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I. TITLE

Studies of Charged-Particle Distributions in an Electrostatic
Confimement System.
IT. ABSTRACT
Microwave cavity techniques were used to measure e]ectron.density in
a spherical, inertia]-e]ectrostetic confinement device using six fon Quns.
The densfty was roughly proportional to jon current (1 to 17 hA).and'
decreased somewhat with increasing ion energy (10 to 37 keV). With D,
pressure decrease from?]O to 3 mTorr, ne decreased faster than linearly
and below 3 mTorr decreesed 1inear1y with pressure down to the lTowest
pressure of 0.4 mTorr. At 1 mTorr and 10 mA, measurements (with poor
- spatial reso]ut1on) were cons1stent w1th 10]0 tota] electrons and a
-central n, of 109 electrons/cm3. . Neutron flux (at 50 keV) was about
one sixth that of Hirsch- (J. Appl. Phys. 38, 4522 (1967). Six- vs.
three-guneoperation shewed a small enhancement of both ng and neutren
flux that may'indicate some“pertic]e trapping.. Technica] reports

C00-2180-5 and C00-2180-6 deecribe the measuréments.

111. LEGAL NOTICE

LEG A'L. NOT I CE

' Thia Teport was prepared as an account of Government-eponsored work. ST
Neither the United States, nor the Energy Research and Development Administration -
nor any person acting on behalf of the Commissions

A.- Makes any warranty or representation expressed or implied with-
_respect to the accuracy, completeness, or usefulness of the information .
contained in this report, or that the use of any information, apparatus,
-method, or process disclosed in thia report may not infringe privately )
owned rights, or . o
¢ . .
B. Assumes any liabilities with respect to the use of or for damages
resulting from the use of, any information, apparatus, method or
process disclosed in this report
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"As used in the above, peraon acting on behalf of the Commission' includea
) any employee or contractor of the Administration or employee ‘of such contractor,~
. . . ’ " to the extent that such employee or contractor of the Administration. e
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- any information pursusnt to his employment or contract uith the Administration. L oo
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IV.

INTRODUCTION

‘series of experiments he had performed with a spherical device.

A research program to exp]dre the fusion possibilities of inertial-
electrostatic confinement of ions was initiated by Philo T. Farnsworth at
I.T.T. - in the mid-1950's. Subsequently Robert L. Hirsch,(]) working

at I.T.T., discussed tﬁis confinement approach and described a

employing six ion guns.

The tests at. Brigham Young University were undertaken prﬁmdri]y‘

to study the electron density in the interior of such a device_by means

of microwave cavity techniques. In the later portion of the work the

. neutron flux from the device was also studied. Inasmuch as comprehen—

sive technfcal‘reports have recently been issued (C00-2180-5 and C00-
2180-6). which describe these méasureménts, this reporf.wi11 be devofed

primarily to summarizing the activities and results.

THE- RESEARCH PROGRAM

The Confinement Device

The system employs a 6.75 - in. I.D. vacuum envelope (origina]ly
used by Hirsch) with six symﬁétrica]]y positioned ion guns mountedion
it which direct their beams'radia11y inward. The beams- pass through

3/16 - in. dia. apertures in the 4-1/2 in. dia. spherical inner stain- -

_ less-stell :shell which is mounted concentrically within the groundgd

énve]ope and maintained at high negative potehtia]s.

The Microwave Method .

The spherical® inner cavity into which the jons:are ihjectéd'cam serve s

1 Hirsch, R. L., J. Appl Phys. 38, 4522 (1967).




also as a microwave resonator and the electron density inside it can be

‘studied indirectly by the effect the electrons have on the microwave

cavity resonances. Some of the principal difficu]ties in applying the

technique are: '

1. Thermal expansion during opekation causes resonant frequency shifts
much larger than those caused by the presence of the electrons.

2; Since the inner sphere is operated at a hjgh negative potential-
(usually greater than 20 KV) the problem 6f ééup]ing to the resonator
is notia simple one. |

3. High sensitivity to the presence of electrons and high capability _
for spatial reso]ﬁtion of the electron dgnsity are‘mutuallyAincqméu
patible. Information regarding the spatia1-distribution.of the el-
ectfons‘would be improved if shorter ane]engths could be used, but
the sensitivity to fhe presence of electrons is greater for.the

longer wavelengths.

4. A1l spherical modes are dégehekate and cavity ésymmetries enhance

the difficulty of identifying and studying the desired modes, particu-

larly with high-order modes.

Initial Tests (Report No. C00-2180-1)

The deyicé was assembled and initially operated by Gene A.Meeks
who had previsouly éssisted FarnSworth.and-Hirsch in the research at
I1.T.T.. In the initial tgsfs the backgfouna pressure was rathér high
'(a few mi]iiTofr) because differéntial quping had not yet been provided

i

and the jon guns received their gas supp]y‘from the ambient pressure in

- the device.

‘Frequency shifts of the TE; g and TM, , microwave mode resonances

(at 10.9 an

d 10.7 GHz) were observed at the time of manual tdrn-off.

U U SO |




e
of the'high voltage. The modes were repeatedly scanned in synchronism
with the line voltage and tests showed that the decay time of the glectron
density was substantially less than 1/60 sec. TM mode shifts of up to

about 10 MHz were observed with the TE mode shift being about 1/3 as

large (because the TE'mode is insensitive to electrons at.the center.)
If the electron density were uniform throughout the cavity (which it
is not) a mode shift ofA3.8 MHz would correspond to a density of 109 '

electrons/cm3,

~Results wjth Switched Operation and Differentfal.Pumping

In order‘to effecf."continuous"‘observation of the frequency shift,
' pkoviéioﬁ waé madeAto interrupt the high voltage at a rate of 5 or 10
Hz in synchronisn with the 1line voltage and thﬁs to permit repeated
comparison of the "plasma" and "no plasma" states. The instrumentation ‘“ﬁwéf
(described in'Report No. C00-2180-3) permitted continuous recording of - |
the frequency shifts of two modes and also of the ratio. of their shifts.
During this modification'the-vacuum-system was improved by routing
" a gas.feed'to_each_ion gun so that.differentia] pumping could be.effected
and thus tﬁe ambienf pressure could be lowered. Evgn with thi; provision,
however, the attainable lowest background pressure was about 0.4 milliTorr
| of déuterium. . |
The mdst signifitant feéture of the measurements wasthé.dééreaseAin
frequency shift as the ambient pressure was léwered.' For exéﬁp]e,_with
6mA»totai current of 20.5 keV ions; the frequency'shift of the TM4,] mode
was 2.7 MHz at 5 millitorr but only 100 kHz at 0.5 millitorr. Fdrthermdnegy?A:
even at the lowest pressﬁre there was nd, evidence that this treﬁd was*ﬁot,“ﬁt'
épntinuing,(a]though pérhaps.at a more linear rate). "This result suggeSts

" that even at the lowest attainable pressures the electron density is
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determined largely by ionization of the background gas. Unfortunately,
the density is so low that the use of shorter wave]engths in order to ob-
tain significantly better spatial resolution is not feasible.
As'ion current or ion enerdy was varied no significant change was
observed in the ratio of the frequency shifts of the TM and TE modes.
"Thus no evidence of electron shell structure was seen although at
these wavelengths (about 3 cm) only a coarse fadia1'structure would

have been detectable.

In view of the low and decreasing electron density with reduction
in ambient pressure, the decision was made to abandon furfher_effort
,tonebtaih spafia] resolution of the radia] profile with high order modes
and to look instead for evidence of particie trapping by observing fhe'
effect of simu]tahiety of injection from the six ion guns. This effect

was studied With both microwave and neutron flux measurements and'later,

.using steady state operation at voltages ub to 65 kV, with measufehents-
of 6n1y the neutron flux. ! |

~ The procedure was basically to operate the device with single ion
guns.or with up to three qnopposing.guns and to measure the ”norha]ized"

frequency shift or neutron flux (i.e., the frequency shift or neutron

the deviee‘with all six ion guns (3 opposing pairs) and to again measure .

. the normalized frequency shift or neutron flux. An increase in the
norma]ized response with 6-gun operation, over that measured-with non-
oppdsing gun operation was called "cooperative enhancement" and the

fractional increase was defined as the "cooperative enhancement coeffi-

cient" ("CEC“).

. - - [ —

If only one ion beam is injected into the device, most of the ions

entering the aperture in the cathode shell would be expected to strike
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the inner wall in the vicinity of the opposite aperture (because of

imperfect focussing and alignment and also because of beam blow-up and

.intekaction with background particies) although some would éscépe through

that aperture. However, it is felt that the fraction that would pass
through both apertures aﬁd then return for a second entrance would be

Small--probabTyfless than 10%. If all guns are operating and the ion

kinetic energies within the shéll are significantly altered by the re-

sulting interiqr'poténtia1s'that develop, the beam blow-up may be

- expected tplincrease (i.e. non-radiaT'motions.wi11 increase) and the
fraction re—circd]atéd through the apertures would be even smaller.

| If-one concludes that the recirculated primary ions do not play

- a significant role in the behavior of the device then the presence of

epposing inppt beams appears to be an essential operating condition if

any éppreciab1y trapping of charged particles is to be effected im: the
'iﬁterfor. If this assumption is va]jd then the presence of trapping
w_onld likely be accompanied by a pesitive "CEC" of any quantity (e,q,
e]ectronAdensity or neutron flux) that increases with the degree of -
- trapping of the ions or thé electrons.
Observed "CEC" values were sm&]] but rather definite and weré
apparently more pronounced at 1owApréssures and high ion energy.

Some overall values at particular pressures were as follows:

,Measured“Quantityz”; Pressure .: "Number of Measurehentsr* AveiCEC

(mTorr).  (at various Qo]tageé)
Frequency Shift - = 10 o 10 - | © Negligible
et 2.5 . .. nmo 19
Neutron Flux -~ 10 . - 7 a3 o
e 1.25 ' 12 A .142

7

" " .75 . " 10 T332

14
10
15

., 067
.255
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A positive “CEC value might possibly be explainable by other mechanisns
than ion trapping although none are proposed here. HbWever it should be
noted that the neutron flux arising from ion collisions with the walls
or with the neutral gas background would make the meaéﬁred CEC lower than
it woﬁ]d.otherWise be. (The fusion interaction of opposing béams wou]d

tend to make a higher CEC but this effect is entirely negligible.)

Total Neutron F]ux'

Only relative measurements (with.hiﬁh sensitivity) were needed for
the foregoing neutron flux CEC determinations., Two plastic scintillators
(5-in. dia. x 5-in. long) were used for this purpose and these were'
.symmetrica]]yAposificned so that the total counté-ffom the pair would
not "favor" any'of the six ion gﬁns. In order to compare the neutron
flux with that reported by Hirsch(]), an abso]uté calibration'(describéd
in Technical Report No. C00-2180-6) was made from which the fo]]owing |

éomparison can be made for 02 operation at 50 kV:

Pressure . Neutron Output

| (M Torr) ~ (n/sec)

B.Y.U. Tests (Report C00-2180-6) . 1.25 2.7 x 10°
Hirsch (From Fig. 11 of Ref. 1) 78 8.4 'x 10°
S 11 1.6x105
wo | o0 2.4 x 10°

The measured neutron flux at B.Y.U. was thus almost a factor of
six Tower than that measured by Hirsch. Minor changes in the device and
such factors as alignment and focussing of the ion beams might well

account for the difference. -
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VI. CONCLUSIONS

1.

Throughout the pressure raﬁge studied (0.4 to 10 millitorr of Dz)
the electron density depénded markedly on the pressure: below

3 mTorr being approximate]y_proportiona] to the préssure and above
3 mTorr increasing more than linearly with increasing pressure.
Thus interactions with the background gas may prevent or obscufé
effects predicted - by the simple theory which neglects collisions
with neutral particles. |

The observed electron density is approximately prbpbrtiona] to
total ion current and rather independent of ion energy in the
range.of 10-40 kéV (decreasing somewhat with increasing energy

in this range).

A1l the microwave measurements were consistent with a radial dis-

tribution of electron density that was largest ét the center‘and
decreased monotonically with radius (but the spatial resolution
of the heasUrement wasApoor'becauée‘the electron density waS.
too 1ow to permitvthe use of much_shbrter wavelengths).

With 1 mTorr (DZ) pressure, 10 mA (total) ion current at 20 to 40

keV produces a total electron population of approximate]& 1010

9 3

electrons and a central density of the order of 107 electrons/cm>.

Comparison of the ?esd]ts of operation with three (unopposed) ion '

guns and operatiohvwith all six ion guns showed a small but definite

"cooperatﬁve.enhancement" that may be an indirect indication-of N

particle trapping.

The measured flux was about a factor of 6 (Tower) than that reported =

by Hirsch under similar conditions.

section) coqu.e]iminate'many of the aTignment problems and_diagno§tﬁc'

. difficulties.

. A modification of the geometry of the deVite (discussed - in the next i e o)
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. Suggestions for Further Work

Further tests will be considerab]y more meaningful if means are
provided to:

1. Improve the vacuum inside the cathode.

2. Improve the ion-gun a]iénment.

3. Avoid the problem of traversing a_highsfield vegion .to

reach the cathode with diagnostic "probes".

4. Improve the symmetry with additional ion guns.
fhese features can all be provided‘by eliminating the hollow
- cathode shell and operating the ion guns at a high positive potential.
The envelope wou]d thus become a grounded, accurately machined;'
hollow cathode which could be scaled up in size and in the number .
of ion beams without serious structural or alignment cqmp]ieations.
Each ion gun could have its own groundedloutput‘aperture (an inlet
aperture of the'cathode)Aas an integra] part of the ion gun . and eech
gun unit cou]d be tested prior to its installation. A"machined hount;
ing flange would accurately position:each gun. Intermediate differen-
.tial pumping could be provided in each gun unit.and wa]ircooling'of
the_cathode.woufd:be feasibfe.

Such an arrengement would be more cost]y,‘because of the provisioné
needed to operafe each gdn at a high potential, but neverthe]ess it
is téchnica]]y feasible. A possible objection is that ions would
not recirculate; . however the rec1rcu1at1on in the present dev1ce is

felt to be so 1ow that its complete elimination would not s1gn1f1cant1y

alter the operat1on of the device.
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