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COLLECTIVE ACCELERATION OF INTENSE ION BEAMS IN VACUUM

John S. Luce, Harry L. Sahlin and Thomas R. Crites
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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
neutreon 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. Plyutto1 in 1961. Together
with several co-workers, Plyutto has continued
this research2-5 up to the present time. These
experiments are conducted with a plasma filled
diode through which a nonrealitivistic electron
beam is passed. Graybill®-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. O. Korop and A. A. Plyutto
also reported on the conversion of cathode
material to positive ions that are collectively
accelerated in vacuum diodes. Thus, the
pioneering work on linear collective field
acceleration is divisable into three categories:
plasma filled diodes, vacuum dindes, and
drifting beams in pressurized gases. A number
of other investigators are now doing linear col-
lective effect acceleration experiments using
these basic methods.

The system develoned at the Lawrcnce
Livermore Laboratory (LI1.L) does not fall fogi-
cally into any of these three categories. Because
tie anode is highly insulated and its potential
varies rapidly, it could be described as a pulsed
anorde accelerator that operates in vacuum. With
this device protons and deuterons have been
accelerated in pulses of 1014 jons with energies
up to 15 MeV. A smaller number of carbon ions
have been accelerated with sufficient energy to
activate an Al target. The device also produces
neutron pulses with high efficiency. Bursts o
1% 1910 neutrons? have been produced with deu-
teratad potyethelene electrodes. This neutron
vield is surprising when rorhfaargri Lo neutron
data Jrom other experiments!0-12reported inthe
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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. However, 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 LI.L 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 MeV,
The v /¥ 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 /v
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 experiments described here a -mm diam
nylon shank is imbedded in the 3.8-em diam’
high voltage accelerator shank with 6 cm of
nylon rod protruding. Nylon is used to reduce
shank fire™ and pointed cathode tips (15° taper)
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Figure i, Relativistic pinch neutron seometry.,

‘No other onerational differences have ieen
noted with conducting shanks and “diclectric shanks,
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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
L.,Ulluuau:d 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
procduce the desired ions. For example natural
polyethelene (CHQ\ produces carbon and hydrogen
ions, deuterated polyethelene (CDs) produces
carbon and deuterium ions,etc. The anode is
mounted in ancther insulator which for the
experiments described here is 11 c¢m in diam.
The insulator assembly is pressed into a ground-
ed brass cylinder that provides a path for the
return current. A rear target is provided so
that the number of ions and their energy can be
determined by the neutron yield and activation
analysis. Both insulated and grounded rear
targets are used, with little nn‘rweahlp difference
in activation. When the accelerator is fired the
electron beam is concentrated by the cathode
ar,mcuu,uy with most of the electrons emer gmg
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 a:sembly
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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
nrocess 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
plncn forms that p‘f‘OOuL,r:‘z a neutron burst and
ejects a cluster of high energy particles. These
particles, together with the unused portion of
the electron beam, impinge on the rear target,

A burst of particles is also accelerated in the
opposite direction, together with the radial re-
turn current sheet. i
divergence and the interference of the accele-
value

rator, these ions are of no practical

Radial acceleration of ions from the cathode-
anode gap of a vacuum diode system using a
crounded anode was recently reporied, ©

The diagnostics used in our experiments in-
clude two silver activation counters that are
calibrate rI in place using a Bureau of Standards
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silver rietectors that can nmcrimmd‘,c between
D-T and D-T neutrons.  The ratio of D-ND and
D-T neutrons produced in D-T plagmas 1s
important in determining the origin of the neu-
trons. A time-of-flight neutr(}n sncc‘r‘rnmote
CH{DD, ) VN

is used 10 measure -1 and re
ac-ions. D-T neutrons have not heen measzsured
with this instrument because of interference by
a strong pamrra pulse, This neutron :-«poctro—
meter s o Pilot 13 plastic scintilla‘tor with fwo
RCA 6342 photomultipliers amplificd to give dif-

ferent sensitivities for varyving neutron fluence
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levels, An integrating circuit is incorporated in
each scintillator photomultiplier system so that
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an integrated signal proportional t
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.
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The identification
radioactive isotopes produced by our collectively
accelerated beams is accomphshecl by gamma
pulse height analysis which can be carried out
with either a Nal or Ge(Li) detector,

Although each detector-analyzer-shield
configuration is unique, the International Atomic
Energy Ao‘nnr‘v has available standard sets of
radlonuchdes for calibration purposes. Identi-
fication of the radioisotope is made by compar-
1g 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 accelera-
ian of
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Febatron which is a 5000 A, 2.1 MeV device
that delivers approximately 200 of its §00 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 posalblhty of neutrons being prJoched
by procesaes other than D-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 pulse (seen at the
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Figure 2. Time-of-flight traces.

while the second
The diode system
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left) is due to gamma ravs,
pulse is due to D-D neutrons.
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was neéh modaiiiea oy ine addition
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grounaea
surfaces as shown in Fig. 3, and 0.5 MeV neu-
frons wevre h(\n observed. An oscilloscope tracc
showing the 0.5 MeV neutron peak due to the 12C
(D) 13N reaction nroduced with the new geometry
is shown at the right in Fig. 2. & ,\pemment:
were then conducted using natural polyvethelene
{CH>9) anodes which produce protons and Cu rear
w>+~ unﬂn

tho A"\'h’\r\+1 re of nroducing
v.u; (ne objective ol procucing

C u(p m85Zn and P3Culp, n63%n reactions.

The thresholds for these reactions are 2,16 Mel
and 4,21 MeV, respectively. Neither of these
reactions was produced; therefore, collective
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Figure 3. Relativistic pinch gun geometry.

acceleration research was discontinued on the
Febatron.

Research was continued on the BREL machine
described previously, using the geometry shown
in Fig. 3. Another series of cathode experiments
was conducted and the tapered carbon cathode tip
with a 2 mm point was adopted as standard for

materials used in these experiments include CDj,
CHgj, C and rear target materials include CD,,
CHg, C, Cu and natural U, Deuterons, protons,
and carbon ions were collectively accelerated in
our system, producing the following reactions in

the rear targets: 12C(D, n)!3N, 65Cu(p, n)652n,
83Cu(p, n)63Zn and 27A1(12C, n)38K, Examples
of these data are shown in Table [. When a
natural U rear target was bombarded with a
beam of protons and carbon ions a 4 X 109 burst
of neutrons was observed. The reaction causing
these neutrons has not been identified as yet.
The 27A1(12C, n)38K 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 10~
neutrons per incident deuteron, For a deuteron
of 4-5 MeV the thick target neutron yield would
be 1074, The production of 1010 neutrons due
to the interaction of a high-energy deutron burst
with a CDg rear target, and a yield of 2.5 X 109
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 acceleration of high energy ions.
A large number of the activated atoms are lost

collective acceleration experiments, Anode due to sputtering of the rear targets. Thus it is
Table 1. Examples of activation analysis.
Rear
Activation Agtivity Machine target
Experiment components product (10° atoms) voltage (MeV) spacing (in.)
Cathode tip - C 5.0 9
Anode - CH.
Rear target™ Cu 637Zn 7.9
Cathode tip - C 13N 3.7 4.0 11
Anode - CHyg
Rear target - Cu 63zn 3.0
Cathocde tip - C 5.4 11
Anode - CHy -
Rear target - Cu 6370 3.7
Cathode tip - C 1.0 20
Anode - CHy -
Rear target - Cu 657n 3.1
Cathode tip - C . 4.0 20.5
Anode - CHg 637n 15
Rear target - Cu 657n 39
Cathode tip - C 4.0 26
Anode - CHgo 4.8 20
Rear target - Cu N 4. 16
637n 23 (3 shots)
Cathode tip - C 3.8 a5
Anode - CTlg 63
Rear target - Cu > Zn 0.5
Cathode tip - C 3.0 2.5
Anode - ClHig a9
Rear target - Al YUK 0.66
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not possible to correlate rear target neutron
vield 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 be 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
theyv penetrate a conducting target. The electrons
will, however, penctrate 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 Cu targets indicates the
heam 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
diameter 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 4 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 to 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. Blistered and cold welded targets.

Figure 5.
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Microphotographs of damage sustained by pointed rear targets.
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Figure 6.
compression and axial electric field.

[nitial e\perlmentb with copper rear targets
have produced 2.5 X 109 neutrons from the p,n
reaction, and have revealed a 657n/637n ratio
of =2/1." This implies that a substantial fraction
of the protons must have an energy well above
the 4,21 MeV threshold and confirms the presence
of ion bursts with up to 10 protons and with a
total energy of about 100 J. The th1ck target
yield for 6 Me\/ protons is 1.8 X 10~9 neutrons

per incident p.[ULUH.

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 brags tube which nermitted activation
a «.,. In prass wicn pe

studies of either insulated or grounded rear tar-
gets spaced up to 2.45 m behind the insulated
anode. The majority of the experimenis con-
ducted with this long drift tube facility were
perfermed with 38 mm diam copper discs with
a thickness of 0.39 mm. The presence of ®°Zn
was detected in all experiments, showing the
acceleration of large bursts of protons with
energy in egcess of the apphed wvoltage. In
these e\perlments 108 - 107 €3Zn atoms were
detected on the first Cu disc in a multi-disc
target. In several experiments, a few thousand
atoms of 63Zn were found on the second Cu foil.
Since protons of about 15 MeV are required to
pass through a 0,015 in, copper foil and activate
the second foil, the ion burst contains some
protons with an energy of at least 15 MeV.

When the spacing from the anode to the Cu
foil target was mcroased from 46 cm to 51 or
52 em, there was no visible evidence that the
rear 1arWet had sustamed any damage, but sub-
srantial 537Zn was detected on these undamagod
rear targets. We also found that the neutron
vield, rlue to collectively accelerated protons
was larger in those cases where the rear tar

G SZn is al ways prosont when an effort is mare

Acceleration of electrons by magnetic

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

a4 a ATrs

h tha alaptwan
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Vv'LllC the electron beam sudden LY
disperses, striking the wall and probably carry-
ing a portion of the ions with it. A 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 63zZn 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 the
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 yvield with undamaged targets. One possi-
bility under consideration is that the electric
field produced when a relativistic electron beam

ontara o anlid ic np lancery nragant Sinpe thig
eners a 50114 15 10 LOnger prosant. SLAICE Wale

field decelerates ions, its absence may account
for an increase in neutrons because of higher
ion energy.

The authors are indebted to B. Freeman,
R. Gulickson, O. Zucker, C. Nelgson and
D. Dalgas for timely assistance, T. Wainwright,
N. Keeler and E. Teller have provided useful
discussions and enthusiastic support.
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