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Introduction 

~Collective ion acceleration has been proposed and 
studied by investigatorsly in plasma and vacuum 
dio-7es and in low pressure nelltral gases. It has only 
recently been ncted that similar features exist for 
intense discharges across initially v8cuum or plasma 
filled gaps and for intense electron beams drifting in 
initislly neutral gases. In all t:lese devices, ener- 
getic ions have been found to be radially and axially 
emitted, and rapid current changes often associated 
withradiatiotz snd particle emission have been seen. A 
more thorough understanding of the physics involved is 
certain to elucidate the processes responsible for neu- 
tron production in various pellet and wire heating 
cqeriaent 8. a -' We point out some analogies between 
these experiments and investigations of linear pinches, 
exploding wires, and plasma focus devices. At the 
present level of understanding, t'ne collective process 
of acceleration is not useful for producing a high 
quality accelerator, but as more is learned it may be 
possible to control the process. 

Historical Review 

We divide pre,sious observations into three cate- 
gories, plasma-filled diodes, vacuum diodes, and drift- 
ing beans in neutral gases. As shorn in Table I plasma 
filled, ostensibly low-current-density diodes in the 
l-? !xA range have yielded protons moving in the same 
direction as the electrons at energies up to 5 ET. 
3ased on the gap length and the energies of,protons, 
collective fields in excess of 0.2 - C.6 bFJjcm must 
exist. Further, the acceleration is associated with a 
rapid fall of electron current which occurs when a 
critical current is reached. 

Table I also outlines vacuum diode results which 
a-6: similar to the plasraa filled diode doservations. 
One or more current interruptions were again noted in 
connection with the acceleration process, but occurred 
later in tie pulse, presumably because the threshold 
plasma density required for the interaction must build 
up as electrode material enters the gap. Korop and 
Plyutto reported a remarkable > 0.4 i?:/cm collectl-e 
field with a IOC anp diode. 

_ ̂  .-.- - 2 The last section oi 'laTOie I rr;viesb Gibei ur;dion5 
made for beams drifting in ne;itral gas. Note that 
there is a. trend toward higher ion energies at lower 
bean c.urrents. We have attribute,-1 this seemingly para- 
doxic,al resJ.t to 8!ifferences in di-Jergence for various 
be-u? conditio-.- AL. 

5LQ erimental ;i are.tds 

For idrif+q --riZ be8.1~. acceleration in neutral Gases 
the apperatJs shown in Fi.2. 1 was lise;i. The single 
puwteter explored was .liode geometry, i.e., beam C-X- 
rent density and miiver(:ecce. As a re,-,;lt of impedance 
chance, the beam acceleration potential was also ch~x&. 
?e accelerator was an oil-filled Clumlein called Beba:' 
:;r.il ileli-sere2 a 70 ns -o;lse at 2 ?.!e;J into a 17 3 load. 
i'.ct al. 1oa\1c varied widely because anole-cathode ::a-s 
r:3.?yr,i from 1-1:: . ,. -e?. mm m? czxo~ie ~:i,mcuer:: *x-on j-ji iui.. 
!. zcctior. of &it-lwtric materi? 1:-&l cm lor~g in tie 
c?t;joie ahank ~~2s ~;seri to re,luce the machine's prepilce 
at tke cat30 ie co that cli;ht e,arly c-0rent flow ~0~11 
r.ct cnxe the cnnll ,:nps ..ze.l to h2 c!;ortcd by ~dacma 
c3rl~ in t:-,e m,r..?n 1~~1l.c~. >dter c-alace 'Lreakiiown, 

x 
!1 ,lk "UI _ ;r:etl by <i:e i.;:. .: aomic Z::i;eri"J :ommiszion. 

which takes only a few ns toSoccur, these Dielectric 
rods become good conductors. The anode was a 0.0025 
em sheet of aluminum foil which also separated the 
diode vacuum from the 5 cm d&m. drift section filled 
to 150 u with various gases, usually C, or Hr. The 
first 70 cm of the drift section contained closely 
spaced Rogowski coils to monitor net ccrrent. The 
Rogowski section was followed by an apert.lre leading to 
a differentially pumped chasioer conttiining current col- 
lection screens for time-of-flight ion analysis. 'This 
section was followed by a Thomson parabola mass spec- 
trometer. Targets of Al, C, Li were placed around the 
aperture on several differen: ahcts to verify the ana- 
lyzed energies by means of neutron production threshold 
energies of incident de-Jterons or protons. The ions 
were detected cy means of a Microchanneli;ron* electron 

multiplier plate coupled to a phosphor screen, and the 
recording medium was Polasoid film. The charge states, 
masses, and energies of all axially nolring particles 
COtid be thus quickly de:ermined on a single shot. For 
eXPerimentS on ions accelerate6 in the diode, the same 
apparatus was used as for drifting beams, but the nel.. 
tral gas drift section was evacuated to examine axially 
accelerated ions. The targets located in the anode 
Plane were provided with small pre-drilled holes. Radi- 
ally accelerated ions were examined by mounting the 
enerw ELnEdYzer on the side of the ,diode chomjer at goo 
to the anode-cathode sap. Cifferent electrode gcomc- 
tries were used as described below, and silver actiT)-a- 
tiOn COUnterS Were 1:Sed to measure neutron yields and 
anisotropy. 

Experimental Observations 

We first report observations mace on acceleration 
in neutral gases. Figure 2 shows the net currents 
recorded by the series of Rogowski coils for the case 
of a 1 cm diam. cathode spaced 3 mm from the anode an& 
peak injected current of 75 kA. This diode will self 
pinch as the current exceeds tl?e critical a500 @V 5 
emperes (less when space charge begins to -oe neutra- 
lized in the gap). TJe resulting beam is divergent and 
much current will hit the walls of the drift region; 
this is reflected by the 40 Is-4 current registered by 
the first Eogowski coil :? cm from the -&ode in compar- 
ison with ‘75 kA measured by the diode monitor. The 
most important feature oi this data is the oscillation 
-L-*---a i2 c&Js 3, 5 anii 6, i-3%.+ ,ri only 0ecillaSions seen 
near the anode were reproducible. Xe interpret these 
to be related to localized pinches, <be most intense 
occcring close to 3.e anode and weeker sues at o-her 
locations. At the time ~of pinch, part of the c:;rrent 
is lost to the chamber walls or reflecte-? back to th;c 
Jioile before reach& a ,;iT;en loop. Farther iownstrear. 
the bean is s.Jfficiently diff.lse iluc to eroclsn of t?.e 
beam fron; that the cl-rrent intcrr;;ptlon whit:: ccc.:rs 
tear t"r.e diode is not seen. Ye have noted .ieuteror- 
ir.&i;;ceC radioactivity on :;te rmlls of ;?.e ci.ani;er rear 
the 1000 1 in excess of 100 ,~z;~,"t wit% L se~rcxal min ;te 
half;life. Silver acti-Jation counters stowed that 
N I,, -3 neutrons were proJ:*ce.l in the 3.m re,~or. xar 
the anode. From typical thick-tarF!et yield or-res in 
t:?e ?v!e'; incident del!teron 
loli - 10" 

r:i:.f:e we cnlc-;lai,e t::at 
lleuterons were z~cclcra!;el ir:to the t.lbe 

imEL. 'r';pLc-oC .*7 fr7b" i L/ ,,___ r.?-ltron dP'Ie1IZt.l?r." rlRI‘E*I a-, 1 
md l.C meters from 9.e i-o-dmcc ind12aix,: a ce,,tro:-. 
&rst of N 2.5 !.!e7. Ot:.cr r.csltron r:r:er,;i..cs acre pres- 
ent but complete characteriz:ition was net Possible 
k;cca:;ce tte lar:;e x-ray si,::lal ~~ecertlin,; -;?,e ::ef,tror:c 
partially saturated the ie:;ect;ors . 

1 - 
3c:ndix Elcctro-0p;ical rivision 
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The effect of current density (and therefore, 
bean diyergencej on tie beam front velocity is shown 
in Fig. 3; the currents were varied by changing the 
anode-cathorle gap from 3 to 6 mm. In general, when 
the beam conditions allowed self-inching, the front 
velocitjr determined bl~ the Pogotrski coil signals was 
- '3, ::4 c an, the net current was less in comparison 
with L-Qecre;i Current, For lower current, and less 
di'iergent bezms, the net current was relatively greater 
2nd the electron beam front velocities were - 0.07 - 
'0.G c, which has the same velocity as 2-3 F!eV protons. 
We o'csemed that an increase in the beam-front veloc- 
ity occ:xs at 5-7 cm from the anode, which is close to 
the tube Cameter. T'nese results agree i*ith those 
repiirzed earlier by 3ander et al., as noted on Fig. 3. 
Ve have taken time-integrated photographs which show 
an apparent pinch in. this location, Father, results 
repsrted by ;raybill,'ofl' who used a 15 cm diam. chsm- 
ber and a notable Faradajr cup on axis to detect ion 
:iir,e of arrival, indicated tnat the acceleration region 
was about 15 cm f?om the anode. 

Zome t)Tical energy spectra obtained on axis 
,during a sin&e shot using the Thomson parabola spec- 
trometer -de shoTtin in Fig. 4. T'ne spots in the lower 
left hand corners are caused by x-rays on the axis of 
t?le spectrometer and the parabolic traces are produced 
by magnetic deflection in tne vertical direction and 
electrostatic deflection horizon%lly. These deflec- 
tions are proportional, respectively, to Z/E and Z,'lil;r, 
where Z is the charge, E is the energy, and NV is 
momentum. A .,&de range of energies is present for each 
species (in this case the gas admitted to the drift 
tube included some air). P??evious reportsroA' shared 
rxch narrower energy spreads, 

7e next examine data obtained for diode experi- 
merits. The geometry used to obtain the data shown on 
Fig. 4 consisted of a pointed 6 mm diameter cathode 
witi a powdered TiD s-zfsce. The anode, 3 mm away hail 
a pretored lmm diam. hole in a CL disc. The hydrogen 
-,race which is the most intense -$a: caused by pump oil 
contamination. The multiple line structure of the para- 
bola is !due to a series of ion bursts occurring at 
lifferent ti;nes during Yfle pulse so that variations in 
aaqetic field ciiange the trajectories of the ions 
slightly. A parabola lue to deuterilm is visible, and 
5elow lie fainter 2arabolae representing various ion- 
izcd states of carbon and impurities. Evidence of a 
rc;ati-;e macrcr;:olec;*lar component is seen near the cen- 
%?I- spot. i? continum in ener&y cf ions was present 
for a sir&e shot; previoils reports 
+<a>;r y--c&, -,;-;t ..&J,.z*-ri 

&owed? several 
, groups of Ions. ,12 

'The Romson parabola mass spectrometer xas mo>L7tcd 
20 accepi; iorjs emitted radially from the anode-cathode 
,i:ap . For this prelimic,a.ry- work, the analyzer was not 
':sran:e: to ;i-;e resoluticn corn;jarable to Cat obtained AI 
'-- meaz3sir.t; ,3xial ions. Howe-rer, the spectra _.. 
;YL;c;;nej esr&tl , a Ls'nes i-he existence <:f ra2LinU.y acccl- 
r-rated ions vi4th a speck-m yiAalitatively similar to 
;!:s::e <J:jt3tred on the z<is. The relative ion fl,;enccs 
xi mre exact er.er.:y listribitioas must yet be ob- 
t:ii,ne -1. 'Ynis observation cases us to ~q~~estion the 
intcqrctation placed cn r.e;itron yields from I; and 3- 
l:c:ari.n.~ filmenx in 4diodes, which hive been shown to 
pr>.1- :c*:: re-~trons claimed to ba predszlinately of thermo- 
1T:LClf:W.Y , m-.ker tlxx beam-tersi;et 0rizin.l" In :hcse 
e~~erizxxts the exis?ence of same hi&a energy :ici;ecro7:; 
717 ixm~;O~s accelerate1 into the -node :vas recognized, 
,;l,t -22 inteqmta';ior! of the .intn was lXXJ.Lcatcd upon 
';lrcly aisl as:ion of the hi;J3 merg component, which 
c;a;: r.3; i:e 1;1718. The p-oaf of r,zAal ion emission also 
CB‘~T~~L: .xe '~0 t;q:*ec tion interpretations that ;artial or 
+;ij';aJ. :-ii>1 !C cf,;t.: ;roxs i”r’j!!l ::e:ltcrated iiargc:s Ltre 
:,i-Lemo:Liclcar " . !:cc.mn) et ai. ' based ",heir 

conclusions of purely tter.nonuc1ee.r reactions on ex- 
periments showing a nearly isotropic neutron dis- 
tribution. Freeman, et al., ased several target con- 
figurations and resl;lting changes in anisotropy to 
conclude that some cf the yield was attrib,utable to 
thermonuclear reactions and some -gas from beam-target 
interactions by axially accelerated ions; the possi- 
iility of ions widely distriouted in eagle was appar- 
ently not considered. Eradley and iC:swa' suggested on 
the basis of on-axis ion energy spectra and neutron 
anisotropy that ne;rtrons arose from a beam target 
interaction of collectively accelerated ions impinging 
on the anode with a %-Se angular distribution. The 
present data strongl;{ supports the latter model. 

Since various i::vestigators '-I5 have measured 
different neutron anisotropies between unity and 1.4, 
several geometries were investigated on the Zeba diode, 
Keutron counters' were positioned 76 cm on either side 
of the axis laterally from the gap, and at 76 cm in 
the forward direction. The two side counters were -Ised 
to show any errors introduced by possible azimuthal 
asymmetry of the discharge. Isotropy values measured 
by t‘ne ratios of the foreward count to the two side 
counts differed for a given electrode geometry by as 
much as 2C$ on some shots, but usually were wir,hin 5%. 
For a configuration employing a 6 nun diam. glass-rod 
cathode with a &5' half-angle tip coated with 'Tiijc 
powder and spaced 6 mm from a 1 cm diam. deuterated 
polyethylene (CD,) pellet l-3 mm thick, the anisotropy 
was foreward-directed with a value of 1.9 * G.5. Neu- 
tron yields were in t:le range 2-j x iij". Another con- 
figuration employed a cathode identical to the one just 
described and a sainted 1 cm diem. glass anode located 
6 m from the cathode and also covered with TiDs dust. 
Foreward/lateral yields for this configuration averaged 
near y&.'cg with values falling within the limits 0.7 YO 
1.3 on indi~ridua.3. shots. BeCdeen 3 and 12 x 10" neu- 
trons/shot were produced. For both configurations sor.le 
tendency toward foreward enhancement was noted for 
higher yields. We conclude from these measurements 
that ion trajectories in tie diode can be altered by 
the electrode configuration, and ace not reproducible. 

Theoretical Models 

Theories advanced for collective ion acceleratLon 
which appear to be relevant to this paper fall into 
three catagories. _ D;ri.r;r the initial stases of beam 
propagation, before space charge neutralization occurs, 
a strong field of electrostatic origin exists at the 
beam front." h7hiI.e thi,? xcdel c3z ex@lai:l acceiera- 
tion of ions at the head of the ‘beam to modest energies, 
it cannot explain processes which a,-pear to ‘be opera- 
ti-re -within the bean as sggested by some of tile experl- 
merts. In particular, it cannot explain ion brsts 
obtained from :he diode late in the pulse. 

The model which best fits ':.i-e olser,xt.ior,s appews 
to be that of a mo;ing pinch which beSins when space 
charge neutralization Wsecomcs sufficient for the beem's 
self-m*:netic forces to overcome 
zion," At this time, 

cpace cixr,:e i-epil- 
an electrostatic potential well 

is created by the c1osie.l or reflected electrons enter- 
ing 'the vicinity of the pinc;~. '_?le field of elec;ro- 
&a-Xc origin is aigmented l;y the field arising from 
magnetic induction associated witi: the pinch dynamics. 
'The position of the xMLL 7dl.l chanize as the ion b;~1ch 
is azcelerate~i 2nd 2s t?:e cor.:erAtratio:: of ;ask~round 
ior.ization changes. T-z? dept:h of ;!ie well for o+r~l-~ --.> Y 
Chmixed ions can Le no ,L:rea5er than 5k.e enerr;r of itYdj,- 
vi&.&L beam elcctroui, b-A since the well n:o*;es, The 
eneq;y of Farticles .moqri.ng in phase with the pinch ;ray 
be mry times the well Depth. Electrcns mtering the 
llr,;ative ck.ar::e concentration :lear the pinch region 
will be 'decelerated and then either retT;me:i to the 
diode or reaecelcrated as they move downstrean over the 

306 



potential huiip. If the pinch is moving, nonadiabatic- 
ity introduced bjr the velocity of the potential bump 
can ixcrease or decrease the energy of particles which 
Fass throq$ or near the pinch. This model predicts 
tta: may electrons give a fraction of their energy to 
the moving potential well which is responsible for 
accelerating a much smaller number of ions to very high 
energies. Y2e wide divergence ir direction of tke 
accelerated -,articles can be attributed to the large 
rra;rtic fields of the pinch region and :he moving ra- 
dial electric fields from <he potential well$Ic malo~f 
to 2alculatlons relatins to a plasma focus. 

The exis;ence rf current bursts is fu;Lly consis- 
tent witii a moving pinch model, for as a pinch forms 
the impedance will rise as some electrons are reflec- 
ted back to the cathode, or back to the diode in the 
case of drifting teams. When the pinch reaches the 
cc0i.e or is d.rivenl;nstable, current can again freely 
pass, :Jcder certain conditions, several pinches may 
be forme aT the same time or in sec&uence; in this case, 
the time resolved electron energy spectra would con- 
sist of a nlumber of j-;rsts with energ-y spread which 
reflects diode -iolts@e changes caused -sy the effect of 
?incY.ng on impedance. This type of electron spzctrrm 
has been observed on a small experimental diode. 

The third possible mechanism for collective ion 
acceleration is that during the evolution of the beam 
and plasma densities, favorable conditions are reached 
for k~ instability to grow. Acceding to Karchevskii 
P? al.. " conditions wAich permit a two-stream interac- -- -7, 
tion to grow can ca-Xe sudden impedance rises aLa 
strcn; plasma heating to OCC=LT even in low current dis- 
charges. Certaidy as the besm pinches and @asma 
moves into the gaz ,or neutral gas becomes ionized, 
critical conditions for electron rma--ay would be 
mor:t;ntari.ly met in the experiments pre described.. IiOW- 
ever, it f.s presently not known exactly how this inter- 
action can lead to rapid azd intense ion heating. 

j,%en ions are accelerated cy any of the above 
rmiels, very high energies can be attained only if a 
self-synchronization of 2 moving potential well and Pan 
ion ~Troq exists. ,, In the high energy e-beam reg%e 
ir.iestiga;ed this s~nchrsnizaticn is a;parentlg rot FS 
ef*iciert as A _ in the low-energy experiments of Korop. 

?. :ne cm lLse as a 11:;ilre 2f merit t‘ne naximm proton 
er.er';;; di-Tided i;;; electron bea energ. 

If r;lcre can ke learr.e,i abok7 tte processes at 
work, it may be possible to design a confi;~uration 
7,rk:cps prclsr.;s t,:-.e c2?.erecce ler$h cf lCcelerati03. 

2: E ILO s t iqortanz :-.a~ feat-;re -de ha-ie reported, that 
of ralia.2~ ‘accelerated ions, 
tel on the basic 

may :;ave been anticir;:; 
of earlier work on exploding: wires 

3~2: sinzhes - 3 . ihe ;e;ectlcn of Qese radially ao-tin,; 
pr;iclec . m .j-;r eaqeriaer:,, + exphaoizes -2:e tigort&lce 

. 5: -,si::,x yen+ care in the inteqretation of cxperi- 
.:.cT.;crl :lE~..:rOT :at3 j.r. ;-&cd disc%.r~;e expCiri::eni-s. 

';:Ic- adhrs wi:;!: to ttank i?. ;;. .1+&n ,%xi L.?,l'ix 
i;ix callabsrated or: this Experiment after the abstract 
w:t:: aa:ep"ed 331 ',I. .;c. llzjser fcr corrm~~~~~ j.iY. 
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Figure 4. Energy Analyzer Data for Diode 
andDrifting Beam Accelerated Ions. 
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