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Abstract complex computer calculations on which stockpile
confidence will be based. A key to this capability will be
evaluation of the primaries ob.S. nuclear weapons
through non-nuclear  hydrodynamic testing, or
“hydrotesting”. Thesetests utilize very powerful x-ray
sources to radiograph a full-scale, non-nuclear mock-up of
2 nuclear weapon primary duririge late stages of the
implosion, returning data onshapes, densitiegnd edge

The Dual-Axis Radiographic Hydrodynamics Test
(DARHT) facility will use two perpendicular electron
Linear Induction Accelerators toproduce intense,
bremsstrahlung-ray pulses for flashradiography. We
intend to produce measurements containinghree-
dimensional information with sub-millimeter spatia

resolution of the interior features of very dense .
explosively driven objects. The facility will beompleted locations. (In the future, other probes suchtexs-of-
) 9%eV—energyproton beams may also hesed.) DARHT

in two phases with the first operational by June 19 : ; o i
utilizing a single-pulse, 19.8-MeV, 2 to 4-KA, 60—nsW'” be the first hydrotesting facility in the post-UGT era

accelerator (activated in March999), a high-resolution and W'”. qddress evplvmg D.O.E requwemer!ts by
. X : developing images with sub-millimeter resolutidrom
electro-optical x-ray imaging system, and other : - . .

. . . two views (the minimum fotarge-scale three-dimensional
hydrodynamics testing systems. T$eondphasewill be information), and with multiple views along one axis
operational by Sept. 2002nd featuresthe addition of a ' - ’
20-MeV, 2 to 4-kA, 2-microsecond accelerator.Four ¢
short electron micropulses of variable pulse-width and
spacing will be chopped out of the original, long
accelerator pulse for producing time-resolved xiragges.
The second phase alsofeatures an extendedhigh-
resolution electro-optical x-ragystem with aframing
speed ofabout 2-Mhz. In thispaper wewill present a
Figure-Of-Merit for a x-ray based flash radiograjgygtem
to motivate the selection aicceleratoiparameters. We
will then present sub-systeperformance measurements
from Phase 1, the physics of the interaction of our highf
intensity beams with th&-ray conversiontarget, initial
Phase 1 accelerator measurements (if availate)plans
for operation. We will also discuss desigaml prototype
testing results for th@-microsecondPhase 2accelerator,
including prototype induction cell@nd pulsed power, Figure 1: Artist’s rendition of the DARHT facility
prototype kicker magngperformance tochop the beam,
and design considerations for amultipulse x-ray de
conversion target.

We will present theurrentstatus of DARHT by first
scribing in Section 2 a Figure-of-Merit fiadiographic
hydrotesting that motivateparameterselection for the

DARHT accelerators. IrSection 3 we will present the
1 INTRODUCTION status of Phase 1 of DARHT. In Section 4 wdl

Maintenance of smaller, aging U.S.nuclear weapons discuss Phase 2, featuring teecond x-raysystem with
stockpile without underground nuclear testing (UGT) multipulsing capability. Section 5discusses the
requires the capability to verify and benchmark the schedules and plans for initial operations of both phases.
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2 RADIOGRAPHIC FOM
Eachleg of DARHT is ax-ray imaging system. Two

simultaneous images froperpendicular directions are the

dependentsources (such as x-ray scatter, see below).
Every doubling of the amplitudeSNR doubles the
guantization leveland thus increaseshe dynamic range

by one-bit. Thus, information (in bitshcreases as the

minimum required for 3D data andthus the essential PaS€-2 logarithm of the amplitude SNR.

layout of the facility isdetermined. Aninformation
theory basedFigure-of-Merit (FOM), using thegeneral
radiographic system schematic shownFig. 2, hasbeen
developed to help describe the design of DARHT.

Radiographic magnification, M = (b/a) + 1
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Figure 2: Radiographic system schematic

We tightly focus theelectron beam from
accelerator onto high-Z x-ray conversion targetX-rays

The MTFA is inversely proportional to thtree
principal blurs (source blur, detector blur, and object
motion blur) added inquadruture. Weapproximate the
50% modulationfrequency of eactblur, convert to an
equivalentspatial blur (strictlyvalid only for Gaussian
blurs), and assume no aliasing effects.

Our system FOM (proportional to bits/pixel) is:

FOM = (MFTA) Log,(1 + SNR)

Log, 1+ g\fN(E) DTQE

“J“ZE(M s, 01 §+2[VT]2
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This is a slowly varying quantity with larger FOM
value indicative of a higher quality x-ray system.

Although this FOM is useful fggeneral comparisons
of x-ray imaging systems, quantitative systatasign is
also “task” dependent. For DARHT, the task is to

the precisely identify edgeswithin the object. Other tasks

could result in different system parameteroptimization

are attenuated through the object that has been explosivibBn selected for DARHT.

compressed atelocities of many km/sec.

An ~250,000

In the pastx-ray scattethas limited the resolution of

element segmentedscintillator that converts x-rays todense-objecimages usingMeV-radiography. Generally,

light, which is lens-coupledonto a mosaic ofarge-area
charge-coupled devices (CCD).

A minimum description of the x-raysystem must
consist of parameters describinghe source, object,

X-ray scatter causes a backgrounuise in the image and
has been partially mitigated bygraded collimation”
(being thickwherethe object is thinand thin where the
object is thick. This helps to contretatterand also

detector,and experimental geometry. Sourparameters reducesthe dynamic rangerrequired in the detector).
arethe spot size (S, mm, thdiameter of an equivalent, Proper electron beam energy selection has besrired to
uniformly illuminated disk at 50% modulation, or aboubest match the bremsstrahlung spectrum with the objects
1.6 times greater than a Gaussian FWHM descrigfifjn  of interest. Wefind an optimum electron bearnenergy
the x-ray dose (D, Roentgens, R, @ 1-m distance from thetween 12-20 MeV that balances photoelectric absorption

source), the number, N(E), afray photonsper square-
mm per R @ 1-m (a function of the electron beamergy,
E), and the x-ray pulse width, T, ysec. Theobject
parameters are the averaggiect transmission, Tand the
characteristic velocity, V (km/sec. The detector
parameters arthe detective quantum efficiencQE, the
cut-off frequency (detectaoblur), F. (cycles/mm at 50%
modulation),andthe scintillator pixel size in thebject
plane, P (mm). Finally, the firgadiographicconjugate,
a (m), and the radiographic magnification, (seFig. 2),
describe the geometry.

The FOM isdeveloped aghe product ofthe system
blur (characterized byhe MTFA [2], or area under the
Modulation TransferFunction curve forthe system) and

the amplitude signal-to-noise ratio (SNR). Our simpldominant.

SNR model assumes Poisson counting statisticsl is
proportional to thesquareroot of the number ofecorded
guanta.

and Thompson scattering (thepredominant scatter
mechanisms at lovenergy)with Compton scattering and
pair production (more important at higimergies). X-ray
dose isalmost a cubigpower of the beanenergy and
therefore wepick the highestenergy practicablewith
respect to scatter, or 20-MeV.

A short pulse-width imeeded toreducemotion blur.
High peak currentarethenrequired togenerate sufficient
x-ray dose (doséeing proportional to the totatharge
striking the conversion target). Waelected a Linear
Induction Accelerator to providine requiredhigh dose at
moderate energwith short pulse length. Consideration
of the FOM shows that preoccupatiorwith dose is not
warrantedbecausethe spot blursand detectorblurs are
Therefore, the design of the DARHT
accelerators is driven most by the needy¢merate @&mall
spot size and with a sensitidetectordesign ofhigh cut-

This model neglects noise from situation-off frequency. Table 1 lists the design parameters.
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Table 1: DARHT system parameters triggeredspark gaps (0.7-ns d-jitter) into a series of
Parameter Phase 1 Phase 2 threetransmission lines witlmpedance changes to step-
Spot size (mm) 12-20 12-20 | UP the voltage to 4-MV at th_dlode. Thg vacuumdpde
consists of d70-Q liquid resistorload in parallel with
Dose (R@1m) 500 - 1000 Max. 650-1000 T
Bul dith 50 —ble 1o 80 the 181-mm A-K gap and has a 10-90% risetime of 20-ns.
uise (‘)N' (ns) vanav'e 10 A flat, 64-mm diametervelvet emitter isused toproduce
DQE (%) 230 220 2-kA at 3.75-MeV. A 90-mntathode is used to generate
F. (cycles/mm) >0.3 (-3dB) >0.3 (-3dB) 4-KA.
Pixel Size (mm) 0.9x09 1x1 The acceleratorconsists of 64, 0.25-MVinduction
1st conjugate (m 0.8to 1.5 1.1 cells [5]. Eachhas a 148.2-mm-diam. bore, a 19.1-mm
Magnification <4 <4 accelerating gap, 11 oil-insulated TDK PE16B nickel-iron-
Accelerator Parameters zinc ferrite toroidq237-mm ID, 503-mm OD, 25.4-mm
Energy (MeV) 19.8 20.0 thick), a cross-linked polystyrene insulatce=2.5), a
Current (kA) 2.4 2_4 quadrufilar-wound solenoid magnet withhomogenizer
Pulse width (ns) 60 2000 rings [6], two cosine-wound dipoldérim magnets,and a
Energy spread <+ 1% <+ 1% c03|ne—woundquadr_upolgmagnet (to cpmpensate for the
- weak quadrupole field introduceoh-axis by the pulse-
Norm. emittance 0.15 0.15 S . .
power feed tothe cells). 818individual ferrite toroids
(4-rms,Tcm-rad) . o .
Grad. (MaV/ 047 035 were measured and sortado individual cell groupings
rad. (Mev/m) - : resulting ineachcell having 27.93-mV-s witlo=0.61%.

66 solenoids (64 pluspares)were measured thave an

3 PHASE 1 averagemaximum tilt (defined atthe largesttransverse
Phase lacceleratocomponents (Fig. 3have beertiested magneticfield on axis divided by the axialfield at that
on the Integrated Test Stand, or ITS [3], consisting of thwint) of 0.35-mrad ¢=0.17-mrad) and 0.90-mrad
injector and 8 induction cells. Other principal (g=0.48-mrad) after installation in the cell88eamBreak-
components for the full system include 56 additional cellgp parameters have beemeasuredvith both the TSD
the single-pulsedetector anchigh-explosive containment iethoqand by measuring transverse oscillations on the
structures. ITS beam [7]. At the principal resonant frequency of 790-
MHz, the real (reZ)and imaginary (imZ) parts of the
transverse impedance in the horizontal &4yl vertical (Y)
planesare reZ=6.0/cm+5%, reZ= 6.432/cm+5%,
imZ,=-1.0Q/cm+1.M/cm, iImZ= 5.5Q/cm*1.(Q/cm.
The quality factors are,@4.6 and Q=5.5.

Thirty-two water-insulated, 1@; 0.25-MV Blumleins
with coaxial midplane-triggered switches operating in, SF
drive two cellseachthrough four DS 2158 48 cables.
Each Blumlein chargingunit has two 1.44F/40-kV
capacitors switched via two parallel EECS-1722
thyratrons into a 1:11 step-umnsformer to pulse-charge
the line in 5ps. An independentrigger is supplied for
eachBlumlein consisting of two 30-nF/70-k\¢apacitors
switched by a EEV CX-1725 thyratron into a 1:4 step-up
transformer todrive a magnetic pulse-compressor to
supply a 200-kV/10-ns risetime pulse to the triggaile.
Typical system jitter is <1-ns ¢} for any consecutive
100 shots. The Blumleingrovide a67-ns pulse to the
cells with a 0.6%-rms variation over the bepnoise-width
of 60-ns.

Figure 3: Phase 1 injector and accelerator Beam istransported tdhe x-ray conversion target via
simple solenoid transportMaintenance of d.2-2.0-mm
8ectron beam spot with a frostirface power density of
0.3-1.7 TW/cn is one of the principal design challenges.
é‘tt these energy density levels the target material or
Surface contaminants may bedonized and the ions
accelerated into the beam due to space charge fordss.

can partially charge neutralizéhe beam, causing a pinch
upstream of the target and subsequent overforcusing at the

The 60-ft. long Phase 1 injector [4] consists of
prime power supply (a 3.04F/120-kV capacitor bank
switchedthrough the primary of a 1:15 Stangenem-
core autotransformer by an air-blown spark gap) th
pulse-charges alycol Blumlein.  The 6-ft. diam.
Blumlein (7.65Q inner line, 7.3-Q outer line, pulse-
charged t01.5-MV in 4.64s) dischargesvia 4 laser-
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target [8] leading to x-ragpot size growth as the pinchThe resultingx-ray images will becaptured on al-pulse
point moves upstream. Experiments at the ITS (Fig. 4)extension of the Phase 1 detector.
showed a growth in theadiographicspot size aB.3-mm, Space restrictions within the existing DARHT facility
5.5-MeV, 2.8-kA, and 60-ns. Other experiments [9] at Jorce the injector to occupy two levels. On thettom
MeV, 2-kA, 40-ns,and2-3-mm focus hav@ot observed level is the Marx prime power feeding a vertical insulating
the effect. When the phenomena is present, resistivadplumn thatdrives aflat, 16.5-cm dia.dispenser-cathode
isolating the target fronground has beeffound to be with polished stainless steatlectrodes. The Marx
effective (see Fig. 4 and Ref. [8]). Therceptedcharge consists of 88 type E PFN stages drivinghatchedoad
“self-biases” the target, overcoming the beam self-field aad 3.2-MV with a 400-ns rise, 2-ps flat pulse. The 444.5-
trapping ions within about 1-cm of the target surface. cm tall, oil-filled insulator column has both alumina and
One theory explaining the ITS results [Bjquires Mycalex insulating rings. The peak electric field stress on
the cathode shroud is 120-kV/cm with 2-kA beemnnrent.
Radio_qraph_ic_ spot _s_iz_e (mm) o The design beam emittance (norm,4-rms) is G@%-rad.

7 I 3 There are two types of induction cells. The first eight
: ‘ E have a 35.56-cm dia. beam pigedrun at 173-kV while

6" i l\" E the remaining 80 have a 25.40-cm dia. parel supply
Bias off | , E 193-kV. Thelarger bore cells intercept essentially no

X : beam from the injector rise timand reducetransverse

¥ 3 impedance in aegion susceptible t8BU because of the
L — low transport field. All of the oil insulated cells use 4

B Nt o s e o individual cores of AlliedSignal 2605SC Metglas with
£ . TR RN 3 either 0.48 V-sec core capacity or 0.¥3ec inthe large
3 Bias on 7 & bore cells. A 200-ns rise-tirleads to &.02-us flattop.
A | | S A Mycalex conical insulator isised in eacleell is for its
0 20 40 60 80 excellent breakdown andmechanical properties. Each
Time (ns) individually mounted cell contains a transport solenoid and
Figure 4 : Time-resolved radiographic spize a steering coil. Ferrite damping é&nployed toreduce the
measurements from the ITS cell quality factor.

Each induction cell has amdividual cell-driver which
contains 4, 7-section E-networlPFNs in a Marx
configuration. Each driver has a 20impedanceandwill
deliver a2.4-us flattop into a resistiiead of 5Q for a
total drive current of 10-kA at 200kV. To compensate for
e non-linear magnetization current dofie Metglass
cores, the PFN impedance varies from front to back. The
impedance of eacRFN canalso bereduced20% to tune

sufficient energy bealeposited inthe target material to
causeboiling. Thereforetarget material with a high
specific heatand high boiling point, while maintaining
the high-atomic numbeand high density required for
efficient x-ray production, may also be of use. Tantalu
silicide (TaSj) and aTa-Nb-V alloy (62.5Ta-30Nb-7.5V)
aretwo such materials. Experiments at DARHill
beglr_1 initially at 2—kA/2-mmand focus.on the use of for a +0.5% flattop.
special target materiahnd a clean environment. As

N . The principal element of the beam transport section is
current density is increased, a barrier upstream of the targ{aet fastdeflector, or kickesystem [13]used to generate
to limit ion migration and the biased-target may be used'four micropulses’ from the primaaccel’eratobeam It is
The phase tletectorconsists of ab5-cm-diam. x 2- i

cm-thick segmented BGGQcintillator array with 250,000 similar in design to st.r|p||ne beam position T“O.”'mrs-
. . There arefour equal size electrodes encloseavithin a
polished 1Imm x 1mm x 20mm pixels [10]. Tkeay

S T . . ) . vacuum housing that has a DC bias magneiijmle
scintillation light is lenscoupledwith 5, fixed conjugate, ound over the enclosure. An opposite bailetirodes
165mm, f1.1 lenses [11] to a mosaic of 5, SITe S1424% ' pp b

[12], back-thinnedCCD's (125crh effective area). This Is driven by afast amplifier through transit timesolated
e : . M 50-Q cables to provide beam deflection. The other two
combination results in a highly quantum efficielmear

detector (DQE > 30%) with better than 20uR sensitivity.ileztl;gggéuaergtteémnzt;:cgt tgfe ';%\?Z?atmggimzﬁg@gceé

substantial relativedeflection to develop between the

4 PHASE 2 output beam positions of thidcker and drift. A DC
Phase 2 is a collaboratidretweenLANL, LBNL, and septum magnet allows the separation of the two output
LLNL. It will produce thesecond x-raysystemnecessary heams. The bias dipole will deflect the beam off-axie
to generate 3D dataThis system will alsgroduce four 3 dipole field region of the septum that will transport the
high-resolution images within a|s time window. We peam into a dump.When an x-raypulse isdesired the
will generate a 31ts, 20-MeV, 2-4-kA LIA electrorbeam  kicker pulsersare activatedand overcomethe bias field
and use a fast deflection system to select four short (<&®owing a short segment of beam to traglelvnthe axis
ns) micropulses to bfocused on a-pulse targesystem. through a null field region of the septuend on tothe x-
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ray converter target. LL, Princeton Instruments, and SITe.

The initial 4-pulse target will consist of large
number (oforder 20) of thin (approximately.05 mm) 5. PLANS FOR INITIAL OPERATIONS

tungsten sheets separated by vacuum gaps wivemall  ppagse 1 injector start-up has begun with fdtelerator

thickness of about 1 cm (warealso exploring the use of operation by May 1999. By June 1999 we expect a 2-mm
a low density"foamed" target). The sheetare held (1.3-mm FWHM) x-ray spot and 500 R @ 1-m, sufficient
within a tungsten gylipde_r that provides radial confinemepy 1 qet the project'gadiographicresolutionrequirements.

of the target. Distributing the target over ertended |ncreased beam current aadvancedarget designsvill be
distance delayshe axial outflow of plasmand permits jy«oqyced later with the goal of achievingl2-mm spot
the generation of four x-ray pulses ovepetiod of 2ps. 5,4 1000 R @1-m.

Operating the target in good vacuum (<‘71(Torr) will

, , Phase 2 prototype testing isnderway. Injector
reducethe light contaminants on theurface tothe level

- ! - installation during the secondhalf of 2000 will be
that the first pulse to disrupt the target focus geherate {5)10,ved by phased accelerator operationtfe nextyear.
insufficient ions. Typlcally the first pulse wiltonvert 5 year of full system commissioning is planneding in
much of the target into a pIas_ma.. Subsequgnt pglses B#ase 2 hydrotesting operations by the end of 6.
be protectedrom backstreaming ions by using either &g |nitial Operating Capability will be at 2-kA using a
target bias or an inductivien trap placed immediately  gimple target system. The beamrrentwill be increased
upstream of the target. Plasma lengths oves 2< 2 g more advancedtarget designgntroduced during the

cm.) will not significantly disrupt the focal spot. operations. The installation o&dditional beamlines
Prototype accelerator components willés@luated on tjjizing the dumped fraction of the beam for more views

a long-pulse electron beam test stand assembled aroundoﬂﬂ?ne objectand higher order 3D datamay also be
THOR [14] diode. THOR generates gug;<4-MeV, and considered at that time.

<3.2-kA beam with arnntegratedbeam emittance of 0.5-
1.0 cm-rad,sufficient for evaluating long-pulse DARHT 6 REFERENCES
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