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. ABSTRACT 

This report summarizes a somewhat -Jivcvso set of th£-:crptie~: :\, i-i\-. 

carried out in I978 which were aimed at increasing .our understanding" of 

the physics of multiple-bean overlap ana enhanced deposition in thin foils. 

The studies reported here involve electron and ion bear1, overlap in single 

and multiple cylindrical disks of channels, and single and multiple electron-

beam deposition in thin foils. Sone cf the important consequences of 

these studies which affect ongoing research are the scaling formula derived 

for overlap current density gain in cylindrical geometry, an understanding 

of the 'importance of electron drift motion in.thin-foil-enhanced deposition, 

and thc-.necessity of providing non-axial return current paths and magnetic 

onfigurations. isolation of disks in multiple-dis 
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I... IntrMucticn 

n 
Thin ronort is a sugary o- several Lh--cr:-i.ich._ .'t<i.iii;- v̂ rr:'.-.: "•:• 

in 1978 concerning multiple-bean: concentration znd ae;;o:_. it ion for jncrLLal 

confinement fusion (ICF) applications. ' ince it ̂seeir.u unlikely that single 

particle-bean sources can produce the power density -ind enersjy needed i^ 

drive present ICF breakeven pellet designs, the T,otal power required i:,u.;t 

he accumulated by overlapping multiple beaxs generate- jynchronou^iy frc.r. 

several sources. The calculations reported hvv- con..-. IU;U z\,v firjl at.:,-::.; 



to identify the inport&nt physical processes which determine the overlap 

wain ar.;S iepocition in thin target*:. 

Section II covers the first set of studies which addresses the amount 

of overlap current density gain that should be obtainable in 6 or 12 channels 

carrying electron or proton beams in a single cylindrical disk. The principal 

tool used in this study w,a?..:a collisionless 3-D singlt-particle trajectory 

code which follows charged particles (electrons or ions') in prescribed 

fields- A simple analytical formula is given for estimating the overlap 

gain in single disk systems. Also, to gain insight into new physics involved 

-v;ith :r.ulti-disk systems, results from calculations for a 90-channeI, 5-disk 

electron beam system are discussed. 

In fiection III, thin-foil deposition by electrons in several configura­

tions using channel magnetic fields is investigated. These calculations 

were performed'with the Monte Carlo electron-photon transport code CYLEM 

which not only follows 3-£ electron trajectories in prescribed fields, but ' 

also computes electron scattering and deposition in xateri&ls with 

cylindrical boundaries. 

137 ne*-energy-gain particle-beam-target designs seem to require^ 

deposition levels 10 -10 w/cm . The requirement for thin shells 

comes to about 1C00 TW/gm, and for thick-shell ablative pusher 

targets, the deposition requiredis about 100 TW/gm at the target outer 

surface. The goal of the work reported here is not to optimise a 

configuration to approach these deposition levels but to gain an under­

standing of the relevant physics involving overlap and enhanced deposition. 

8 ' 



The knowledge gained from these studies ir instrumental in the ae^ign of 

future multi-beam configurations which are optimized, for overlap gain and 
I1 ^ 

deposition enhancement. There is not Q strong correlation between I'ecs, 

II and III since :inost of the original calculations by the authors were 

jerformed independently. In the process of incorporating the milti-channel 

fields into the deposition code, the need to coordinate ongoing research 

became apparent and is now bj^pg pursued. 

Section IV summarizes the knowledge gained from these studies and 

singles out" some promising concepts which are presently under invf-̂ t igav.r \ . 

II. Coll'isionleasii Overlap Studies 

The first multi-channel overlap calculations were performed fur ho 

and 36 electron beams in a wagonwheel disk arrangement. Since the 

injected beam current per channel exceeds the Alfven-Lawson critical 

current for electrons (I.), the channel must contain a highly conducting •; 
k plasma to cancel the beam current. The injected beam particles are 

contained in the channel through the application of a plasma current 

over a timescale much longer than the beam pulse time. The net magnetic 

field is obtained from superposition of the individual channel magnetic. 

fields. ̂ ''^ • !> 

The first part of the work reported here is concerned with channel 

configurations and electron or ion beans relevant to the Proto-II 

accelerator. The basic wagonwheel configuration in this case has 12 •.' 

channel "spokes." Two discharge return-current configurations will be 

•'discussed. The first consists of two axial channels perpendicular to 

''and fed by the 12 beam channels in the standard wagonwheel configuration. 



(J The second configuration alternates "beam and return channels, so that ^ 
there are 6 "beam channels and 6 plasma discharge returiV,current 

channels in the same plane; The first configuration leads to larger 

net magnetic fields as the current flowing in the axial channels 

strengthens the superimposed beam channel fields. The net magnetic 

field at the edges of the channels is a minimum in the plane of the disk 

for the standard configuration, whereas for the alternating configuration, 

the net field between channels in the plane of the disk is a maximum. 

Thus, for the standard configuration the individual beams merge to a 

disk beara at the overlap radius. The alternating.configuration keeps 

the beams from mixing azijnuthally while allowing them to spread axially. 

The first cases presented will be electron and ion teams injected 

into the standard vagonwheel configuration. Figure 1 shows the minimum 

radius achieved by several trajectories of 1.5-.Mev-velectrons for two 

cases where the individual channel radii (r ) were 5 iron and 3 mm, 

respectively. The vagonwheel axis lies^along the z.direction. The 

initial coordinate positions in a channel are shown above the plots. 

These were chosen to suitably cover the initial phase-space distribution 

of a complete set of initial points and contain some worst-case 

trajectories. It was" found th£t;. the overlap results are iairly insensitive 

to the details of the initial phase space distribution because of phase-

mixing as the electrons propagate down the channels. As can be seen 

frox 7ig. 1, the mean value of the minimum spherical radius (~R ) is 
' m 

about one-fourth of the value of the cylindrical overlap radius (R ) in both 

cases. The resulting current density at R 16, a factor of 3 above that in a 
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3 " A -single channel. These are similar to previous results and provide \ -

further evidence that the overlap results for electrons with channel 

currents near the Alfven current are relativelyrinsensitive to gearsetricar1 

considerations such as the number or size of channels. We will discuss 

the conditions under which this is true later. V.'e note that 1? channels 

are an cptinrur. of sorts for a single disk since P, = U r c and R *« k R̂  ^ 

so that R ** r , and most of the electrons reach a minimum radius'eaual " in. c " 
to the channel radius, 

Next, a series of 2,0-MeV'proton calculations were performed for the 

sanie configuration. The trajectory code at this point had "been rr.odified 

to run several histories sequentially, choosing initial phase space 

coordinates randomly from an isotropic or cosine distribution. Higher 

overlap current density gains should be achievable with ions instead 

of electrons since their larger mass result's in less bending in the 

channel fields, leading to colder beams which spread ir_ore slowly after. 
o exiting a channel. Since the channel magnetic field can he chosen to » 

preserve the initial bean half-angle spread "3 (with respect to the 
m 

channel axis}, this angle is expected to play an important role in the 

degree of overlap attainable. To establish the relative importance of 

the guide magnetic field and G , they were varied independently. First,' 
" n " % 6 • 

two sets of ion trajectories were run with 8' = 16 in l.S-cm 

diameter channels carrying currents of 50 kA and loJ kA, respectively/' 

At 50 kA, the overlap current density gain was U.3"and it only increased 

5% for 100 kA. The'results of varying 3 with channel currents of 100.-kA 

are shown in Fig. 2. The current density gainTsaturates between values 
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,of <•> and 7 for r.mall Angles. This saturation depends on the number of 

c'.'-inn'.'l:: ani ' . in a manner discussed below where analytical overlap 

f .L. ii:.iitô  are i'lven. 

':i.e aiterr.atinK channel configuration aro^e BE a suggestion during 

.--,r.s- :i.-c-i.-;:-ian.: on channel configuration::-. Figuves 3 and ~ sho-* the 
If 

i! ftVren^e in several r-z.,-trajectories of electrons in the standard 

w-i'-onwheel configuration and in the alternating configuration, 

rcvi ectively. The code has been modified to include the channel ed^e 

effect 1i ecus soy! in "ec. 3-3 for these calculations. Without the fields 

•l\:c to the axial return currents, the electrons in tj\e alternating 

configuration (Fig. '^) cake essentially force-free transits of the 

e^r.tral overlap region and escape radially or axially after a single pass, 

rialf of the" plasma channels provide go r d transport of the electrons 

away from the overlap region. Figure 5 show.s_ a comparison of the 

listributions of minimum spherical distance fron: the center of the 

L:;.otem fcr"the ;two configurations. The result for the alternating 

'"'•oi-fimraticn is noticeably broader, principally because of the axial 

..rreaiir,g of the beans. Since only half of the channels are being used 

zo tranrtqrt beams, the overlap current density gain drops to 1.5 frcEi 

t:Te value of 3.U for the standard configuration'. Similar results i-.-ere 

foun I for protons with an 8 divergence half-angle: the current density 

^ain drooped fron 6.1 to 2.8 in the alternating configuration. Further 

studies of the alternating configuration were^not undertaken. 

Based on the trajectory calculations, itv-.is possible to develop 

analytical current density gain estimates for electi^erro and ions. The 

formula for the current density gain achievable fror. a single 
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dick of 'A beams converging on a cylindrical surface of radius ;• is 

0 =-' \ F. N sin("/N) ~ •?; n £ 'N > 12\ 

The parameter e is a measure oiC the effective beam divergence at the end 

of the channel and ia Riven by 

where r is the beam-channel radius, P. is the geometric overlap radius, c c ' 
and P. is the mean value of closest approach to the center of the dir-k 

as obtained from trajectory' calculations using uniform current density 

-clasma channels. 

For electrons, the channel current used in the calculations was 

close to the Alfven current, so that the beams always came out of the 

channels hot, and it "was found that <: ~ U, independent: of the number or 9 e 
size of channels, provided that R > k r . If K < U r (M < 12), then * - o c o c ' f 

B ™ T , and e « csc(n/n). Therefore3 for a single-disk system of N 

electron beans the current density gain is 

( r : N > 12 
G = > e I N / U N < 12 

The maximum current density gain for multi-disk electron configurations 

seems to be limited to about 10 (3 disks) from packaging considerations. 

Future calculations will study multi-disk overlap gain in detail. 

Gonev:hat higher gains are possible for ions. For a given maximum 

injection an^le "' of ions at a radial position r, in a channel of radius 

r \r. -T ), the channel current can be picked to just contain the ion beam: 

18 



—T? KAmps ;for £.u-;'jeV 
r . r / 1 - :V rc'" p r r 

rhstr̂ e ;;tate. r •** example, if - h.3"anl v. -- . i':> i\, - current t:f v.-
;- r̂ 'juireri fcr ".C-V.eV protons. r."he initial effective i.m tercrersit-u-L-

rreserved during the channel trahscort, sc v remains a.q the important a - m 
pyraineter in the overlap estimate. 

If the effective ion temperature is large enough that the ion L*'ii.v 

can spread wore than a channel radius (R » r--; in the distance R , thet 

R » R tan u = r tan G /sin(~'/N). Of more interest is the case of 
m o m c m' • '. 

high brightness ion "beams where-R tan '.' •• r . The ion beam •loe.r; n-n, ^ o m c 
expand much after leaving the channel, and R ~ r . Tne bean divergence 

parameter in the gain formula "becomes 

cot 6 ("tan S > sinf~/MV' 
m • :.i 

f(6 1 cscfr/M) (tan -" < sinf"/••:)* 
V n . v \ n / 

The latter case is the one of principal interest, and f(-- ,; incretui'd;; 

from 1 far"'S « u/u to 2 for l- « -,/N. Note that the transition in 

parameter dependence of a. occurs at 6 ^ "/p;, which is 15° for W - 1?., 

and 2° for N = 90. 

The current density gain factor for ion channel overlay becomes 

f (0m) H A for HB B < -

G l " ""A e n for tf._ > -

Thus, for PI = 12 and v . = 2°, C. ~ 6 (see Fig. 2); and for :•: = ^0 •.•::-„:: 

the same divergence angle, ̂ . « 22. Ic should ce: noted that for thin-jht. 

exploding pusher ion targets, the gain In the energy deposition viil Ve ;; 

times that of a single beam and (J. is not a determining factor in tht-

deposited energy. 



Ai/ain,-these single-i i.-,k trains can he increase-} scrr.ewhat by usin̂ " 

~ulti-:lisk arrangements. These simple formslac contain only tne cru Je.it, 

estimate of the t-fficiency of particle transport to the target. /jtijre 

W'Tk will include- improved efficiency estimate:: an 1 rroielin̂ . 

;'oir.e multi-disk' calculations for electrons in cylindrical geometry 

were performed which show effects on electron transport not found in 

single-disk systems. Five wagon-wheel disks were stacked together, 

cylindrically with the combined discharge return currents flowinn °ut 

alon{.' the axis of the system. Eighteen cnannels per disk gave a total 

of '.'0 beams. The superimposed magnetic fields proved to be too large . 

tc allow electron transport in all but thfi central disk which includes 

che z = 0 plane. Since the deninant contribution to ?,. near trie 

overlap radius corr.es from the axial return current channels, this was 

removed by replacing the axial cl_annels by two conducting; sheet disks, 

one on each end of the stack, men the superimposed field was non-zero 

only in the 5 disks between the conducting sheets, and it was due to the 

"beam channel currents alone. However, the calculations allowed that 

electron transport was still cut off in the two outer disks. Conducting 

sheets were then added between disks to isolate each from its neighbor, 

[jow the net field was due to only those channels in a given disk. The 

electrons in all disks efficiently propagated to the overlap radius, but 

the net magnet!.:"' field in the overlap region was so low that multiple 

electron passes through the overlap region seemed unlikely. The electron 

trajectories for each disk look similar to those shown in Fig. 'i. 

These multi-disk results may seem to put us on the horns of a 

dileinma: If we configure the plasma currents to provide large magnetic 

fields inside the overlap region for efficient electron reflexing, then 

http://Je.it
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electrons cannot get to the overlap region. On the other han.l, if • 

corifi^mre for goos; electrcr. transport, the l'iel-in ir. t::e overlap re 

.re -- :" --:ea> for efficient electron roflexlr.g. •''V.-evcr. : t . cc:-.' : 

to ieslssr configurations which avoio this ii:e:o:.a :•;/ a ; :i:.,; t i e r " 

if. t-.e overlap region as discusseif'further in :-eeti;r. IV. 

H i . Thin-Foil ;<-n..-:tlr,:. 

"ip t. .i- section we introi-ee c o m - i m a l «•;';•<•>•;.• into : i- «..-

plasK-i-chnnnel transport of ..'ectipn il ]n -rn-r t.. tu •;.' !.!,• '••• -1a 

interaction in'tj; te presence of z:ie cha:,nc-j i'it] i. . .-.< ar- i r ; -r ' 

ij.ten-.-.tol in the 'beaiv,-tar,;et eounling efficiency an i the .•;'.•;.-•.• : 

it-position, in f.ectlon 3.3 w<; review the results ->i-t.-= Iri.• •• V r .-. •• • 

single-nisk, multibeaii configurations similar to those Mscus.:,- i 'i. 

Section 1,1, but Kith cylindrical tantaluii. foil:- t-- . i:.-,Ia'< •:•::, •' 

pusher targets . Before";-ioir.r . 0 , tiav/ever, -,-;e eonsi ier '.v.- •••:€••:'.' ' 

beaBi-target geometries, i-'irst, we investigate axial ir..;<-oti':. ••!' 

Seas into a planar tantalus foi l ;.n ii'icr to st-sh/ the l a s ! • :.,•••. • 

of tearr.-fcil interaction t.ithir, channel f i e l l s . Ties.: tt.-i!l.s ai • 

Tttesilial application to the iesirn of a-h.-ancea brersstra:.: sn * • • I :• 

for effects tes t ing. We then briefly eonsirler in.'eetian .-f a ra ; • . 

converging rhisk 'sear. betv.-een tv;c tanLalui:: foils with a>:iai refusa • 

»••!•. Axial Injection into tingle- voii 

The i n i t i a l series of calculations involved t:ie sln.cies*. 

geometrical arrangement: the interaction of a cyl inir ieal ly syas.etsi.-

RKL- with a planar target fo i l . T.:n nagnetio f i t l l »as assus" . i : , 



:>f an infinitely long plasma charmed with a .radium cf 0.3 cm and & uniform 

current density of li77 Y- 10 5 amps/cm (I, - 1-25 I for C.c* v.sV-. A 

uniform REP of C1_&v ,̂'V':eie~ex;-c>ns (typical of the Hydra source), having 

the .:ame initial radius as the plasma channel an-j a 2" cosine-la-.-; angular 

listri'nution, was injected into this channel parallel to the channel 

electron current. An R-Z plot of 21 sample trajectories in the channel 

field is shown in Fig. 6 where the beam is travelling in the positive-Z, 

iirec'-.ion. Transport over thitv 1.2-cm distance was roughly 97% efficient 

lue to the Alfven current limitation, with the radiut, of the transported 

Vetir being slightly larger than the channel radius. 

A 12-um thicK tantalum foil with a radius of 1.5 cm wac selectee 

as the target. Having verified efficient beam, transport in vacuum, we 

were then justified in injecting the bear, at the surface of the target. 

An K-Z plot of ICO sample trajectories is shown in figure 7. The front 

surface of the foil is at Z = 0.0 cm, so that; the region Z < 0,0 .-how- the 

trajectories of eollisionally reflected electrons. Seme of the more 

important quantitative results from this calculation are tabulated in 

Table I (calculation #1). On the transmission side of the foil there 

is nothing to prevent continued forward beam propagation so that Q&fa 

of the electrons are transmitted, and the mean number of reentries per 

source electron is only O.67. 

In order to reduce escape by transmission, the channel current on 

the transmission side of the foil was reversed in calculation #2. The 

current reversal did inhibit transmission, but as can be seer, in the 

1000-trajectory R-Z plot of Fig. S, the electrons simply "walked" out 

radially until they escaped through the lateral cylindrical escape 

boundary. Tho mean number cf reentries rose tc 3-0£, tut &?, is evir:er.t 

22 
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Recapitulation of results obtained for the transport and target-
foil interaction of an HER in a plasma-channel magnetic field. 
Numbers in parentheses are the estimated one-sigma statistical 
uncertainties expressed as percentages of the given quantities. 

Channel 

c a l c u l a t i o n # (cm) 

I - l 3 0.3 

1-2* 0 .3 

I - ? b 0.5 

I -U° 0.5 

1-5* 0 .5 

Act-roximate Number Escape '.V 

Transmission Reflection Lateral 

13 
6? 

2e^n> Mean 
/street Specific rawer Imposition 

Metis Coupling " (7,J'.- MA) 
Ifunber r.T Efficiency VJithln & I-::Hius 3f 
Reentries (<̂ ) 1.5 cm 0. 3 cm 

l l • V 3 8 .561 (1) o.Wft <D .. 8.711 (1) 

9U 3.06't 2 J . F 3 (1) i . i o y (1) 7.65? 0 ) 

'>•'; 5 . S'30 .- 3d. j o i l l , ' 2 . 2 :0 0 ! 7.6;-; : i ; 

r- v . U i 
3 i , i 5 ( l 1 3.077- i 1 ' 9 . 5 i ^ 

.".f-CT 22 .23 f ' 3 ) l.feS3.,, (?) n.C. U ; 

Conduction electron current density of - 180 .kA/cro ' in the REB direction on "both sides of foil. 
Conduction electron current density of - l80 kA/cm in the same and opposite directions as 
the REB on the injection and transmission sides cf the foil, respectively. 

"Conduction electron current densities njf ~ 180 kA/cm and ~ 3^0 kA/cm in the same and 
opposite directions as the REB on the injection and transmission sides of the foil, respectively. 
Conduction electron current densities ,of - 180 kA/cm" and ~ 3^0 kA/cm in the same direction 
as the REB on the injection and transmission sides of the foil, respectively. 
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i-^t t-hr^u^h i.ir&r.zr.-.Lvzior. eacarc. :^v:evcr, ever. tho:^h there '..-a.: a 

.e: vitel within the initial boar: radi'.i:- vsr the hiphe.-t thieved In., 

ti-.i.-. single-foil reries. Furthermore, the r:ean nunber of reentries is 

r/.cre- than ';." tires that', 'drtained in calculation -rl— the- .inly nther ca::r 
ll 

where tho fir] L on the transr.ijsicn .'lie was in the direction of 'car. 

i' -ra^at'. n. ! 

ihe results of "he^e single-foil ea" culbtio:i:: can be ur. iersto- ] i y 

?;nriierat ; n -f the elates of electron orbits in a uniform current 

ier.sity channel. Pierre 1C presents a qualitative schematic repre-:ei:tati'.:i 

of a rlasns channel for the following discussion. The radius of the 

current-carryine channel is r snri the ratius which enelor*:s the Alfver. 

critical current for the energy of the bean electrons is r.. An 

electron n.oving axially feels a Lorentz farce which is radially inward 

(F^) if it is moving In the sair.e direction 'v^) as the plasma c~ii'iuetj.<. n 

electrons. If its axial velocity is anti-parallel (v ) to the- electron 

conduction flow, the Lorentz force is radially outward, or dofocusinr. 

To lowest order, then, electrons injected with v. tend to be. confine] 

in the channel, whereas electrons with v tend to be ejected fro::, the 

channel. This is true for electrons injected inside r„, which is laicle; 

the ncr.-adiabatic region. Since the scale length of the nagnetie field 

is smaller than the Larmor radius in this region, electrons do not complete 

a bailor orbit and adiabatic drift theory does not apply. 
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7jr electron orbits outside r , the field is strong enough so bend the 

electr.::; trajectories into complete Larr.cr orbits, so adiabatic drift 

z':ie~-vy \?.?z apply. The tv:c drifts of importance for axial transport arc-

the rrad-~; drift and curvature drift. The latter provide? (-ui'iin£-

center^.vntioh in the sa:r.& direction as the electron conduct ion current, 

/..e iirection of the gradient irift depends on •whether the field is 

increasing or decreasing with radius. The gradient drift inside r i,z 

opposed to the direction of the electron conduction flow, and it i._ in 

the sarr.e direction for orbits outside the channel radius. The ratio of 

the gradient drift to the curvature drift is given by the kinetic energy 

ratio v./w", where w.: is the electron kinetic energy along the magnetic 

field (azir.uthall direction. Tra-'ectory calculations have been performed 

where this ratio was computed and the gradient drift was found to be 

predominant. 

Based on these considerations, the single-foil results can be 

explained as follows. In calculation #1, the electrons lost very little-

energy in a single pass. Since most of them were in the non-adiabatie 

propagation region, the foil interaction represented a small perturbation 

in their trajectories and they just continued propagating along the 

channel on the transmission side. In calculation #2, the current on the 

transmission side was reversed, so that every time an electron passed 

through the foil it found itself in a defocusing field, resulting in a 

succession of radially outward steps and a predominantly lateral escape. 

Calculations #1 and #2 had r A « r f 0 r injected electrons so that the 

annular region of predominantly backward gradient drift shown in Fig. 10 

did not"exist. The small fraction of escape by reflection was probably 



h;o l-.-t sufficient f-ncrĵ y TOES in foil transits by some electrons so that 

i.'.ry bcc:u:.c &.?:Mbatic inside r, and could gradient drift away from the 

f. '!. "alculation -:0> supports this "because in this case r. < r for 

•.Vic initial electron energy ar.-i the bacto:ard gradient-drift region must 

be 'i'̂ .':sed by laterally escaping electrons, resulting in larger 

transmission and reflection escape by this mechanism. Ey increasing 

the field on the transmission side in calculation #U, the predominant 

effect wfis that the radial step was made much smaller on the transmission 

side, causing more reflexing through the foil, higher deposition and 

l;>'.-;er escape fractior,' '•' The fact that the fields on both sides of the 

foil were defocusing for reflexing electrons in calculations 2-k prevented 

significant enhanced energy deposition inside the initial beam radius. 

In calculation #5, the current on the transmission side was reversed, so 

that on this side t-»e reflexing electrons took an invar a radial step 

resulting in the "best specific deposition obtained in the single foil 

calculations. The relatively large transmission coefficient was due 

to three effects: 

a) transmission of the central cere of the incident electron 

beam inside the radius of the Alfven current on the transmission side, 

.b) grad-B drift of electrons outs ids. the channel radius on the 

transmission, and 

c) curvature drift of those electrons that exit the transmission 

side of the foil with velocities nearly parallel to the magnetic field. 

It has become obvious to v.s that the deposition attainable in these 

calculations was limited by the existence of axial particle drifts 

sway from the foil. 7:1 is has led us to propose different magnetic field 



configuration;; in Sec. IV on the transmission side of the foil so that, 

uny particle drifts will be "beneficial. 

j.Z j-adial Injection between Foils 

Another scheme investigated va.: that .;>f radial in.jection of a 

ii:v. "rear: between two foils. Having already verified propagation of the 

T'~2;,2 through the "olasma channels (Fig. 6) and assuming that; they combine 

to fonr. a disk oeam at the overlap radius, we attempted tc simulate this 

scheme v:ith a 0.6-cm lon^, l.G-cm radius, uniform cylindrical source 

between two parallel, 1.0-:". radius, 12-^m thick planar foils, For 

the source-electron directions we assu.-r.ed a cosine-lav; distribution with 

respect to the inward normal to the cylinder over a 2'T solid angle. The 

region between the foils was taken to be field-free. Outside the foils 

the field was assumed to be that of a uniform return current -;f 1>0 c.A 

(one half the estimated 300 kA total channel current! with a radius of 

1.0 cm and with conduction electron flow .Urected away from the foils. 

Results from this first calculation (#1) are shown in Table IT. An ?;-Z 

plot of 100 sample trajectories is shown in Fig. 11. 

In calculation #2 of Table II, the channel return currents were 

assumed tc flow in a solid, conductor ;-.it.h a radius of 0.C2? cr . There Lc 

some modest improvement over calculation ^1 with a 50 percent increase 

in the energy deposition within 0.3 cm of the axis. 

In calculation #3) the return currents of the previous calculation 

were sir.ply reversed 'toward the foils). This rather unrealistic 

scheme merely led to 1C0 percent lateral escape as shown in Fig. 12, 

with little improvement in the parameters of Table II. 
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R e c a p i t u l a t i o n at r e s u l t s obta ined fi'Or.L the CYT.--M mode J of the t r a n s : ~ r t 
mv.i I n t e r a c t i o n of an REE wi th a d o u b l e - f o i l t a r g e t in a plG-r^a channel 
n.a^netic f i e l d . I&unbera in p a r e n t h e s e s a r e the i-y:.t m a t e 3 one-sigrna 
s t a t i s t i c a l u n c e r t a i n t i e s expressed us percent; : of t h e £?_ven - u i a n - i t i c s . 

Ca lcu la t ion ii 
iJ-L. Mean Number 

Transm U : : ion Ref l ec t ion L a t e r a l of E n t r i e s 

35 36 31 1.7'i3 

35 33 33 !\."67 

0 0 101 1.937 

Feair.- Average 
Target S p e c i f i c .'over Lepe^i t ion 

Coupling c . , Ti;/g -'yj-.) 
Eff ic iency Within a Radius of 

,'•?) 1.0 crM O p cr. 

9-229^(1)' 0,5899 .1) 0.5976 ,3' 

1 2 . 2 1 ; D 0.7S05 ' i> "; , ; 0.9c?;. ;?^ 

10.17 (1) 0.6502 (1) 0.5336 {3} 



3-3 Tfcltiple H53 Transport in Nonaxisymmetric Plasma-Channel 
Fields Proto-Il 

The magnetic fields for the stan-lard wagonwheel configuration 

discussed in Sect. II were incorporated into the CYh-r:-!'code. Since 

the standard cosine distribution used for near, infection results in so&e 

beam trajectories outside the channel as shown in Fit;. 6, ve decided tc 

rxdify the distribution, to produce a team radius patched to the channel 

radius. V.'e employed a modified cosine-lay distribution in which the 

cylindrical coordinate components of the initial velocities are defined by 

V = V [1 - I>/r ) ] r r c 

2 2 1 / 2 v' = v ci + -:v N r :r;r n s z r 2 c 

where the unpriced components are sampled from the cosine-law 

distribution, r is the radial source coordinate, and r is the radios of 
c 

the plasma channel. This modification results in a vanishing radial 

cosiponent at r = r and an unmodified cosine-lav; at r = 0,0, With 

this distribution ve obtain the trajectory plot shown in Fig. 13. The 

HEB has a well-defined "envelope with a bean radius very nearly equal to 

the channel radius. 

'' We are now in a position to discuss the predictions of the CYL3' 

cede for the interaction of multiple REB's from Proto-IT with car.-sha-red 

tantalum targets having dimensions of the order of the channel radii/' 

The bulk of the calculations involves a single disk of twelve 6o kA 

plasma channels (like spokes in a wheel) injecting the twelve FEE's 
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radially through the^cylindrical surface of the can. IHectrons arc 

sampled - ni family over the plasma channel cr̂ :̂- section at a distance of 

~.0 cm from the Z axis. Half the total. t'li-tir-nel current was returne I 
V 

axially through each of the plasma channels at either end of tne can. *J^ 

•prir.ary concern was the dependence of te,::-target coupling efficiency 

an:: specific power deposition upon dimensional parameters sf the target 

an i plasma channel a. V.'e also tallied the mean number ->f target entries 

per'Jsource electron. In contrast to the mean number of reentries tallied 

in Sec, 3.1, this talley includes the initial entry of the source 

electrons. 

Results of the fifteen calculations are summarized in,Table III. 

Except where footnotes indicate otherwise, beam channel radii were 0.3 cm, 

radii of return current channels -.'.'ere 1.0 cm, and the magnetic field was 

assumed to be>zero inside the can. From calculations 4l through ?•-, it 

appears that a wall thickness of about 30 -:r. is best for ortLmizlnr: 

both coupling efficiency and specific power lecj.-ition. Calculations ~2.r. 

and #3 show that the presence of the field within the can has little 

effect. Calculations #6, #8, and #14 show that reducing the can radius 

increases specific power deposition, but reduces--the beam-tar get-,coupj in­

efficiency. In calculation #5, an attempt to prevent escape of beam 

electrons by placing total stopping ''reflectors'' opposite each end of the 

can failed because the drift due to the return current channel fields 

prevented transport back to the target. Most reductions in dimensional 

parameters had only a modest effect on the results. However, the final 

calculation shows that specific power deposition-is approximately 
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H e o a p i t u l a t i o n o f r e s u l t s o b t a i n e d i 
t r a n s p o r t i n n o n a x i s y m m e t r i c . p l a s m a 
^ m l i e r s i n p a r e n t h e s e s a f t e r c o u p l i r 
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W a l l 
Can H a d i u s Can L e n g t h T h i c k n e s s 

( a n ) ( c m ) (l^m) 

rrom t h e CY!iI 
c h a n n e l f i e M 

1^ e f f i c i e n c i c 
e x p r e s s e d a s 

Can Mass 
( g ) 

0 . 2 1 ( 0 3 

: r o l e l _ o f i!.! 
If, f c ^ - ~ ; T o t o -
:s a r i r - t l i e a 
p e r c e n t a g e s 

Mean Number 
o f K n t r i e s 

5 . 8 3 8 

l l t L p l e : -Jh 
• ! I . 

•t imated 
of t h e 

Dean, Target 
Coupling 

E f f i c i ency 

if) 

S p e c i j 
powe] 

D e p o s i l 
( T K ' g . ' j 

1 . 0 1 6 

' i e 

; i o n 
•1A) 

l a 

. t i o n //-

1 . 2 0 . U 12 

rrom t h e CY!iI 
c h a n n e l f i e M 

1^ e f f i c i e n c i c 
e x p r e s s e d a s 

Can Mass 
( g ) 

0 . 2 1 ( 0 3 

: r o l e l _ o f i!.! 
If, f c ^ - ~ ; T o t o -
:s a r i r - t l i e a 
p e r c e n t a g e s 

Mean Number 
o f K n t r i e s 

5 . 8 3 8 16.27 . 2 ) 

S p e c i j 
powe] 

D e p o s i l 
( T K ' g . ' j 

1 . 0 1 6 

? a 1 . ? 0.H 30 0 . 6 0 0 8 5 . 6 0 7 1(0.28 C3) 1 .0O6 •:i" 

3 1 . 2 O.lt 30 0 . 6 0 0 8 5 - 9 0 ' ( . 1(2.80 (2> 1 . 0 6 9 ( 2 ) 

li 1 .2 O.k 6 0 1 . 2 0 1 5 >l . ' (75 <•' 61 .87 ( 1 ) 0 . 7 7 2 ( 1 ) 

5* 1 . 2 0 . ' ( 30 0 . 6 0 0 8 . . . . . h i . 55 - 2 ) 1 . 0 3 7 ( 2 ) 

6 0 . 8 O.ll 30 0 .3001* 3.659 25.1(6 ; 2 ) 1 . 2 7 1 ( 2 ) 

7 1 .2 0 . 6 30 0 . 6 7 5 9 6 .300 '(5.05 ( 2 ) 1 . 0 0 0 ( 2 ) 

8 0 . 8 0 . 6 30 0 . 3 5 0 5 '1.273 30.18 ( 3 ) 1 . 2 9 2 (3) 
9 1 . 2 , 0 . 6 Ho 0 . 9 0 1 2 5 .901 5 6 J U ( 2 1 0 . 9 3 8 ( 2 ) 

10= 1 . 2 0 . 6 30 0 . 6 7 5 9 6.1(19 l(5Vf6 ( 2 ) 1 . 0 1 6 ( 2 ) 

1 1 s ' 
, c 1 .2 0 . ' 6 30 " 0 . 6 7 5 9 6 .218 Vt .79 (3) • 99l( ( 3 ) 

1 2 = : ,d 1 . 2 0 . 6 3 0 0 . 6 7 5 9 6 .853 '19.03 (3> 1 . 0 8 8 ( 3 1 

13 a > 
, c , d 1 . 2 0 . 6 30 _ = 0 . 6 7 5 9 6 .571 __1(5..J5_ , ( 2 ) 1 . 0 1 3 ( 2 1 

Ik"'- 1 d 0 . 8 0 . 6 30 0 . 3 5 0 5 k.abi 3 3 - 7 U v3) I . H V ) 13' 
15=-

, d , e 0 . 6 0 . 3 30. O . 1 6 9 0 6 . 1 2 0 1(3-80 C) 3 . 8 8 8 '•M 

Field on inside can. 
OJi-cm tantalum reflectors opposite-each end of can. 
Axial decay length_ of magnetic field reduced to 0.3 an. 

1 RadLu:; of return current plasma channel reduced t.o 0..-J cm. 
Radius of lx-am current plasra channel reduced to Q.I1) era. 



J) '• proportional to the inverse square oif the beam 
other dimensions are scaled accordingly, with Hi 
target coupling efficiencies,. Figure 1U, where 
can are not shownV was obtained for calculation 

I'itrajectory' plqts forN^he calculations listed in 
\) We also carried out Sb series of calculations 
r-frcm calculation #7, we successively increased tb 
by factors of two. .-.There was no noticeable inc: 
target coupling efficiency or in tne!specific p< 
appears that the effect of the decreasing Larmor 
have increased stagnation, was offset by an incn 
caused by the increasing magnetic field of the rei 

Again, in this series of\ calculations, we hai 
limited by unfavorable particle drifts away from 
the next section we propose some configurations w« 
from these effects. 

IV. Summary 
One of the most important thing* learned^in XSE'ii'sEs^S 1 

role of partiele drifts in. systems with axial^i 
electrons provided the principal escape mer*'*— 
beams"must be transported in current' 
little that can be done to change the fielA Cflfr^g 
side of the target foil. However, the ftej 
transmission side of ;the foil can bC 
drifts and prevent beam propagation Jl 

. _ « _ . . Nl I II 







is a single-ended cusp which produces azinuthal steps for reflexing 

electrons on the transmission side> and a mirror point to minimize bea:r. 

transmission. The gradient drifts are also azimuthal, so the beam 

does not spread on the transmission side cf the foil. J&lculaticn^ vith 

this type of single-tear, geometry are planned. 

It was found that multi-dis>. systems must be magnetically isolated 

frcr. each other to allow efficient beam transport to the overlap region. 

This results in a nearly field-free overlap region if the channel 

currents are returned along the conducting sheets between iis'its. Althcû ;r. 

it is not necessary to return the channel currents in this way., it is 

desirable to avoid large azimuthal magnetic fields in the overlap region 

because of the undesirable gradient drifts they cause. A better field 

configuration in the overlap region may be an axial field with mirror 

points just outside the axial extent of the overlap region. Such a 

field could "be applied by a small axial Helmholtz-coil arrangement. 

The mirrors would prevent axial electron loss and the axial field results 

in azimuthal steps and azimuthal gradient drifts inside :the target foil. 

Some beam loss would still occur on the channel side of the target foil. 

Studies 'with this configuration arc also planned. 

Analytical estimates of overlap current density gain for electron;.- ana 

ions have been derived for cylindrical target surfaces in single wagonwheel 

disk configurations. Calculations have produced overlap gains of up tc 3 

for a single disk of electrons and up to 6 for protons. \Tnese studies will 

be continued to spherical configurations. 

file:///Tnese
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