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ABSTRACT

Net current enhoncement to levels in excass of the beam
current hos been observed in gases ot pressuras oexcass of 50
torr. We delineate the regimes where enhancemant is
observed. The experimentai rasuits fall into two very
distinct classes; current enhancement at injection where the
beam is only slightly displaced and current enhancemaent
cleorly associated with the higk amplitude hose instability.
A cureful theareiical and exparimental study of the
diagnostics reveoled no fundamenial flaws olthough there ore
several comolex ond unlikely scenarios which could introduce

fictitious current enhancemani. Theoreticol efforts
indica*z severar mechanisms for generoting enhancement but
none of the theories can account for the detaiiec

observotions.

INTRODUCTION
Curreat enhoncement has baen observed (Ref. 1) for beams produced
by the ETA propornting in gas ot pressures in excess of 50 torr. We
have peiformed additionoc! experiments designed to further document
this nhenomena with porticular emphasis on verification of the
diagnostics employed., In this report we diccuss the prasent state of
understonding of experimental results, diagnostic [imitations, ond

theoretica! predirtions.

EXPERIMENTAL RESULTS

Currsnt enhancement observoiions fall into two very distinct
closses. Near the point of injection into gas (7 =« Aﬂ) we cften
observe a strong enhancement throughout the beam pulse os shown in
figure 1. The enhancement is fairty unifarm without current spikes.
Net currents in excess of the bLeam current are observed in the 50-500
torr range. Wi‘h injected <currents arourd 6 kiloamps net currents in
gas of 8 kiloamps ore recorded. This effect is observed when there is

no wire zons present and not observed in the presance of o wire zone.
We believe the phenomena depends on the <current density and the
wire-conditioned beam has a larger equilbrium radius and hence less
enhcncement .

‘Performed jointly under the ouspices of the U.5. DOE by LLNL under
W-7405~ENG-48 and for the DOD under DARPA, ARPA Order NO. 4395,
monitored by NSWC.
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The radial location of t'e enhanced current has been determined

using movoble B, probes. With such probes the net current enclosed
within o given radius can be determined assuming the beam is on
center. Meosursments in figure 2 show there is reasonable agreement
between current determined with the beombug and current frem the B,
probe. The enhanced current is flowing vaery rear to the beam channel
and not out at large radii. ihere may be o very slight return current
at large radii although the apparent effect is within experimental
error.

Current enhoncement is also observed downs!ream of the injeci.on
point (2 ~ Ag). This wenhaoncement is cleorly connected with the high
amplitude hose instability which has grown up ot this Z lacation.
Hers the enhancement is charactarized by a spiking of the current. Ag
seen in figure 3 one boambug will display an enhaoancement for most X in
the beam puise. The next beambug will show the spikes and the
foltowing bug will show dramatic current lass. In this pressure and Z
regime the beam s undergoing hose motions which are large in
comparison with the beom radius but which are small in comporison to
the pipe rodius. We observe the spixing of the beaom curren! occurs ot
approximately twice the frequency of the ©beam hose oscilflations

indicating an enhancement whith is quadrotic with beam displacemsnt.

Figqure 4 provides an wovarview of the currunt enhancement versus
pressure and propagation distance for the Spriny 1983 beam propagation

experiments on ETA. The height of each marker indicates the observed
maximum net current. The signature of current enhancement is the some
in each picturs. Near the point of injection there is some current
neutralization which is stronger at lowsr pressures. AsS we move
further away from the entrance tail tiae neutralization increassas
slightiy. However, as the beam propagates further tha net currant
starts grawing. Growth is faster in Z at the higher pressures. At
some criticol bug or bugs the net current exceeas the beam current.

Beyond this b 1 the <current and charge transported drop dramaticoliy.
Hose ftas dis , ted propagation.

In this .egire of large amplitude hose we connoi use the B, probe
to uatermine the locotion of the «current in radius dus to the
uncartainities ir beom position and lock of rypeataebility. Thus we
cannct specify the location of J__,(r).

DIAGNOSTICS
The primary diaynostic for net current measurement is the beambug
(Ref. 2). Beom propagotion experiments were performed to verify
beembug measurements versus other diagnostics. Experiments oltering
the boundary <condifions for return current flow were performed in the
beambug test stand. Calculations waere performed to study the

limitaticns on beambug meosuremeni due to the finite number of pickoff
points.

Experiments concentrated on verifying the beambug measurements

ogainst RF loops and Be probes. Comporisons of bzambug and RF loop
measurements revealed no significant diffarences in the beam current
or displocement . BB data was also consistent with the net currenl
observotions. A further investiqation was condusted on the effects of
irregularities (ports, gaps) in the return curcrent path. Attempts to
disfort tha return current path produced a fascinating null result.
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When major gaps were introduced in the return current path by the use

of ports or simply leaving pipes disconnected we could not alter the
beambug current reading at the beambug tes! staond. We were unabie to
find any flaws in the beambug measurement technique with the other
diognostics we wused. Nevertheless, we have constructed a twelve
pickup beambug and will construct a Rogowski coil for further

experiments when time on ETA becomes available.

Anoly~is of bsombug operations oessuming an infinitely long,
cylindricaliy symmetric beam shows the measured current can be
enhanced if the beam is significantly displaced; see ref. 2. If the
displacement exceeds one half of the pipe radius then errors in excess
of 10 perceni mav occur. However, the position meosurements inferred
from the beombug difference voltages indicute displacements less than
half the »pipe radius. Since one typically utilizes the linearized
inversion scheme to determine beam location and this is not valid
beyond smoll displocements we developed a fuli inversion scheme to
compute I, X, and Y for a beambug without any small displocement
assumptions. We <could then artificially «construct situotions with
opparant current enhancement at apparent smoll displacement. However,
when applied to the experimential data the full inversion scheme did
not significantly olfer the result of the usual inversion process.
Mecsured beam displacements are not sufficienily large to account for
.bserved current enhancements. Hawever, wae did not observe
displacements in excess of one half the pipe rodius yet beom currenr
wos getting lost, presumably by scrapeaf! on the pipe. Thus the issue

of octuol beam displacement is not resolved.

A naumper of scenarios can be constructed with beams which are not

infinitely long and cylindrically symmetric. With a four port beambug
one coutd then abierve a ficlitious enhancement. For example, if a
beam bifurcoted into two theamlets which each <carried one half tne
current ond which approuched opposite measurement loops one could
measure o current in excess of the beam current ond yet o zero
deflection. However, it is equally likely that the beomlets would
move out ot 45 degrees resuliting in current deoletion. Thus while we
cannot preclude ore of these scenarijos from arising, the possibility
is extremely unlikely. Longitudinal bunching woul!d produce current
spiking which might appeor as some of the hose data does. However,
vthers are bug fraces where the enhancement persists for all X whereas
bunching would require valleys os well as spikes.

THEORETICAL MODEiLS OF CURRENT ENHANCEMENT

Several physical effects have been proposed for explaining
current enhancement. They will be discussed briefly and referenced in
this note.

Deito roys have been investigated wextensively by Simon Yu and
others (Ref. 3). They find detfa rays can iead ta current enhancement
at injection with neorly appropriote scolings with beam size, current,
ana pressure. Unfortunate!y, the magnitude af the predicted effects
is on the order af 10 percent while tha observations are in the 20-50
percent range. Given the uncertainties involved this topic is worth
pursuing further theoretically. If would be mosi helpful to determine

the energies of the particles carrying the excess current.
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In the presence of high amplifude hose motion several effecrs may

be important. If the beam breaks sharply it may produce o plasma
current in the channe! teft behind by the beam segment along with the
beam current in these new radial focatien. There are intuitive
arguments against this possibility but o more detailed calculation of
the induced <currents would be wuseful. A fieldsoiver copable of

handling large -mplitude beam displacements is required to solve this
procblem. We have implemented a version of the DYNASTY code (Ref. 4)
at LLNL ond will investigate Yhe consequences of large amplitude hose
on ne' current.

tEd Lee hos pointed out that in the presence of high amp!itude

hose the benm h3s o significont transverse momentum. To conserve
energy the beam must "ave lost momenium in the forward direction. If
this momentum appears in the [ess massive (by a factor of y) piasma
electrons then o gain in current will occur. However, calculations
show any excess momentum in the plasma electrons will be removed very
quickly by <collisions with the background gos. Unless the elecirons
acting as the momantum sink for the bear are also collisionless this

mechonism connol accouni for fhe observed curreni enhancement.

Finatly, a caretut study of the data suggests the <current
enhancemant is often ossociated af feast portialiy wilh bunching. A
beam segment which is wunderjoing lorge amplitude hose motion in the
tronsver.e direct,on will have its 2 directed beta reduced ond will
bun * agoinst the subsequent becm segments if their hose amp!itude is
lower, This mechanism can explain local current enhancement in X with

spiking but not the global! enhancement which is usually sean near the
oenset ot high amptitude hose.

SUMMARY AND COMMENTARY

Observations of current enhancement in the 50~500 torr ronge in
ETA gos propagation experiments are still not undersiond. There are
distinct regimes with the phenomena in the obsence of or presence aof
high ompiitude hose. More datniled B, measurements indicate the
current flow pattern is neor 1o the beam current pattern in radius
(there are no large forword or return current flows well outsids ibhe

beom radius).

Further experimental work is required to verify the pressant
dignostics. The comparison of the twelve port beambug ond the
Rogowski cail is required. Determination of the energy of the current

corriers would be of high value.

The full significance of the current enhancement pheaomena hinges
an the connection between enhancement and high ampiitude hose. Since
beams undergoing high omplitude hose motion ore not of prograommatic
interest it toliows that if current enhancement is strictly o high
amplitude hose phenomena its study is of law priority. Upcaming
experiments on ATA wiih condiiioned, wei} cthorocierized beoms wilh Jaw
amp.itude initial perturbations will be pivotal in determining the

signiticance of current enhoncement.
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BeamBue 9  Z=-2,5cm BeavBUG 10 Z=2,5cM

IN vacuum IN GAS
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Figure 1. Current enhancement at injection into
gas for several pressures.
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Figure 2. Radial net current enclosed versus
probe position, p=500 torr.
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