kV open
circuit voltageand7.2-kA output. In both ARM II and
lll, a separate reset circuit is connected in parallel with t
induction cell load.

Heating of the x-ray converter target blye incident
electron beamwill cause desorbtion of gas from the
farget, resulting in plasma formati@md ion production
which can defocus the incident beamd adverselyimpact
the spot size. Iraddition shock wavesinduced in the
target by the beam loading can alter the target for
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succeedingpulses. LLNL is currently investigating they havemadesubstantialadvances in understanding and
several approaches towardHBeviating these effects. In modeling the physics of high current “immersed” diodes.
one, aretardingpotential will beintroduced atthe target

to reduce the accelerating fieldeoduced bythe beam and
inhibit ion acceleration. An experiment usingnadified
ATA induction cell will test this concept. For multi-
pulse systems,dynamic target concepts havbeen
proposed, both linear (hypervelocity projectile straped
charge jet) and rotating (flywheel). None ofthese
concepts have been tested to date.

Two of the major technology issues raised regarding th
LIA approach to AHF, namely the reliability of thselid-
state electronics in the high voltage environmant the
feasibility of the kicker to maintain beam quality for
suitable spot sizehave beenaddressed byLLNL in
experimentsand testing. Proof-of-principle tests have
been encouraging. The remaining major issue to b
addressedfor the LIA acceleratorconcept is that of
maintaining beam spot size at the targed developing a
multi-pulse converter concept. The first of these will be
addressed orDARHT. The second isthe subject of
ongoing research at LLNL, LANL, and SNL as part of the
overall AHF program.

3. 2 Inductive Voltage Adder (IVA)

The SNL AHF concept is based on multiple modules
incorporating the IVA pulse forming network shown in
Fig. 3. The= 14s, 3-MV output from a Marx generator Fig. 3. IVA AHF concept.
is transformed through three successive pulse sharpening
stages to a 1.5-MV, 60-ns pulse driving the cavities.
Charging of eight metglas loaded cavities connected in \ B Simulation

series is synchronized with laser triggered gas switches to £
give a 12-MV voltage on the coaxial magnetically
insulated transmission line (MITL). Electrons which are @
field emitted from the surface of the center charged
conductor are trapped by the self-magnetic field of the
current in the line. Ar 50-ns FWHM, 60-kA electron S
beam is produced at the cathode. b\x

The engineering of IVAaccelerators isvell in hand, ]
howeverthe physics of the higlturrent x-ray converter 0.5 AHF|Goal
diode is complex. Electrons incident on the target are | \_b
born at the cathode tip. lons produced by beam 1 1/B scalin
interaction with the anode and ionization of neutral gas in o+ IS
the A-K gap stream counter to tldectronflow. The 0 10 20 30 40 50
diode geometry is designed to inhibit the flowetdctrons
born with large canonical angulamomentum to the
anode,and a60-tesla, axial magnetiiield is imposed on
the cathode to inhibit the growth of ion hose instabilities o .
in A-K region. The major issues confronting the. IVA coqceape the

SNL hascarried out proof-of-principle experiments at achievement of AHF parameters inthe diode, the
9.2-MeV, 30-kA on the SABRE accelerator [3], achieving%eas!bfl!ty of multi-pulsing a singlediode, and the
the anticipated 1.5-mm, FWHM x-ray spot. More eas!blllty of charging multiple tran;mlss_lon lines for a
recently, they have begun scaling experiments dﬁUItl—gXls system. Toaddressthe first issue,further
HERMES Ill at 12 MeV, 150 kA: however, diode experimentsare planned orHERMES IIl. The second

contamination on HERMES Ill caused premature shortirf.gS“,e will be addressed bythe construction of a
of the A-K gap. From thisdatasummarized inFig. 4, Fadiographic Integrated Test StafiRITS). RITScan be
configured to produce either a single 12-MeV pulse or two

Theory

(m

1.5

SABRE

>

HERMES

x

Saturated Beam Offs

Axial Magnetic Field (Tesla)
Fig. 4. IVA X-ray spot measurements and calculations.
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6-MeV pulses along the same MITL witbomplete
timing flexibility. The feasibility of splitting and
combining pulses in multiple MITLs hasbeen

resonant. Electrostatic septum splittersuld beused to
divide the beam transversely among two beam lines per
stage.

demonstrated in aaumber of pulsed power machines. The number of beam lines at the targetcigrently

Extension of this capability to an AH&ccelerator should
be straightforward, but is yet to be demonstrated.

3.3 Proton Radiography (PRAD)

The LANL concept for PRAD (Fig. 5) includes &00-
MeV H- linac injector, a20-GeV proton synchrotron low
energy booster (LEB), and a 50-G&igh energy booster/
accumulator (main ring)and is basedboth on LAMPF
technology and desigrdevelopedor the superconducting

super collider (SSC). A fast kicker modulator extracts the

beam from theLEB into the main ring, and a
combination offerrite kickersand electrostatic septum

beam splitterdransfers the beam bunches from the main
ring into ultimately twelve separate beam lines at the test
facility. The total number of 50-GeV protons stored in the

main ring is= 3 x 10 An earlier embodiment athis
concept which assumedjection directly from the 800-

envisioned to be 8 12. Each beamline would transport
up to 10 pulses to the target. drder toarrangethat the
beams allarrive atthe target simultaneously, the lines
must be equal in length. These long beam lapg®ear to
be the dominant cost driver for the PRAD.
Interaction of the protons with the target occurs via
three dominant processes:
e Multiple coulomb (elastic) scattering(MCS)
from protons in the target nuclei. The MCS
cross section increases with atomic number (A).
Beam attenuation due to (inelastic) nuclear
interactions with protonsand neutrons in the
target nuclei. The nuclear cross sectitmtreases
with increasing A.
Energy loss due to collisions with target
electrons. The cross section for tligeraction
increases very slowly with increasing A.
PRAD proposes to takedvantage ofthe differing

MeV linac into a 50-GeV synchrotron was published ilependence of the elastic and inelastic csestions on A

Ref. [4].

The rf technologyassumed inthe LANL PRAD
concept is 45 MHz at injection (800 Me\gnd is raised
to 53.3 MHz at theentrance tothe delivery system.
Based onexperience at~ermilab, the protonbunches
should be less than 5 m&de at extractiontime, and if
properly synchronized, the bunch pattenti be repeated
onceeachl150 ns for as long as beamdslivered to the
delivery system.
emittance of 4. 7emm-mrad is required.

At 800 MeV, a minimum 95% first detector.

to measurespatial and time resolvedmass density and
material composition of the target. To accomplikfs,

LANL has developed &wo stage magnetic lergeometry
(inset, Fig. 5) whictdifferentiates betweeroulomb and
nuclear scattered beam particles. [Sjnce MCSscattered
particlesare deflected inthe process, it isnecessary to
refocusthem at the image plane followingperture 1.
These particles are measungith the inelastic flux at the
The MCS scatteredprotons are then

stripped from the transmitted beam &gerture 2, sdahat

From therequirements in Table I, he kicker modulatothe second detectomeasures only the beam component
must becapable ofpulsing up to 120 times odemand attenuated by nuclearcattering. Analysis of these two
over a 1.5 - 75s interval. Theferrite kickers would be transmitted beam components shouydrbvide data on

triode driven and operatedith capacitors to make them target mass distribution and A.

50 GeV Ring
LINAC

Splitter

\ 20 GeV Ring

1 Aperture 2
Transmission P

q!Transmission

Detectors

Detectors

. yd Splitter -~ Optical analogy of magnetic lens system
- Splitter ‘;\'\':_;,-/"- * 329‘0 nsec <5 nsec wide
| N I W |
- 28~ pulses spread out over 75 psec
] Pulse structure in each beamline
Splitter
0 scale 1000 m

Fig. 5 Proton Radiography Concept
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PRAD proof-of-concept experiments havebeen
successfully carried out by LANL at 800-MeV on
LANSCE and at 7 - 10GeV on AGS at Brookhaven
National Laboratory (BNL). Experiments at LANSCE
(Fig. 6) have probed both static and dynamic targets,
whereasonly static target experiments have bearried
out at AGS. A new beam line isurrently under
construction at AGS for 25-GeV, high intensity tests.

0.99 usec -

I -

1.90 usec

2.5(' “sec - .w

o~

3.25 usec

Fig. 6 Dynamic proton radiographs from LANSCE.

PRAD has the potential to significantly improve the

utility of hydrodynamic radiographyThe maintechnical
issuesassociatedvith the accelerator andeam lines are
the demonstration of the kicker modulator, resorfiemite
kicker, andelectrostatic beam splitterequired toextract
andtransport the beam bunches to the targProof-of-
concept experiments must also daeriedout at 30 - 50

GeV to demonstrate there are no “unknown unknowns” H]

the beam-target interactiothat could give rise to

inadequateresolution, loss of material discrimination

capability, or unacceptable background.

The capability todiscernmaterial identityneeds to be
demonstrated.Experiments tadatehaveshownexcellent
mass density resolution, but do rdifferentiate materials
in the radiographedobijects.
feature of PRAD.

4. OUTLOOK

Achieving the AHF objective of a high-resolution

radiographicmovie of adynamictest objectextends the
state of pulsed radiographicart well beyond present
capabilities. The threapproaches to developingnaulti-

pulse, multi-axis source each have theipluses and

This capability is a key

cost alternative. The major challenge facing thesay
approaches ishe development ofmulti-pulse converters
having theradiationoutput andspot sizenecessary to do
the job. PRAD is a potentially revolutionaapproach
which holds great promise for the long term, assuming no
“unknown unknowns”are discoveredpbut may be too
costly a system.

The DOE National Laboratories at Los Alamos,
Livermore, and Sandia haveembarked on amulti-year
research and development effortastablish the capability
of each approactand aremaking significant progress.
The rate of progress is limited primarily by the
availability of funds and facilities. DARHT, when it
comes fully on line at theend of 2002, will help to
addresssome of the multi-pulse issues in raal test
environment that can only be approximated today.
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minuses. The LIA concept is an extension of existing

systems tdancorporate modern power electroniesd the
IVA technology is an unproven, but potentiallpwer
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