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Summary 

We have developed a diode system with an 
insulated anode and rear target that operates in 
vacuum and produces 4 X 1010 neutrons per 
pulse. The system forms a pinch discharge 
that ejects a cluster of collectively accelerated 
ions that attain full energy in 7 cm. Target 
neutron data and activation analysis with multiple 
foils show that pulses of 1014 protons with energy 
up to 15 MeV have been achieved. Experiments 
with electrode materials and diode geometry have 
lead to large improvements in focusing and ion 
beams have been propagated 8 ft in vacuum. 

The presence of high-energy carbon ions 
indicates that the pinch has the capability of 
forming and accelerating multiple ionized high- 
Z ions. 

Introduction 

Linear, collective field acceleration of posi- 
tive ions by electrons appears to have been first 
reported by A, A. Pl”yuttol in 1961. Together 
with several co-workers, Plyulto has continued 
this researchz-5 up to the present time. These 
esperiments are conducted with a piasma filled 
diode through which a nonrealitivistic electron 
beam is passed. Graybil?6-8 and his co-workers 
independently studied collective field accelera- 
tion due to a pinch discharge formed by a 
realitivistic electron beam in a gas-filled drift 
tube. Because particle accelerators must 
operate in vacuum, the gas-filled drift tube is 
isolated from the electron accelerator by a 
suitable vacuum-tight foil. The pressurized 
drift tube serves as the anode of the Graybill 
system. In 1971 E. 0. Korop and A. A. Plyutto 
also reported on the conversion of cathode 
material to positive ions that are collectively 
acceleraied in vacuum diodes. Thus, the 
pioneerins work on linear collective field 
acceleration is divisable into three categories: 
plasma fill& diodes. vacuum dindo?, and 
drifting beams in pressurized gases. A number 
of other investigators are now doing linear col- 
lectivc cffcct accclcl.aiion experiments using 
these basic method:;. 

Thr systt?m rle\~!opcjd at the La:vrcnce 
Liljermore Laboratory (LLL.1 dors not fall io$- 
caily Into nng of these three categories. Recau:.e 
t::e :rnoc!e is highly insulated and its potential 
:-arics rapidly, it colllci be drscribcrl as 3 pulsed 
:ino~!cb accelerator that opcratcs in 6:1cl:utn. With 
rhi:i ,,j,:;ice pro’ons an-1 iieuterons have been 
accelcrslc~fi in pulsc.~ of 101-$ 1on.s ,,vith energies 
120 to 13 Me’i. A smaller number of carba>n ions 
?>ave ljei>n accelerated with sufficient r:neri?;y to 
;ict~iv:ltc: an Al target. The flcvice nl:;o pr&tluce:j 
nc~~il.ron !)l;‘,+e.‘; ~.vi;h ‘-igh efficirsncy. r3!rs 1s of 
1 :/ 10 10 ncutron.~~) ha\,e bec:n prorlllcPrl ,with rit:u- 
:rr;.iir.ri p~i~~~their~ne (-~lecrrnries. ‘l-his neutron 
yiclcl is ,<lirprising ‘“<;.I ‘-en 
iiat:i ;‘rmrn C> t.hcr t>:i!>eri;?ient:; 

literature, particularly since the energy used in 
the LLL experiments is relatively small. To 
better understand these basic differences in per- 
formance we are now conducting, under identical 
accelerator conditions, comparative perform- 
ance analysis between two of the grounded anode 
systems described earlier, (vacuum diodes and 
drifting beams in pressurized gases) and our 
insulated anode -target device. 

Several different machines are used by our 
group for collective acceleration experiments, 
primarily to explore the effect of variation in 
v #y. EIowever, because of its excellent operat- 
ing conditions and fast turnaround time, the 
FX-75 machine at the Boeing Radiation Effects 
Laboratory is used for most of the LLL linear 
collective acceleration experiments. For these 
experiments the FX-75 is operated with a 4 MeV, 
30, 000 A pulse of approximately 30 nsec duration. 
This corresponds to a stored energy of about 
5000 J, approximately half of which is delivered 
to our system at a measured voltage of 2.5 Me\;. 
The v /y of this system is 0.3. 

Description of Apparatus 

Figure 1 shows the diode and target arrange- 
ment used in our system. With the low v I-{ 
beam provided by the FX-75, the length of the 
cathode assembly can be varied between 4 and 
20 cm without significantly effecting yields. For 
the esperiments described here a 6-mm diam 
nylon shank is imbedded in the 3.3-cm diam‘ 
high voltage accelerator shank with 6 cm of 
nylon rod protruding. Kylon is used to reduce 
shank fire”’ and pointed cathorde tip.; (15’ taper) 
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are screwed into the end of the nylon shanks. 
Since the ions in our system are dominately 
produced by anode material, it is possible to 
use many different cathode tip materials. We 
have experimented with quartz, copper. stain- 
less steel, carbon, natural polyethelene, deute- 
rate polyethelene, and several molded composite 
materials, In the experiments described here, 
we have determined that tapered carbon tips with 
a slightly rounded 2 mm point produce a highly 
collimated electron beam which reduces radial 
angular divergence of the accelerated electrons 
and ions. The insulated anode is made from 
material that contains the proper elements to 
produce the desired ions. For example,natural 
polyethelene (CH2! produces carbon and hydrogen 
ions, deuterated polycthelene (CD2) produces 
carbon and deuterium ions,etc. The anode is 
mounted in another insulator which for the 
experiments described here is 11 cm in diam. 
The insulator assembly is pressed into a ground- 
ed brass cylinder that provides a path for the 
return c,Jrrent. A rear target is provided so 
that the number of ions and their energy can be 
determined by the neutron yield and activation 
analysis. Roth insulated and grounded rear 
targets are used, with little noticeable difference 
in activation. When the accelerator is fired the 
electron beam is concentrated by the cathode 
assembly with most of the electrons emerging 
from the point. The electron beam appears to 
be space charged neutralized while it is on the 
cathode.13 However, when it leaves the cathode 
tip it expands to a diameter that is determined 
by the geometry and the pressure in the diode 
region. Initially, most of the electrons strike 
the surface of the insulated anode assembly 
which then charges to a high potential. 

The impinging electrons produce positive 
ions which reduce the electron space charge and 
cause the blown up beam to collapse toward the 
axial anode hole (8 mm diam). During this 
process the return current sheet forms and 
flows radially outward from the cathode side of 
the anode hole until it reaches ground potential 
at the periphery of the assembly. When the 
return current sheet reaches ground, an intense 
pinch forms t,hat produces a neutron burst and 
ejects a clust.er of high energy particles. These 
particles, together with the unused portion of 
the electron beam, impinge on the rear target. 
.‘i burst [of particles is alSo accelerate0 in tne 
opposite riirection, together with the radial re- 
t-rr, current sheet. 13ecaust of their xriilcx 
&-:ivergence and the interference of the accele- 
rator, these ions are of no practical value. 
Hariia- acce!eration of ions fron: the catboile- 
anode Sap of a vacuum tiiorle system using a 
fr:rounilcri anotie ~3.i recently i-ep,nrtf:~i. I.1 

The ilia;~,no.itici il:it:tl in oiir evperimcVit:z in- 
cl t:il(d t3.v0 -iiver activation counters that are 
cnlibrntc~ri in place l!sincT n T;urcau of Standards 
Pcl?e IOUI‘CC. !ve are also rspcrin-cnting with 
>;iiver detectors that can c!iscriminatc between 
1)-C and T:-T ncutrsn:;. The ra:io of 1)-r) and 
[)-‘I’ neutrons I~ro~~luce~l in 13-T) ]>ln:mas is 
imr~nrtant in il~:tc~rrrininr t.hc origin of l-he neu- 
tron,;. -1 tit-tie-of-flight neutF:n spectrometer 
i:; i:.<eii 10 nnc’il:,i.rtI: I>-Ii ;4i1(1 : ,('(I;, ,i)l.i,; rc- 
nc*.ion.-. 11-T neutrons habe r?ot heczn rn?aGured 
with this in:+l.rumc:nt kc;tu;e of inic.ri’ercnre by 
a stron: ~!amrna 1,111 sc’. This nelltron ..pcctro- 
rncter u:-t’h r! Pilot I; jjla-:tic :;cinti’ln-or wit!] two 
ti(‘A tiZ.1 :! I:hotonl:i:ti;)liers srnJ)lificd to givch clif- 
i’ercnl bcn:;itivific.;; for varying nel:tron flucnce 

levels. An integrating circuit is incorporated in 
each scintillator photomultiplier system so that 
an integrated signal proportional to the total yield 
can be produced in addition to the time-of-flight 
resolved signal. The energy of protons is deter- 
mined by passing the beam through Cu foils 
0.010 in. to 0.015 in. thick and measuring the 
activation of a second foil spaced 0.125 in. be- 
low the first, 

The identification and quantification of 
radioactive isotopes produced by our collectively 
accelerated beams is accomplished by gamma 
pulse height analysis which can be carried out 
with either a NaI or Ge(L’i! detector. 

Although each detector-analyzer-shield 
configuration is unique, the International Atomic 
Energy Agency has available standard sets of 
radionuclides for calibration purposes. Identi- 
fication of the radioisotope is made by compar- 
ing the gamma energy peak to standard source 
decay schemes and matching their half-lives to 
published tables. 15 

Experimental Results 

Initial efforts to detect collective nccelera- 
tion of positive ions were made using the 
Febatron which is a 5000 A, 2.1 MeV device 
that delivers approximately 200 of its 600 J of 
stored energy. ‘This energy is delivered in 
roughly 50 nsec and the beam has a v ,‘y of 0.1. 
Using the configuration shown in Fig. 1, neutron 
bursts of 2 X 108 were observed on a silver 
counter placed at 90”. This exceptionally high 
efficiency for producing neutrons naturally 
raised the possibility of neutrons being produced 
by processes other than 3-D reactions. Neu- 
tron time-of-flight measurements, using the 
LLL diode system shown in Fig. 1, indicate 
that the neutron yield is due primarily to The 
D-D reaction as shown in the first oscilloscope 
trace in Fig. 2. The first ijulse (seen at the 

Figure 2. ‘Time-.oP-flight traces, 

left) is :Iuc to garnr~a rays. while the .;ecs)nd 
pulse ij due to D-D neutrons. The rliocle system 
.,$as then mollified by the arldition of groiinrleri 
surfaces as shown in Fir:. Yi, and 0.5 iLIe\- neu- 
trons ~.vere then observed. iln oscilloscope tracca 
sholvinis the 0.5 RleL’ neutron peak due to the 1°C 
(D,n)lzN r( :act:ion ;‘rodl!cotl with the new geomctrg: 
is sh,IT,r.n at the right in t.‘ic;. 2. l~:sperirnenti 
v-et-c then conrtuctc:? u:;ing natural y,nlyrthPl CLIP 
(C’FI2) anorlcs which produce protons and c‘u rear 
{aI-“““” - I.vith the objective of producing 

c’u(p, n)c5Zn and b,‘C‘u(p, niE:j%,n reactio:is. 
‘I’hc I hrc~sholrls for thc,:;e reactions are 2. J fj &l(,\, 
antl 4.21 %,l:IcV, t.c~i~l:c,cti\~ely. Neither of rhese 
reactions wa:; ~)roidiiccd; 4lttrr~fore, co!lective 
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Figure 3. Relativistic pinch gun geometry. 

acceleration research was discontinued on the 
Febatron. 

Research was continued on the RREL machine 
described previously, using the ,geometry shown 
in Fig. 3. -4nother series of cathode experiments 
was conducted and the tapered carbon cathode tip 
with a 2 mm point was adopted as standard for 
collective acceleration esperiments. Anode 

materials used in these experiments include CD2, 
CH2, C and rear target materials include CD2, 
CH2, C, Cu and natural U. Deuterons: protons, 
and carbon ions were collectively accelerated in 
our system, producing the following reactions in 

the rear targets: lzC(D, n)13N, 65Cu(p, n)65Zn, 
63cu(p, n)63Zn and 27Al(12C, n)38K. Examples 
of these data are shown in Table I. When a 
natural U rear target was bombarded with a 
beam of protons and carbon ions a 4 X log burst 
of neutrons was observed. The reaction causing 
these neutrons has not been identified as yet. 
The 27A@C, n)3% reaction however suggests 
that the device has the potential for producing 
high energy multiply ionized high-Z ions. 

Activation analysis using layered foils and 
rear target neutron yields shows that ions are 
accelerated in the multi-MeV range and that 
some ions achieve an energy as high as 15 MeV. 
For deuterons with an average energy of 1 MeV, 
the thick target yield is known to be about 10e5 
neutrons per incident deuteron. For a deuteron 
of 4-5 MeV the thick target neutron yield would 
be 10-4. The production of 1010 neutrons due 
to the interaction of a high-energy deutron burst 
with a CD2 rear target, and a yield of 2.5 X lo9 
neutrons due to protons striking a Cu rear tar- 
get, indicate that pulses of at least 1014 ions 
with a total energy of about 100 J per pulse are 
produced. The number of activated atoms pro- 
duced in the rear targets is determined by 
activation analysis which serves as a method of 
confirming the accel.eration of high energy ions. 
A large number of the activated atoms are lost 
due to sputtering of the rear targets. Thus it is 

Table 1. Examples of activation analysis. 

Experiment components 
Activation 

product 
Agtivity 

(10 atoms) 
Machine 

voltage (MeV) 

Rear 
target 

spacing (in.) 

Cathode tip - C 
Anode - CH2 
Rear target - Cu 

5. 0 9 

63Zn 7.9 

Cathode tip - C 
Anode - CH2 
Rear target - Cu 

13p; 3.7 

63Zn 3.0 

Cathoce tip - C 
Anode - CI-12 
Rear target - Cu fi3Zn 3. 7 

Cathode tip - C 
An0 de - cm2 
Rear tarpet - Cu 

Cathode rip - C 
Xnorle - CIT2 
Rear target - c’u 

Cathode tip - C 
Anode - C’fl2 
Roar target - c’u 

ti:izn 

632n 
6 5Zn 

63%, 

4.0 

5.4 

1: 

11 

1.0 20 

7 , ,,, . 

4.0 ‘0. 5 
- r %1 
39 

23 

‘I. 0 3 6 
‘1. r? 30 

16 

Ca*.kodc tip - C. :: . 8 26 
Anorlc - (‘II.7 
Rc>ar target - C‘u GXZn 0.5 

C’atho~le tip - C :3 . 5 2 . 5 
‘ino(lc - C’rT2 
Rear target - ill :: 8 1%: 0.66 
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not possible to correlate rear target neutron 
yield with the number of activated atoms. 

In contrast to drifting beam experiments reported 
in the literature, we find that the electron beam 
emerging from our diode system is well colli- 
mated and can b’e brought to a sharp focus at a 
target placed 7 cm from the anode. The ions, 
because of their greater mass, are not as well 
focused as the electrons. However, we have 
found by activation analysis that the greatest 
activity is at the center of 5-cm diam circular 
targets centered on the axis of the system 50 cm 
from the back of the anode. The ions in the 
beam tend to be stopped in a short distance when 
they penetrate a conducting target. The electrons 
will, howcvcr, penetrate to a greater distance. 

Figure 4 shows the damage done by these 
electrons after penetrating most of the distance 
through Cu slabs. In the upper left hand corner 
is shown a blister formed on the back of a thick 
Cu target. In the upper right hand corner of the 
figure are two pieces of copper that have been 
“cold welded” by mass transfer. The lower part 
of the figure shows two similar pieces of welded 
Cu that have been pried apart to show the mass 
transfer weld. All the Cu pieces shown in this 
figure have a thickness of 6 mm. 

Damage to these 0.1 targets indicates the 
beam has a diameter of 6 mm with a dense 
center core of 3 mm. At a distance of 50 cm 
the beam diameters are twice as large. These 
collective accelerated beams can be focused so 
that the dense center core is less than 1 mm in 
:liameter by the use of pointed Cu targets. 
Figure 5 shows both a side view and a direct 
view of a hole made by the beam in such a target. 
The hole is 3 mm in depth and tapers from 1 mm 
at the entrance to a fraction of a millimeter at 
the bottom of the hole. 

This sharp focus appears to be due-t8 an 
interesting effect predicted by Linhardt- which 
is enhanced by pointed targets. Relativistic 
electrons can penetrate into a conducting target 
but the magnetic field due to the current in the 
beam is excluded from the conductor. The 

exclusion of the magnetic field occurs because 
a nonrelativistic return current is induced by 
the incident beam in the conductor and this 
current cancels the relativistic current every- 
where inside the conductor as shown in Fig. 6. 
When the return current reaches the face of the 
conductor it diverges radially. The accumula- 
tion of magnetic field outside the conductor re- 
sults in a growing electric field that accelerates 
electrons toward the conductor and decelerates 
ions. The growing magnetic field outside the 
target also tends to further compress the beam. 
It is our belief that the acceleration processes 
described above takes place, in a modified form, 
if the conducting target has an axial hole, since 
a portion of the magnetic field is excluded due to 
a change in diameter of the return current path. 
Thus, the possibility exists that a portion of a 
beam can be accelerated to very high energy by 
converting some of its energy into magnetic and 
electric forces that focus and accelerate the 
remaining beam. We are now conducting experi- 
ments with a series of foils with axial holes to 
test this concept. 

Figure 4. Hlistereii and cold welded targets. 

F’ig~irc 5. nIicrophoto,~rnilhs of ~:~rnfl~~’ .<ust,aincrl by lmir.tcil i’ear iar!:ets. 
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Relativistic 
beam 
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Conducting 
target - 

Nom-e lativistic 
return electron 
flow 

t= \ .----- 

/------ 

Figure 6. Acceleration of electrons by magnetic 
compression and axial electric field. 

Initial experiments with cop[‘er rear targets 
have produced 2.3 X IO9 neutrons from the p,n 
reaction,,,. and have revealed a 65Znj63Zn ratio 
of z2 1.“ This implies that a substantial fraction 
oi the protons must have an energy well above 
the 1.21 I\/IeV threshold and confirms the presence 
of ion bcrsts with up to 1014 prot0n.s and with a 
total energy of about 100 J. The thick target 
yield for 6 MeV protons is 1.6 X 10-S neutrons 
per incident proton. 

In order to study the propagation of col- 
lectively accelerated ions, a drift space was 
provided by extending the vacuum chamber with 
a 2.1 m brass tube which permitted activation 
studies of either insulated or grounded rear tar- 
gets spaced up to 2.45 m behind the insulated 
anode. The majority of the experiments con- 
ducted with this long drift tube facility were 
performed Ivith 38 mm diam copper discs \$th 
a thickness of 0.39 mm. The presence of 63Zn 
was detected in a?1 experiments, showing the 
acceleration of large bursts of protons with 
energy in excess of th_e applied -voltage. In 
:hese esperiments 100 - 10’ “,jZn atoms were 
detected on the first Cu disc in a multi-disc 
tnrqet. In sev?rn? exnc-riment.5, ;I i‘t.it thiJu’::Ind 
atoms of 6:iZn mcrc fbund on the second Cu foil. 
Since proEons of about 15 LIeV are required to 
pass through a 0.015 in. copper foil and activate 
the second t’oii , the ion burst contains some 
i2lVtOflS vith an energy of at !casi. ;S BIe\~. 

\Yhcn the b[)acing from the anode to the c‘u 
foil tar::re-. was increased from 48 cm to 51 or 
52 cm, ‘there :vn;; no visible evidence that the 
rear target had sustained any damage, but sub- 
smntial “:iZn ~3s detected on these unclamagctd 
rear targets. We also i’oun(i that l.hc neutron 
,;,-i e 1 ( 1, ilue !o collecticely acceler,ated proton:;, 
1vn.5 InrcTcr In l:ho.sf, pn;e5 1.x:here t. e rear tar h 

‘(.‘i? 1. Ln i!; :~l~t.:i:is present when an t-Ffort is matlc 
to c:oijnl: :he ij,iC'u(p, n)65%n reaction. l’lr~cause of 
it.; long lia’l’ life, Ihi:-, r,it:n;;liri!nlent i:, inconvcn- 
icsnt ;ind i ‘5 ~~.;ually c~lirriinatetl. 

get spacing was large enough so that the target 
did not sustain damage. 

For rear target spacings of less than 48 
cm the target is struck by a relatively well- 
collimated electron beam and an associated ion 
burst. As the rear target spacing is increased 
beyond this point, a narrow transition region 
exists over which the electron beam scddenly 
disperses, striking the wall and probably carry- 
ing a portion of the ions with it, 4 sufficient 
number of ions are well directed along the tube 
axis SO that they survive the electron beam 
dispersal and travel the entire length of the 
drift tube to produce 63Zn activation of the rear 
target at that point, 

At present it is unclear why the electron 
beam suddenly disperses and why such dispersal 
leads to higher neutron yields, although rhe 
reduction in sputtering of activated Cu when the 
electron beam has been dispersed must play a 
role in increasing activation of the target. This 
does not, however, explain the increase in neu- 
tron yield with undamaged targets. One possi- 
bility under consideration is that the electric 
field produced when a relativistic electron beam 
enters a solid is no longer present. Since this 
field decelerates ions, its absence may account 
for an increase in neutrons because of higher 
ion energy. 
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