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Abstract
We investigate electron beadefocusingcaused by

total current of ]=2.3 kA focused to aspot size of
r,=0.1 cm; thus thecurrent density is approximately

field emittedions from the bremsstrahlung target of &=70 kA/cnt and particle flux Je=5<10%/cm?8. At the

radiographymachine using fullyelectromagnetic particle-

in-cell simulations. This possiblyleleterious effect is
relevant toboth current radiographynachines (FXR) and
machines being buil{DARHT-2) or planned(AHF). A

beam energg, =16 MeV, ionizationenergyloss in Ta is
de/dx=20 MeV/cm at solid density, and tlaeerage energy
increase peatom is approximately 0.2 eV/ns. Thus the
target is very quickly heated, and aswyrfacecontaminants

simple theory of the acceleration of ions desorbed from tlaee expected to bavailable for ionizatiorand subsequent

heatedtarget, and subsequent beam defocusimiye to
partial charge neutralization is in reasonablgreement
with the more detailed simulations. For parameters
corresponding to FXR (,=2.3 kA, ¢,=16 MeV),
simulations assumingpace-charge-limitecemission of
protonspredictprompt beam defocusin@ime integrated
spot-size measurement, however,d@minated by early-
time small spot brightnessand so isnot a sensitive
diagnostic. Comparisorere made tavailableFXR data.
We also investigate use ofracessedarget geometry to
mitigate field emitted ion acceleration; only modest
improvements are predicted.

1 INTRODUCTION

Currentradiographymachines such a@sXR, aswell
as future machines such as DARHTa@d the proposed
AdvancedHydrodynamicFacility (AHF), make use of an
intense electron beam striking a high-Z target¢nerate
high-energy bremsstrahlung radiation. Itniscessarthat
the electron beam bicused to asmall spotfor good
radiographicdefinition. In FXR and DARHT-2, and the
proposedAHF machine, the beam isreated in dinear
induction accelerator(LIA), and is focused in a low
applied-field driftregion. Dale Welch [1] at MRC first

identified a potential problem due to ion field emission fO{;v

DARHT-2, arguing that target heating from theam
would quickly provide a source dabns which can be
accelerated bythe beamspace-chargeand back stream

towardthe beam source. Thexcess charge neutralization

then causesthe beam to pinch,and subsequently

defocus.We describeesults from electromagnetic PIC

simulationsfor FXR parameters, whictpredict prompt
defocusing for space-charge-limitedroton emission.
Comparison to available experimentidta suggests that
the emission onset is substantialiiglayed intime or

reduced from the space-charge-limit, if not absent entirel

2 SPACE CHARGE LIMITED

EMISSION AND BEAM DEFOCUSING
Welch has argued that once the target surfa¢eated
beyond 400 °C, impurities are readily desorbed and

ionized. These impurities, including both protons anqzsnsrb(mm)\/ybpi _

carbonions, arethenfree to be accelerated e beam
space charggotential. Nominally, FXRoperates at a

acceleration.

A simple theory serves to estimate the properties of
these emitted ionandtheir interaction with theelectron
beam; unitsare Gaussiangexcept wheraesults inmore
convenientunits are specifically indicated. Approximate
the beam as aylinder of radius y with uniform density
n,, both corresponding tahe target focus. The beam is
traveling at nearly thepeed oflight, ¢, with relativistic
factory,. The potentialdifference betweenthe center of
the beam andts edge, asvell as the(radial) electricfield
are easily calculatedithe axialfield at the target will be
approximately the same,

®p=TENyrZ =lp/c; Ep=E =20p/m,. (1)
For FXR parametersthis predicts an electric field at the
target surface oforder E=1.4 MeV/cm. Thecurrent of
emitted ions (mass MAm, andcharge g=Ze, with m,
the proton mass) may lestimatedusing the well known
result for Child-Langmuirspace-charge-limited current.
Using the beam potential jugtstimatedand a distance
equal to the beam radius,
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hich predicts an emitted ion currepil,|=0.2% for FXR.
The ionsare quickly accelerated to aanergy ofthe order
of the beam potential, and hence velocity(2qdp/M))*2,
The ion density is then estimated fromrdiv,g,, showing
the surprising result that thehargeneutralizationfraction
f is a constant:=f1/9. The contribution to theadial field
from this ion charge igqual tothe field generated by the
beamdecreased byhe factor f, E=fE. In a timet, the
ions will move a length £tv, and beam electrons will be
radially accelerated athey traversethis distance to the
target, £L/c. Equating theradial deflection tothe beam

vk Enrbz.]i,

¥adius gives an estimate for the timaequired to defocus

the beam,
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For FXR parameters,this theory predicts atime to

Fig. 1 Time dependentbeam radius attarget from a

defocus oft=10 ns for proton emission, well within the simulation of FXR with proton emissioturned on at

pulse time of 60 ns. Otourse this theory is quite
simplified; we next turn to self consistent simulations.

3 EM-PIC SIMULATIONS

Direct particle-in-cell (PIC)simulation of intense
beams has a longnd successfulhistory, both atLLNL
and elsewhere. We have simulatédn emission and
subsequent beam defocusing with both CONDORigl:
tested desigieode developedver many yearsvithin A-
division, and a new code, CODA, that allows non-
rectangularzones. Bothcodes ardully relativistic, 2-1/2
dimensional (2-spatial dimensions in axisymmeiieR
geometry, 3-velocity dimensions) electromagnégd)
PIC codes.The simulation geometry is aylinder of
radius 4 cm and length 25 cm with conductiayndaries.
The beam isinjected atthe left hand boundarywith an
initial radius of 2.0 cm, and with uniforrcurrent density.

The beam isinjected with finite emittance so as to be

focused atthe target; no externallapplied fields are

t=15ns.

agreementwith our previous estimate. As théeam
defocusesgmission decreasegfrom a peak of &8 A)
because ofhe reducecklectric field atthe emissionarea.
Many aspects of the simple theory previoudBveloped
are observed ithese simulations, namely theagnitude
of the axial electric field at the target surfattes time for
pinching to occur,and the small ratio of emitted ion
current to beam current (<1%). The scaling of the time to
defocus, Eq. (3), with ion massmdbeam current has also
been confirmed by additionaimulations. An important
observation is that the total numberfigld emittedions,
N;, is quite small: for this simulation N=5.7x10' at
t=30 ns. This corresponds to a fraction of approximately
10* from a monolayer ofequal area,suggesting that
surface cleaning would be a very difficult proposition.

4 COMPARISON WITH FXR DATA
We now consider availabledata from FXR. Two

present. The injected beam current is linearly ramped up principle measuremente used tamssess spot quality at

10 ns, constant for 40 ns, then linearhmpeddown
again in 10 ns. The rightand end-plateforms the
absorbing target, from which ionsre emitted. No
modeling of the target heating @urface physics is
included; the space-charge-limitecemission is simply
turned on at a preselectéiine, over a specified radial
region. Simulationspresented here werall performed

FXR; both are time-integrate@diographicmeasurements.
The first uses aompaque‘roll bar” to cast ashadow from
the bremsstrahlung spot; the width of tedge ofthis
shadow reflectshe finite spot size. Careful unfolding of
the datashows acentral peakwith FWHM spot size of
1.1mm, surrounded by #ow density “halo”with relative
brightness of a fevpercent ofthe centralpeak [2]. In the

with CODA utilizing a converging mesh that allowssecond measurement,forward bremsstrahlungdose is

much better resolution at the targetrface,Ar=200um
andAz=600um.
The time history of the RMSbheam radius at the

measuredboth with and without an 800um diameter
collimator. The collimateddose is observed to be
approximately 1/3 of théorward dose inthe absence of

target is shown irFig. 1 from a typical simulation. The the collimator; this isobserved to beéhe caseboth for

injected beam is characteristic BXR, with [,=2.3 KA,

€,=16 MeV ,=32) andinitially focused to a root-mean

beam currents of 2.3 kA and 3.3 kA [3].
Although the experimentallyobservedsmall spot

squared(RMS) radius [=0.06 cm. Proton emission is seems at odds with the defocusing seen irstimlations,

turned on att=15 ns, inthe region0<r<0.06 cm. The

e.g. Fig. 1, this is nobhecessarilyso. Becausghe beam

initial pinch and subsequent defocus occur very quickly indensity at the target is inversely proportional to sfeare
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of the spot size, Jll/r?, the bremsstrahlung emission
from the defocused beam is very damd atime integrated
measurement can be dominated thg early-timesmall
spot brightness. In Figure 2, we show the timegrated
beam density at the targétormalized) as dunction of
radius from the simulation illustrated in Fig. 1. As can be
seen, the contribution from thaefocusedbeam is a low
density halo. The level of the halo relative to ttentral
peak isdetermined bythe relative duration athe focused
and unfocused periods othe time history. This is
illustrated in Fig. 2, which also shows resultsom
simulations with the ion emissioturned on at 10 and
30 ns. The level of the halo is alsaffected by the
defocused radius; allowing ion emission fronteaer area
increaseghe defocusecheamspot, decreasinghe relative
beam density in the halo.

We nextconsiderthe collimateddose measurements.
The angular spectrum of bremsstrahlung photcreated
by 16 MeV electrons striking a 1mm thick Ta target was
calculatedusing a Monte Carlo code [4]; thiangular
spectrum is then used to determine the contribution to the
forward dosefrom eachsimulation electron as it strikes
the target. Figure 3 shows the tindependent forward
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dose (normalizedjor the simulation shown in Fig. 1. of ion emission is 0.30Decreasingthe focused beam
Because the electrons strike the target with larger anglesradius to gys= 0.05 cm (by decreasingthe injection
100 [T T T T T T T T emittance)  increases the unperturbed fractional

E E transmission to 0.40; for this focus apd3.3 kA, proton
. emission turned on att=30 ns decreasesthe time
.\ ] integrated fractional forward dose @026. Furthemecrease

’ of the focused beam radius would be in disagreemvéht
* _ the spot size measurements.
AL Simulationswere also performedwith singly ionized
u m carbon emission for comparison. Turning oh énission
v % T at t=15ns for the +3.3 kA casegives aforward dose
' °e ] fraction of 0.20 due to the slower defocusingstill
Elon emission time | ] = significantly less thar_1 observedelayingthe C emission
A t=10ns \ 3 until t=30 ns results in a forward dose fraction of 0.28.
= \ T
. oo ' ] 5 DISCUSSION
3| == - FWHM=L1mm We have seen fronsimulations with parameters
10 '6'6 L "(')'i Ll '6'2" Ll relevant to FXR, that beam defocusing occurs quickly
' ' ' afterthe onset of proton emission. Tinetegratedspot
r (cm) size measurementgre not a sensitive measure of
defocusing, however, becausige defocusedbeam only
contributes a dim haloompared tahe central peak from
the small spot emission. But the level of the halo,
observed to be a few percent relative to the central peak in
FXR measurementsdoes rule out prompt proton
emission, t<15 ns. The collimated dose is a more
stringent test. Proton emission beginning at tieaglier
than &30 ns is inconsistent with the observation that one
third of the forward dose istransmitted through an
800um collimator. Bounds onthe emission of singly
ionized carbon are only slightly less restrictive.

The simplest explanation is that ion emission is not
occurring onFXR, or atcurrentsreducedfar below the
space chargBmit (approximately a factor of 3decrease
is necessary). This does not preclude a disasefiest on
machines with highecurrent densities, howevesjnce
theremay still be athreshold forion formation. Because
of this, methods to minimize this effect are bepgsued.

In particular, we have simulated the effect of recessing the
target so as taeducethe emitted ion current. Although
the time fordefocusing is increasednd the defocused
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Fig. 2 Timeaveragetheam density at target from FXR
simulations including proton emissiorthree different
emission onset times are shown.

I:)brems

0 20 40 60 beam spot sizeecreasedhis still doesnot appear to be
satisfactory.Used in conjunction with other means for
t (ns) isolating theemittedions, however,might beacceptable.
Fig. 3 Time dependent forward dosom FXR We look forward to experimental results froETA-Il (to
simulation including proton emission for t>15 ns. be reported athis conference),including time resolved

measurements that may give a more definitarswer
after pinching, the total forward dose decreases concerning these effects.
approximately 20%. More importantly, however, the
forward dosefrom electrons striking the targewith ACKNOWLEDGMENTS
r<400um is abruptlycut-off asthe spot sizéncreases. The authors wish taacknowledgenumerous useful
For this case the time integrated forward dosefrom  discussions with Y.-J. Chen, G. Caporaso, Bdck, R.
electrons entering the target with r<40@® is 0.14 of the Scarpetti, M. Aufderheide, D. Ho, and P. Bergstrom.
total calculatedforward dose. Again, thidfraction varies
with the onset time for ion emission; for onset times of REFERENCES
10 ns and 30 ns (see Fig. 2) the forward dose fractions frgD. R. Welch, “Effects of electron-ion streamidge to
0.10 and 0.23 respectively. With the beamurrent beam-target interactions,presented atthe DARHT-2
increased to,¥3.3 kA, similar resultare obtained except Review (January 16, 1997).
that the forward dosefraction is further decreased: for [2] N. Back, internal memorandum (March 24, 1997).
proton emission onset times dab ns and 30 ns the [3] R. Scarpetti, private communication (May 14, 1998).

forward dose fractions a@11 and0.20 respectively. The [4] P. Bergstrom, private communicatiofOctober 3,
forward doséraction for these simulations in ttabsence 1997).

477



