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Unigue measurements of the basic plasma-flow characteristics in a low prés&iBemPa H)
spherically convergent ion focus are obtained using high-volfsgfe kV) emissive and double
probes. The radial plasma potential distribution agrees with a collisionless, recirculating,
space-charge-limited current model. Flow convergence increases with voltage and neutral pressure
and decreases with cathode grid wire spacing and current. Core radii within 4-5 times the ideal
geometric limit are measured, and the observed core sizes are consistent with predictions from a
multipass orbit model which includes asymmetries in the accelerating potential well. A virtual
anode is observed in the converged core region, and no evidence for multiple potential well
structures in the core is found. Measurements of the core ion dénsityl0*> m~3) are consistent

with simple flow convergence models. @997 American Institute of Physics.
[S1070-664X%97)02701-9

I. INTRODUCTION sources(10°~10' particles/$ suitable for neutron activation
i ) i or scattering analysis, oil well logging, and detection of
‘The spherically convergent ion focGSCIF) is an alter-  .hemical weapons or explosivésiowever, the higher range
native plasma confinement scheme in which ions are electrQs hese required fusion reaction rates exceeds those

statically confined, accelerated, and concentrated at fusiony.nieved in SCIF devices to date 10 n/s D—D,<10' n/s
relevant energies. lons introduced at the edge of the SySteﬁ_T)_l—&S ’

fall into a spherically symmetric potential well formed by a The SCIF concept was originally conceived in the

highly transparent cathode, and a condensed core, consistiigs50s8.7 and experiments started in the 1960s using material
of monoenergetic ions, forms in the center of the deviceyqy glectrodes to provide the accelerating potentidsrly
Individual ions oscillate in the electrostatic well, and a recir-¢,sion reactivity measurements indicated higher-than-
culating, non-Maxwellian flow results. Fusion reactions thenexpected neutron production, and work continued through
occur from high-energy collisions between the counterye early 1970s until power balance estimates showed that
streaming ions or with background neutral particles. these gridded-cathode systems could not extrapolate to a

While many others have done experimental studies oy ver production facility. Recently, new theoretical con-
these types of devices, they have concentrated mainly Ofepts and analysésl® potential engineering and medical

fusion reactivity measurements with relatively high ne“tralapplications“,’g plus a renewed interest in alternative con-

- 1-3
pressure glow discharges-130 mPa. "™ In contrast, the o5 for fusion power production have all rekindled discus-
Wisconsin Spherically Convergent lon FodW¥ISCIF) ex-  qion of SCIF devices.

periments concentrate on determining the basic plasma char- |, gqdition to gridded systems, two other approaches
acteristics of the ion flow for lower pressute’53 mPa,  yhat generate virtual cathodes and avoid the power and
driven (non-self-sustainingdischarges in hydrogen. In this gesg-0ading problems with grids are currently under study.
regime, the ion flow is essentially collisionless with respectyq is the Polywell™ concept, wherein a polyhedral mag-
to neutral particle interactions. The first direct measurementgqyic cusp configuration confines high-energy electron beams
of the central ion density, radial electrostatic potential pro-pat form a perfectly transparent virtual cathédeThe sec-
filg, and_ accelerating potential_ asymmetries are also providegyq approach confines high-energy electrons in a Penning or
using high-voltage electrostatic probes. similar trap, which results in a spherically symmetric poten-
Potential advantages of a SCIF-driven system are thafy| \yel| for jons?® While these gridless devices have more
energetic ions are easily obtained, the cathode potential Mgy, mise for higher reactivity, recent theoretical appraisals of
be tuned in energy to the peak cross section for many differs,cp systems, which more extensively account for thermal-
ent fusion reactionsi.e., D—T, D—He, p-"'B, andp-'Li),  j;ing collisional effects and the overall power balance, deter-
and the fuel inventory is lower than conventional partlclemine that a power production scheme is not possible based

sources. SCIF devices can then produce high-energy neyp these types of devices without circumventing these basic
trons, protons, alphas, etc., and they may make attractivgg edl12

Despite the differences in the origin of the confining
dElectronic mail: thorson@uwmfe.neep.wisc.edu electrostatic fields, a common figure of merit for all proposed
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SCIF approaches is the attainable degree of focusing of the
ion flow at the center. This is known as the flow conver- '
gence, and it is a critical parameter for all high-reactivity gyl | _ _ _ _ _ _
designs which rely on the counter-streaming ion flows pro-
viding the system reactivity. Physical processes that may
limit or determine the flow convergence include the structure =
of the electrostatic well in the presence of the ion flow, the &
magnitude of asymmetries in the confining potential, and
scattering collisions with background neutrals or counter-
streaming ions.

The presence of any virtual anode structure, due to ex-
cess ion accumulation at=0, can perturb the ion flow and ® |
convergence as well as change global collisional effects | |
through changes in the ion energies locally 0. In addi- | |

re Edge

tion, this anode would presumably trap electrons, and some re Feat R
investigators, using one-dimensional theoretical models, sug- Core  Cathode Anode
radius  radius radius

gest that a secondary virtual cathode may form inside the

virtual anode"?13t is further speculated that an energetic,

recirculating population of ions could be trapped in this vir- FIG. 1. Definitions for the four regions of interest in a SCIF device.

tual cathode, which may explain the high reactivity perfor-

(rjnance O]f the (ra]arly expenmgnlt s However,hno th)) ncIusmée EVlsyrements of the flow convergence, electrostatic potential,
ence of such core potential structures has been observegd ., density are presented here.

experimentally, and models that relax the perfectly radial,

collisionless assumption do not predict the multiple-wellII ELEMENTARY ION FLOW CONVERGENCE MODEL
formation®~ '

Potential well asymmetries are usually defocusing and ~Understanding the behavior of the ion density and veloc-
hence would be expected to degrade the spherical ion flovity distributions is critical for estimating or extrapolating the
This, in turn, leads to a more diffuse central ion core regiorfusion reactivity of any SCIF system. To lowest order, these
with a correspondingly reduced fusion reactivity for SCIF distributions can be approximated using an elementary colli-

devices that rely on reactions between the counter-streamirgj®nless ion orbit model where only radial dependencies are
ion flows (beam—beam dominated considered. Any perpendicular velocity of an ion is included

The convergence to a high density core near0 can in this model only in conserving angular momentum, and

also be significantly influenced by collisional perturbationslher](‘j:e thﬁ r?d'all vlelocr[y of_the flow_mlg #]nS_ IS ((jj|rect_ly rdg-
of the recirculating ion orbits in the potential well. Nevths ated to the local electrostatic potential. The ion density dis-

and Ridet? predict that thermalization of ion flows through tre"t:]ltjt.'r(])':h's (tjr:aencgetermmed by conserving the total ion cur
core collisions would lead to the collapse of the convergencé ! vice. .
. . ; . . : The actual situation is, of course, much more involved.
in an idealized highly recycling central ion flow. Although : e
. ; . ) The local ion flow, electron distribution, and the plasma po-
the gridded experiments studied to date find a steady flow_ .. [ = = . ; .
tential distribution all interact and adjust themselves accord-

convergence, the particles are removed at a rate faster than . : o :
- ) . ingly to achieve a self-consistent equilibrium. This leads to
the thermalization raté.e., via grid or charge-exchange col-

lisi S | deviations of the plasma potential distribution from the im-
ISions, see ec. ). L osed vacuum field. For example, excess ion charge in the
In spite of these arguments, there is little or no pasl}t)

, : ; . ore region can lead to a virtual anode region there and cause
experimental data on the generic behavior of the ion oW, 4tering of the incident ions. A full description of the sys-
and flow convergence in SCIF devices. The purpose of thg,y, in dynamic equilibrium awaits solution of the Fokker—

present work is to provide such critical data, which will, in pjgnck equation in the fully three-dimensional environment.
turn, improve the fundamental understanding for all types olyq\yever, the simple ballistic model discussed here is tradi-
these systems. A flexible, gridded-electrode scheme is ch@pnally taken to provide a lowest-order description of the
sen for these experiments due to its relatively simple andystem, and it can be employed to indicate the expected scal-
inexpensive design, and electrostatic probes and visible imngs of critical parameters with system properties and thus
aging diagnostics are used to characterize the ion flow.  provide a starting point for comparison with experiment.
This work concentrates on relatively low density, lower In order to justify the collisionless assumption, a com-
energy (n~10'® m™% E;~5-20 ke\j SCIF operation, parison of the various ion collision rates is needed. For the
where previous experiments indicate significant fusionion densities and neutral pressures studied in the WISCIF
reactivity’ > Lower neutral pressure(<53 mPa H),  device (see Sec. IV beloy the ion—neutral collision rate
“converged-core” ion flows are studied in order to minimize (~10%s) is lower than the effective ion—cathode collision
the effects of neutral collisions on the flow convergence. Theate (~2x10°s).X® The ion—ion collision rate is-10 /s for
resulting discharge characteristics are also different than thile counter-flowing ions aneé-10%s for the co-propagating
glow discharge modes studied previously, and unique medens, and they are therefore less significant than the ion—
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- - where T ;(R) is the edge perpendicular ion temperature.

- r ——+vr Thereforer. should scale as the inverse square roofeft
Assuming no sources or sinks of particles, total current

conservation demands that (r)v(r)r®=const for allr,

where n;(r) is the local ion density. The expected steady-

state radial profile is then

R\2 v(R) R\? [E\(R)
ni(r):ni(R)(?) W:ni(R)(?) G0’ (2

whereE,(R) is the radial energy of the ions at the edge.
Angular momentum conservation also prevents the ion
density from diverging ar=0, and a constant density is
invoked in the core to provide a lowest-order estimate. Since
the effective core area is a circle of radiys the core den-

FIG. 2. Qualitative behavior of the ideal background ion velocity distribu- Sity estimate becomes
tions in the lab frame for the different regions of inter@stt to scalg—(a)

(c) Plateau

Vg Ve

edge: cold, thermal atv)=0, (b) mantle: lowT;, v,<v., () plateau: R\? v(R) R\?2 E\(R)
v,=*uv,, (d) core: isotropic shellv,|=v,. In all casesT;<®,. nic:4ni(R)(r_) =4n;(R) r qb, (©)
Cc C C Cc

This model conserves average angular momentum and total
particle flux, and while it fails to keep the density continuous

l(;athoge aqdl|og—n§utral coIhsmi‘%Smfcehthe 'OE Igetlrr;]e IS atr., Eg.(3) should provide reasonable scaling estimates for
Imited mainly by the transparency of the cathode, the ion omparisons with the experimental results.

essentially appear as a collisionless species until termination By substituting forr . from Eq. (1), an estimate for the

at the cathode. . )
convergence factofratio of core to edge densitys found
The ion flow characteristics change throughout the SCIRom Eg 3 ofr g Hy

system, and it is helpful to distinguish them for different

regions(see Fig. 1 Nc _ 16 VE(R) Ja. @
=R edge, n(R) 9 kT, (R V9%

Therefore, the core density should optimally scale as the

< . .
l eat<F <R—mantle, square root of the core potential for given edge plasma con-
ditions
r.<r=<r—plateau, ' : o . .
¢ car*P The core density and system reactivity will ultimately
r<r.—core, depend on how much recirculating ion current can be sus-

tained, and the resulting ion space-charge limits the magni-

whereR is the anode radius ., is the cathode radius, amd  tude of this current for steady-state systems. The ideal space-
is the core radius. charge-limited ion current between concentric spheres

Figure 2 indicates the idealized background ion distribu{mantle regiohis
tions for the various zones identified above. For the low pres- a
sure discharges, a cold plasma is generated at the edge, and _16meq 29V

: : man— ~ o A2 5)
any ions moving toward the cathode are accelerated to full 9 M «

energy in the mantle region. The plateau zone ideally con-

tains monoenergetic ions inside the cathode, and the Co'gzzrrzrfocésbte:htsvggr?rl\tg\gtyhg:efsreznsgzceéolri:ﬁc;ﬂi%gr
distribution consists of a thin, spherical shell in velocity that is related to the rgdii of, the sgherical olectrdfes
space at a radius of the core velocity. P

Angular momentum of the ions at the edge, due to theil[awln(réR)]l' ASSlémmg no sourcels or sinks of padrtljcles'be-

perpendicular thermal velocity, (R), will keep the flow tween the ebectrol E(ZOPS'SLem a;[ ow pressure and denfsity
from perfectly converging t@ =0, but to lowest order one Eq. (5 can be solved for the voltage
can assume the flow is converging to a radigsdefined as 9 ar (1) M
the core radius. All ions are assumed to be noninteracting V(r)= “167e. . V24
and flow through the core with a velocity. = 2q®./M, 0 a
whered .. is the electric potential in the coféor ®(R)=0],  wherea determines the radial dependeree-0 asr —R).
g is the ion charge, ant¥ is the ion mass. By setting the This equation, derived originally for solid electrodes, also
average angular momentum of the ions at the edge equal twlds for semitransparent grids with counter-streaming ion
that of the ions passing through the core, flows if |,,, represents the total recirculating ion current
M{v, )R~(2/3)Muvr, the core radius is then given by between the spheres.

2/3

: ©6)
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FIG. 3. Schematic of the WISCIF device including typical operating volt-
ages. The grid dimensions listed in the figure are diameters.

Intensity —

For a gridded system, the amount of recirculating currentg. 4. A ccD camera image of the +emission for a 17 kV, 80 mA
is mainly limited by the effective cathode transparency. As-converged core mode showing a 0.6 cm radius core. The grid shown is a 5.0
suming that the ions are equally likely to be lost at each pasg™ radius cathode grid with a 15° poloidal grid spacing.
through the cathode, the recirculation density enhancement
factor, &, is given by*

I 1
= m (7) cm) is placed on this grid to provide an electrostatic barrier

for the electrons, and permanent magnets are arranged
wherel ., is the ion current collected by the cathode apid  around the outer wall to enhance the primary electron life-
the geometric grid transparenfy=(open areg4rZ,]. time. The innermost cathode grid.,=5 cm) provides the

If the number of secondary electrons emitted from thedeep, accelerating potential wei—17 kV) for the ion flow.
grid due to ion impact is given by, then the measured ion The collected cathode curre(20—80 mA is controlled by
grid current(l pead is (1+ 6)l ¢4, and the recirculation factor varying the edge plasma density with the primary electron

gz

I cat

relates to the measured grid current by source. lon flows were generated and sustained in this man-
L 1+ 8) ner for_ pressures as low as 13 mPain hydrogen. Whi_le these

= . (8) operating conditions are in no way optimized for fusion re-

meas activity production, ion flows of this energy region do pro-

By comparing the measured radial electrostatic potential disvide a suitable plasma to study the basic ion flow physics.
tribution, V(r), with Eq. (6), the total recirculating current A spectrally filtered charge-coupled-devi¢d€CD) is
between the spherek,,,, can be determined, and then an used to image the core region and provide core size estimates
estimate for¢ is given by Eq.(8) using the measured grid under variations of cathode currents, voltages, potential
current. asymmetries, and background pressures. A tightly focused,
converged-core region is readily evident near the origin of
the high-voltage cathodsee Fig. 4. The size and brightness
of this high-energy core varies considerably with experimen-
The Wisconsin Spherically Convergent lon Fo€WdS-  tal parameters, but its existence is generally robust in that it
CIF) experimental device, shown in Fig. 3, consists of threds readily attained and persists stably. While the recorded
concentric, stainless-steel wire globes housed in a cylindricaémission is likely dominated by electron-impact excitation of
vacuum vessel. An extended plasma, formed about the outhe background gas, the behavior of the core reflected in
ermost grid, provides an ion source localized at large radiithese images is consistent with the probe measurements in
Hot tungsten filament€0.01 cm diameter, 5 cm long, biased the ion core region to lowest order.
at —80 V) generate the primary electrons which accelerate  Electrostatic probes are used to characterize the plasma
towards the positively biased outer giiet 100 V) to colli-  and ion flow in different regions of the device. A standard
sionally ionize the background géypically H,). The nega- Langmuir probe provides the edge plasma density and elec-
tively biased middle grid(—80 V) shields these primary tron temperature, and double or emissive probes mounted an
electrons away from the flow region and localizes the edgelumina-Pyrex probe shaft for 30 kV isolation allow mea-
plasma to radii greater than 20 cm. A fine mesh with a spacsurements inside the flow and core regions. Observations of
ing (0.04 cn less than the local electron Debye lengt#0.1  the core plasma potential and density are limited to ion flows

IIl. EXPERIMENTAL APPARATUS
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FIG. 5. Cathode current vs applied voltage for different converged coré™!G. 6. Radial profile of the floatingWs) and plasma¥,) potentials for a

discharges showing ¥*2 dependence above 3 kV for each pressure range.13 mPa, 5.0 kV, 40 mA case. Also includésblid ling) is a normalized fit
of the Child—Langmuir C—L) potential distribution as expected from Eq.
(6) (for r>rqy).

with energies<5 kV to avoid thermal destruction of the

probes by the energetic ions. ) ) _ o
The perturbation of the ion flow is a concern using thisScans, ion flows with energies up to 5.0 kV in either 13 or 27

invasive diagnostic technique, but no appreciable change ifiPa of hydrogen fill pressure were studied, and the collected
the discharge characteristiés., cathode voltage, current, or cathode currents at these conditions were either 20 or 40 mA.
visible core sizpis observed during the measurements. In A fit of Eq. (6) normalized to the observed voltage at

order to minimize the disturbance of the ion flow, the probe’ = -0 M and using an anode radius of 9.0 cm shows good
tips only intercept<10% of the core surface area. agreement with the measured plasma potential profile, as
seen in Fig. 6. The theoretical current limit for the included

best-fit graph in Fig. 6 is 150 mA, which is 7.5 times greater
than the collected ion current of 20 m@ssumingds~1).2

Better models of system behavior and extrapolations off his roughly agrees with the geometrical recirculation factor
reactivity for higher voltages and currents can be developedf 8.6 calculated from Eq.7) for the globe usedr=0.94).
by observing the effects of neutral pressure, asymmetries, Figure 7 includes comparisons of the radial potential
injected current, and applied voltage on the ion velocity andgprofile against different currents and pressures, and the
density distributions. Hence, the WISCIF experiments dis-space-charge-limited model fits the measured data well in the
cussed here concentrate on convergence scaling and menantle region. The amount of recirculating current deter-
surements of the potential and density distributions throughmined as above also remains fairly constant for the three
out the ion flow, initially at relatively low energies where different cases studietsee Table I The effective source
probe technology can be deployed. radius and the voltage at=5.0 cm appear to self-
consistently adjust to provide the required space-charge-
limited current density.

If the ion flow is sufficiently collisionless, then a space- The observed potential at 5.0 cm is not equal to the
charge-limited flow into the high-voltage cathode would beapplied 5.0 kV due to Debye shielding of the grid wiras,
expected. Indeed, measurements of the cathode current vas-typically measured-0.05 cm and to asymmetries in the
sus voltageshown in Fig. 5 feature thev®? scaling consis-  potential because of the finite wire spacing. The measure-
tent with Eq.(5) for voltages above 3 kV in a variety of low ments shown in Fig. 6 are from between cathode wires,
pressure cases. The increase observed jnwith higher  where the plasma potential is weakest. As much as a factor
pressures is indicative of the increased edge plasma densitf 2 difference between the applied cathode voltage and the
with pressurgplasma source biases were held congtant  observed potential between grid wires is observed.

The measured radial plasma potential distributions show For neutral Maxwellian plasmas, the floating potential
detailed agreement with the space-charge potential model ifV;) of a probe is normally biased negative with respect to
the mantle regiorfEq. (6)], plus a variety of phenomena the plasma potential due to the higher mobility of electrons
inside the central cathode grid. Figure 6 shows plots of theo reach the probe surfa¢e=1. atV;). A comparison of the
plasma potential, measured via an emissive probe using threeasured floating and plasm¥(4) potentials in the mantle
inflection method® and the probe floating potential as a and plateau regions of a low pressure SCiEe Fig. & in-
function of radius for a typical low pressure cade=13 dicates the probe biases itself positive at the floating poten-
mPa H, V,=5.0 KV, 1,=40 mA). For these detailed probe tial (V;>V,) to reflect the direct ion flow and collect the

IV. EXPERIMENTAL OBSERVATIONS

A. Space-charge-limited flow

8 Phys. Plasmas, Vol. 4, No. 1, January 1997 Thorson et al.
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0.0 I 7 sity increases due to radial convergence. A complete virtual
: anode V(r=~0)=0] would be expected for the case of a
-0.5 |-P =13 mPa L perfectly converging ion flow with no electrons. Under all
< ; J‘E conditions studied, the core virtual anode is a simple mono-
-:‘, 1.0 : 7] tonically decreasing potential hill asincreases from 0 to
-‘EE 15 o rcat..Th.is structure agrees qualitatively with past experimen-
) ! tal flndlngs°’ and particle-in-cell(PIC) simulations that ac-
g 2.0 : — count for perpendicular flow velocities from a finite velocity
© ® 40mA — spread in the edge regidh.
§, 2.5 O 20mA ----- ] However, the simple, purely radial flow model breaks
g 20 | down near the origin as the impact of perpendicular veloci-
) ties becomes significant, and the ion velocity distribution ap-
35 _ proaches a spherical shell in velocity space in the core region
(a) l ] | ] I ] ] [as shown in Fig. @)]. This effect is seen experimentally
0 2 4r,6 8 10 12 14 with double-probd —V characteristics from the plateau and
core regions. Sincg>1, in the ion flow, the double probe
actually samples the energetic ion beam distribution instead
0.0 of the electron distribution as in normal, nonflowing Max-
wellian plasmas. The slope of tHe-V trace neav=0 is
0.5 then related to the spread of the ion energy distribution,
< -1.0 where a beam-like distribution leads to a large slopé-a0.
= 15 Figure 8 includes threk-V characteristics taken in the pla-
8 teau and core regions, and it can be seen that the slope de-
5 2.0 creases as the probe enters the core region. The sharp slope
E 2.5 seen in the plateau region is indicative of a low-temperature
@ 3.0 or beam-like distribution, which is similar to the ideal distri-
g ) ® 13mPa — bution expected in that regidsee Fig. Zc)]. Similarly, the
g 35 ) O 27mPa--- ] broader slope in the core region is consistent with a broad
40 7 - energy or isotropic distribution, which resembles the ideal
%‘\ % : spherical-shell distribution expected in the core region and
e i I N ] ] ] ] shown in Fig. 2d). The detailed structure of the ion energy
(b) 0 2 4 rey,6 8 10 12 14 distribution in the core region cannot be well determined
using this measurement technique, but an obvious change in
Radius (cm) the character of the ion distribution is seen between the pla-

teau and core regions.
FIG. 7. Plasma potential measurements for differ@tcathode currents
and (b) r_1eutra| b_ackgro_und_ pressures. Includeq is t‘he normalized Childg Elow convergence
Langmuir potential distributions far=r ., and spline fits through the data
for r<rea. The reactivity of a beam—beam dominated SCIF device
is inversely proportional to the convergence radius of the ion
. N - flow,® and it is important to understand and characterize any
local electron saturation current. This signifies a deﬁmencySystem parameterse., accelerating well symmetry, applied
of electron current in the ion flow, and henige- 1, for these voltage, injected current, neutral pres3uteat may limit the

low pressure conditions. The difference betwagrandV, flow convergence. For example, beam—beam reactivity is ex-

Is not as pronounced in the_ central core region, especially 19he ot to scale with the injected current squared, but, if the
higher pressure cases, which suggests a higher electron d

. : yre size also gets larger with current, the reaction rate will
sity or temperature in the core.

) . ) . then not increase quadratically.
Figures 6 and 7 also show a virtual andde., potential d y

hill) in th d . here the | h q Several measurements indicate that the converged ion
ill) in the converged core region where the ion charge ®M¢ore size reduces, and hence the flow convergence is im-

proved, as the overall current is lowered, the neutral pressure
TABLE I. Theoretical current§from Eq. (5)] and the estimated recircula- 1S raised, or the accelerating voltage is increased. These re-
tion factor for the three cases shown in Fig.(applied cathode voltage sSults are seen in Figs. 7 and 9, which show the potential
=-5000 V). structures in the core regioffrig. 7) and the half-width at
Cathode gridEff. source Eff. cathode Theoretical Estimated ?alf m;iXI(r:ngg(_HWHM)_ ra(;IUT:.Of the Cor.e (;ntenSItyhproflles
Pressure current radius voltage current  recirculation rom the : Fmage(;Flg. ) |gure_ 1@ _m icates the core
(mP3 (MA) (cm) ) (MA) factor anode height increasing with,,; while Fig. 9a) shows an
increase in HWHM withl ;. Figures Tb) and 9b) indicate
13 20 12.0 2700 i 1 a strong decrease of the core size with neutral gas pressure
13 40 9.0  —2300 150 75 g de ne | 1ze wi utral gas pressu
27 20 135 ~3400 71 71 (P), and Fig. 9b) also indicates a decrease of the core size
with applied voltageV.,).
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FIG. 8. Double-probé-V characteristics for different radii near and inside the converged core region.

For comparison, the ideal geometric limit given by Eq. The decrease observedrigwith V., is much faster than
(1) is also included in Fig. @. In all cases, the observed the inverse square root scaling expected from(Eg.and the
core size is larger than the ideal limit, but the tightest coresnost likely cause of this nonideal convergence behavior is
of 0.6 cm radius are within a factor of 4-5 of the limit for asymmetries in the electrostatic potential from the finite grid
those conditions(V =10 kV, ®.~5 kV, T;; ~0.1 eV, wires of the cathode. The potential near the cathode grid
R=20 cm.*® wires is more negative than its value between grid wiess
discussed above in Sec. IV Aand this results in a signifi-
cant perpendicular force on the ions toward the wires. In
addition, the region of highest acceleration for the flow is at

25 ' ' o ' ' radii nearest the cathode, where these large irregularities in
— 20l Veu = 100KV __:__4380 spacng i the potential are also found. The magnitude of these potential
5 P=53mPaH, 15 variations decreases as the grid wire spacing decreases, and
EREST i therefore finely spaced gridée.g., 15° poloidal spacing
9 would be expected to yield smaller core sizes than more
T a0} {//}",{/l - coarsely space5° spacing grids.

8 i_\{‘i____i Indeed, the observed core sizes decrease with decreasing
05| - grid spacing, and Fig. 9 includes comparisons of the core
P50V N size scalings for diffgrently spaced grids. Intengity profilgs
00 —5 55 50 =5 0 through the core region for the 45° and 15° poloidal spacing
@) Innergrid cument (mA) grids are shown in Fig. 10, which perhaps most dramatically
shows the dependence of core size on potential well asym-
T T T T metries. Here, a factor of 2.5 reduction in core size results

251 - from tripling the density of grid wires on the cathode and
—_ holding all other parameters fixed. Note that by increasing
€ 201 - N . . .

S the grid wire density, the grid transparency, and hence the
@ 15[ -e-P=27mPaH, (45°grid) ] amount of recirculating current, decreases. The measured
S S HWHM tends to decrease with decreasing current, but this
% 101 . effect is not strong enough to account for the factor of 2.5
8 osL S S S S S S S A i observed. Th(Tre(l;ore, thﬁ observeddenhancemer}t r?f conv:ar—
Geometric convergence gence is mainly due to the improved symmetry of the accel-
0.0;,,,’;'!”’:%'"’1?’[’ Sreees z22]  erating potential well.

By rotating the cathode globe past a fixed emissive
probe, the poloidal variations in the plasma potential are
measured. Figure 11 shows the angular variation of the
FIG. 9. Core size measurements for 45°, 30°, and 15° poloidal spacing grid ;
as derived from the HWHM of the visiblgd,,) core emission for variations 5Iasma potentlal for data takenrat 5.0, 5.5, and 8.0 cm for

of (a) cathode current an¢b) cathode voltage. Included is the estimated the 53 mPal mea§:20 mA .Case- For comparlsqn, Fhe ex.-
geometric convergence estimate from Ef. pected vacuum-field variations due to the longitudinal grid

(b) Inner grid voltage (kV)
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FIG. 11. Plasma potential measurements vs poloidal angle for a 5.0 kV, 20

2 08} . - mA, 53 mPa ion flow at radii of 5.0, 5.5, and 8.0 cm. Grid wires are spaced
2 G!'Id at 0° and 30° for this cathode.
3 Wires
£ 06 ]
ks
S 04 for ions will have less energy entering the core region and
E N 7 the larger potential gradients near the wires will scatter the
g ions further. This effect therefore contributes to and may

02 — account for the observed core size scalings with pressure and

current.

0.0 I I ] I

(b) -4 -2 0 2 4

. C. Core densit
Radius (cm) Y

Measurements of the core density employ a scannable
FIG. 10. Visible emission intensity profiles for th@ 45° and(b) 15° float'lng double probe. H.owever,l shadowing of the recirculat-
poloidal spacing grids. ing ion flow by the radial alumina probe shaft leads to an
underestimation of the ion density, and the measured elec-
tron saturation currentgy, is therefore corrected by the re-
loops are included using superposition of the potential districireulation factor. [from Eq. (7)], to account for the shad-
bution of a single loop, given B§ owing effect and provide an upper limit for the ion density
from these measuremeria this case»~0.91 andé=5.9).

' SinceV; ~ V, inthe core, the ion current(= enuv;A,) ap-
®(r,0)= qz Pi(0)Py(cos8), © proximately equal$.,, and the ion density is then given by
whereP, is a Legendre polynomial, ard. andr. are the iyt M
lesser/greater of the field and loop radii. The corresponding ni:a Sady (10

vacuum potential calculations from E@) are also indicated

using the value ofj that best fits the data for each of the whereA, is the probe areé=5.9x 10~® m?). For the core in

three different radii. These normalized vacuum and measurefig. 8, |Sat>150 A and®,=2500V, g|vmg the ion density

plasma potentials match very well for the conditions showrcalculated from Eq(10) to be=1.3x10"° m

in Fig. 11, which is generally true for all cases investigated. =~ Another approximation of the core densny is given by
The discrepancy near the wires is due to local Debyahe measured current collected at the cathode grid. For a

shielding which is not accounted for in E(R) above. The gridded system, the effective cathode transparémgyeads

data atr =5.0 cm hence indicates a shielding=¢400 V, and  to a fractional loss of the current between the matfitlg,)

the amount of shielding appears to strongly depend on thand core () regions, and hencé,= 7l ... Using the defi-

grid current and background neutral density. This is showmition of the recirculation factofEgs.(7) and(8)], I. can be

in Table | through the dependence of the effective cathodeelated to the measured grid curréht,..d by

voltage(Vg) on pressure and currefiess negative/ rep-

resents larger shieldingQualitatively, a larger amount of L=l — ﬂf'meas: 7l meas

shielding near the wires results in poorer flow convergence, ¢ 7’ man (1+68) (1—7)(1+6)’

(11)
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TABLE Il. Core ion density measurements and calculatitms®) for a 5 In general, the increase in core density, compared to the
KV, 35 mA ion flow at 53 mPa. cold edge density, is in relatively good agreement with the
simple estimate given by E@3), and hence the ion density

Double probe Cathode current Pyrometric ~ Simple flow model

measurement estimate estimate estimate appears to follow classical expectations at the conditions
Eq. (10) Eq. (12 Eq. (13 Eq. (3) studied.
1.3x10% 1.0x10% 1.5x10% 0.9x10'°

V. DISCUSSION AND CONCLUSIONS

. . . The plasma potential measurements for the low pressure
which can also be related to the core density since : . . =
- 2 . ion flows discussed above are consistent with a collisionless,
l.=enw.mre. Therefore, the expected core density for a - . .
articular arid current is space-charge-limited flow model in the mantle region. In ad-
P 9 dition, both the effective source radiyR.s) and cathode
1 ) voltage (V) adjust accordingly to provide the required cur-

7l meas
nic:(l_ 79 (1+6) (12 rent density for the edge conditions. Table | shows that, as
expected from the space-charge modR,; decreases

(througha) asl ., increasesat constanV.,;andP), but note

ev 7
Again assumingd~1 and® .~ 2500 V for these conditions

(re=1.6 cm for this 5 kVé 3§E1A dischargeEq. (12) gives  thatv,. also decreases. This is attributed to enhanced shield-
a core density of 1810°m>. o _ ing of the cathode grid wires by the increased local plasma
Another estimate of the core density is provided by py-gensity at higher currents. The increasevig; and Ry for
rometric measurements of a single alumina probe tip inserteg,.reased pressutat constan¥/, andl ) is also consistent
into a higher energy core. The tip temperature can reach ovefiih the space-charge model, fB; increases to offset the

2200 °C for a 10 kV, 80 mA discharge and, assuming thaj,creased edge plasma density ang observed at higher
the power deposited is solely radiated away, then the ioRyressure.

d_ensity can be calculated from power balance on the probe Tpe symmetry and depth of the accelerating potential

tp well improve with increasing cathode voltage and pressure

and with decreasing current and grid wire spacing, which

i~ = , (13)  results in improved ion flow convergendef. Figs. 9 and
viEi  \2M(qd,)%? 10). The decrease in core size with voltage is much more

where € is the emissivity of the alumin&~0.7),%’ o is the rapid tr_lz_in the inverse-square-_root_ expectation from(Eyg.
Stefan—Boltzmann constant, afftl is the surface tem- [N addition, the data shown in Fig.(t9 suggest that the
perature of the probe. For the 10 kV case, whgte~5000 converged core size may saturate at a level still 4-5 times
eV andT ,p,e~2500 K, N, is approximately 1.8 10" m=3  higher than the geometric convergence expectation from Eq.
For these conditions, E¢12) also predicts a core ion density (1). Hence, Eq(1) does not adequately pre(_jlct the ion rovv_
of 1.5x10" m 3 (r,~2.1 cm for 10 kV, 80 mA; 45° spacing convergence due to the large asymmetries in the accelerating
grid, =0.94, which is in good agreement with the pyro- potential well, and the expected core density scaling from
metric estimate. Eg. (4) would be invalid as well.

A fourth estimate of the core ion density is given by the ~ T0 better estimate the expected core size in the presence
simple flow mode[from Eq. (3)]. The edge densityr =20 of the observed potential variations, a Monte Carlo simula-
cm) was measured with a standard Langmuir probe to pdion of single ion orbits in an asymmetric potential well is
2.2x10" m~2 for the 5 kV, 35 mA case described above, putused. For these calculations, a two-dimensional model of the
the value ofE, at 20 cm needed for Eq3) is yet undeter- Plasma potential is generated using a space-charge-limited
mined. If the edge plasma behaves as a uniform plasma, thélistribution in the mantle region and a Gaussian-shaped vir-
the ions will fall into the accelerating potential boundary attU@l anode inside the cathode grid. The magnitude of the
the local Bohm velocityor E,(R) =0.5T,~5 eV]. However, ~asymmetries in the model is determined using the variations
since the edge plasma has different boundary conditioins N the vacuum fields given by the superposition of the fields
ased gridsthan a typical uniform plasma, it is not clear the 9enerated by the longitudinal loops of the cathode gaisl
ions actually will enter the accelerating region at the Bohmdescribed in Sec. IV B, Eq9)]. The model potential also
speed. A minimal estimate is given by the ion thermal velociakes into account Debye shielding of the cathode near the
ity [or E,(R)~0.1 eV]. Therefore the predicted core density 9rid wires.

4
Prad _ GUTprobe

from Eq. (3) is 6.1x10"* m~2 if E,(R)=5 eV or 0.9x10'° The average radius of closest approdct), of 2500 test
m 2 if E,(R)=0.1 eV (again usingr,=1.6 cm, ®,~2500 particles estimates the converged core size and is defined for
V). each transit of the ions through the core region. The result-

These varied core density measurements and calculd?9 average core siz€y.), is then obtained by averaging
tions are shown in Table I, with the pyrometric estimateOVer all transits weighted by the fraction of particles making
scaled to the conditions of the double-probe measurementg€ particular transit\;)
using Eq.(12). These values of the core ion density indicate

an overall increase in density by a factor of 5—-10 compared (re)= ZiNi(ri) (14)
to the edge plasma. 2iN;
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FIG. 12. Core size estimates vs the number of transits through the corElG. 13. Core size results calculated from the Monte Carlo ion trajectory
region derived from Monte Carlo simulations of ion trajectories in a two- simulations for 15°, 30°, and 45° cathode grid spacings. Included are the
dimensional asymmetric well. Included are the ideal convergence estimatestimates ofr.) calculated from Eq(14) using the experimental cathode
and the observed core size for the 27 mPa, 5.0 kV, 20 mA ion flow. transparencies for determiniy .

wherei is the transit number index. The results of such cal-  The simulation results in Fig. 13 suggest that each of
culations for the 27 mPa, 5.0 kV, 20 mA case studied in Secthese effects contributes equally to the predicted core size
IV are shown in Fig. 12. The values ¢f;) for the test ion variations. Therefore, it is the combination of the improved
population are plotted as a function of the number of transitsvell symmetry with decreasing grid spacing and the reduced
through the core, and for comparison, the ideal geometricecirculation factor from the decreased grid transparency that
core size, the measured core radius, 4ng are also in- accounts for the observed dependence of the flow conver-
cluded in Fig. 12. gence with the cathode geometry.

As expected, the average core size increases with the This collisionless model neglects the effects from neutral
number of transits, confirming that the grid asymmetries rapinteractions, but a significant decrease in core radius is ob-
idly defocus the ion trajectories. The convergence also rapserved with increasing neutral pressicé Fig. (b)]. Emis-
idly degrades from the ideal convergence expectation as th&ve probe measurements indicate that the depth and symme-
number of passes through the system increases. In additiotry of the accelerating potential well improve with increasing
(r;) approaches the measured core size as the number pfessure. This alone may account for the observed improve-
transits through the core region approaches the experimentalent in convergence, but ion-neutral collisions may also af-
recirculation facto(¢=8.6). In all cases studied, the simula- fect the overall convergence.
tion predicts either a smaller or equivalent core size com-  For example, if ion—neutral collisions remove a fraction
pared to experiment, and therefore this single particle orbiof the recirculating ions from the syste(e.g., via charge-
estimate is consistent with the measured core size, given trexchangg then the effective number of transits through the
observed equilibrium potential structure in the core regiorasymmetric fields would be reduced, and the Monte Carlo
and the asymmetries in the accelerating potential well. simulations suggest that a smaller core size would then be

To further confirm the effect of the accelerating potentialexpected(see Fig. 12 The effective system transparency
well symmetry on convergence, the results of Monte Carlcagainst charge-exchange collisions, defined as the percentage
simulations for three different cathode grid wire spacings aref the ion flow that does not charge-exchange on its transit to
shown in Fig. 13. The simulations predict smaller core sizeshe core, ranges from 0.97-0.95 for the experimental condi-
with reduced grid spacing, which is also observed experitions studied(13—27 mPa® This indicates that, although
mentally[cf. Fig. 9a)]. the ions are primarily lost to the cathode grig=0.94),

However, the experiments using the 15°, 30°, and 45tharge-exchange collisions could significantly reduce the
grid spacings do not keep the grid transparency congtant amount of recirculating ion current, and smaller converged
=0.85, 0.91, and 0.94, respectivglyand the resulting core sizes would then result as the background pressure in-
change in the recirculation factor also influences the flowcreases. However, the estimated recirculation factor stays
convergence by changing the average number of transits aelatively constant between the 13 and 27 mPa, 20 mA cases
ion makes through the asymmetric fields. The simulationsee Table), which suggests that charge-exchange does not
then predicts thafr.)=0.6, 1.0, and 1.4 cm for the 15°, 30°, reduce the overall system transparency for these low pressure
and 45° spacing grids, respectivelyee Fig. 13 which is  conditions.

consistent with the variations seen experimentadify Fig. It is also possible that after gaining significant angular
9a)]. momentum from the asymmetries in the accelerating well,
Phys. Plasmas, Vol. 4, No. 1, January 1997 Thorson et al. 13
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ions may then collide with neutrals at the edge radial turningzergent ion focus. Measurements of the electrostatic poten-
points. This would help thermalize the ion distribution there,tial distribution throughout the WISCIF device show detailed
and the resultant reduction of the ion angular momentunagreement with a recirculating space-charge-limited flow
allows each transit of the ion through the core to appear as amodel and indicate the ions dominate the system at these low
undisturbed first transit. The experimental edge collisionapressure$<53 mPa. A virtual anode structure forms in the
mean-free-paths are consistent with this argument for theonverged core, due to the enhanced ion density in that re-
pressure ranges studi¢d~25-50 cm.'® However, further gion, but no evidence of multiple potential well structures is
experimental evidencée.g., measurements of the perpen-seen for the conditions under study. Camera imaging and
dicular ion temperature versus presguseneeded to confirm plasma potential measurements in the core region show that
the relevance of these neutral collisional effects. flow convergence improves with increasing voltage, pres-
In present gridded systems, convergence is not importargure, potential well symmetry, and decreased current. The
since beam-target fusion reactions dominate the reactivity adightest observed core siz@s.=0.6 cm) are within a factor
these devices, as evidenced by the linear scaling of reactivitgf 4-5 of the ideal geometric limit given by E(l) and are
with the cathode curredt? In fact, convergence may reduce consistent with a collisionless multipass orbit model predic-
the reactivity by forming a virtual anode that reduces thetion given the degree of asymmetries measured in the accel-
energy, hence decreasing the probability for fusion, of theerating potential well. Core density measurements show a
ions at the center. However, good convergence is required tiactor of ~10 increase in ion density in the core region,
achieve optimal beam—beam reactivity scaling for the appliwhich agrees with a simple flow conservation model.
cations that require higher fusion reaction rates, and the im- Understanding the influence of the virtual anode on the
portance of symmetry in determining convergence places #ow dynamics is an important issue for high-density sys-
constraint on any SCIF device planned for these applicationgems. The height of the anode will significantly affect the
The observed loss of convergence with decreasing pressudensity, reactivity, and collision rates in the core, and brems-
and increasing current makes achieving significant beamstrahlung and ion—electron collisional energy losses there
beam scaling far less favorable. will reduce the efficiency and performance of the high-
A single virtual anode is measured by the emissive probelensity systems. Future work will concentrate on these issues
in the core region, but no evidence of multiple-well struc-and on determining the influence of flow convergence, ion—
tures is observed in the WISCIF experiments under the ionneutral collisions, and cathode voltage, current, and geom-
dominated, low pressure conditions discussed here. Sorredry on the system reactivity at application-relevant energies
computer simulations, performed by other investigatorsand densitiegi.e., V ,~75 kV, nic~10"" m~3) for deuterium
show multiple-well formation, but these models assume perplasmas.
fectly symmetric accelerating potentidl$>* However, the
experiments indicate that any detailed potential structurdaCKNOWLEDGMENTS
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