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Development of the Los Alamos continuous high average-power
microsecond pulser ion accelerator
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The continuous high average-power microsecond pulser~CHAMP! ion accelerator is being
constructed at Los Alamos National Laboratory. Progress on the testing of the CHAMP diode is
discussed. A direct simulation Monte Carlo computer code is used to investigate the puffed gas fill
of the CHAMP anode. High plenum pressures and low plenum volumes are found to be desirable
for effective gas puffs. The typical gas fill time is 150–180ms from initiation of valve operation to
end of fill. Results of anode plasma production at three stages of development are discussed. Plasma
properties are monitored with electric and magnetic field probes. From this data, the near coil
plasma density under nominal conditions is found to be on the order of 131016 cm23. Large error
is associated with this calculation due to inconsistencies between tests and the limitations of the
instrumentation used. The diode insulating magnetic field is observed to result in lower density
plasma with a more diffuse structure than for the cases when the insulating field is not applied. The
importance of these differences in plasma quality on the beam production is yet to be determined.
© 2000 American Institute of Physics.@S0034-6748~00!06010-X#
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I. INTRODUCTION

The continuous high average-power microsecond pu
~CHAMP! high-intensity ion accelerator is being develop
at Los Alamos National Laboratory. A detailed descripti
of the design and the motivation for the development of
CHAMP accelerator is discussed elsewhere.1–3 For a general
discussion of high-intensity ion beams and diodes, see
4. Briefly, CHAMP utilizes a magnetically insulated diod
with a plasma anode designed to produce a repetitiv
pulsed ion beam as shown in Fig. 1. The plasma beam
produced by the following series of timed events. First,
slow insulating magnetic field with a rise time of 500ms is
applied parallel to the induction coil surface. Next, a puff
gas is injected radially over the induction coil surface
discussed in the next section. The anode plasma is prod
by four parallel, two-turn induction coils pulsed to a pote
tial of 30 kV and current of several thousand amperes wit
rise time of 1ms. Thej u3Br force produced by the plasm
current and the magnetic field of the induction coils pus
the anode plasma against the insulating magnetic field a
entrance to the anode-cathode gap where the ions are
tracted. Finally, four parallel Blumlein transmission lin
switched through thyratrons for repetitive operation, or sp
gaps for single shot operation, raise the potential of the
ode structure to1250 kV. The high potential accelerates th
anode plasma ions through the insulating gap and past
cathode towards a ballistic focus. The plasma electrons
main trapped on the insulating field lines in the anod
cathode gap due to their smaller mass while the ions
3670034-6748/2000/71(10)/3677/7/$17.00
er

e

f.

ly
is
e

f
s
ed

-
a

s
he
ex-

k
n-

he
e-
-
re

accelerated with minimal deflection from the magnetic fie
As the plasma ions pass between the cathode cones, fi
emitted electrons are entrained, neutralizing the ion sp
charge downstream of the gap. Electrons trapped in
anode-cathode gap allow for ion current densities well ab
the space charge limit for a vacuum gap. The CHAMP
celerator is designed to produce an ion beam with a poten
of 200–250 kV, ion current of 15 kA, pulse duration of 1ms,
and pulse frequency up to 30 Hz.

Later we discuss the progress of the accelerator deve
ment and report on the results of two completed steps. S
cifically, the simulation of the gas fill process and the init
production of the anode plasma are described. The asse
and testing of the accelerator has made significant progr
Several subsystems have been assembled and tested in
ing the accelerator diode, vacuum system, cathode,
valve, and insulating magnetic field coils. Preliminary ve
sions of the induction coil driver circuit, insulating field cir
cuit, and gas puff valve controller are also operating. Fina
a single shot version of the Blumlein transmission lines us
a spark gap in place of the thyratrons has been assem
and is being tested for initial beam production experimen

II. GAS FILL SIMULATION

To produce an ion beam from a plasma diode, a serie
well-timed events must occur as described in the previ
section. Clearly, the gas fill process directly affects the ti
ing and quality of the production of the anode plasma. T
quality of the plasma refers to the degree of ionization a
7 © 2000 American Institute of Physics
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FIG. 1. Layout of the CHAMP plasma diode for tes
ing. Left side of assembly attaches to an insulating
tank housing the puff valve controller, induction co
pulse circuit, and accelerator pulse transmission lin
~not shown!.
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the uniformity of the resulting plasma ring. Ideally, the g
uniformly covers the surface in front of the induction coils
approximately 100 mTorr with no leakage into the anod
cathode gap. At the moment this condition is achieved,
induction coils are pulsed, producing a uniform ano
plasma with minimal spoiling of the vacuum from exce
gas. In practice, it is not possible to introduce the gas o
the surface of the coils without density gradients and so
leakage into the gap. Therefore, the dynamic behavior of
fill process must be examined in detail to optimize the g
nozzle geometry, the puff valve operating parameters,
the induction coil pulse timing.

An Applied Pulsed Power, Inc., fast acting puff valv
utilizing a metallic diaphragm actuated by eddy currents
used on CHAMP as shown in Fig. 2. The typical openi

FIG. 2. Schematic diagram of the puff valve.
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time of the valve is 125ms and full deflection of the edge o
the diaphragm is 0.5 mm. The puff valve has an integral
plenum behind the diaphragm that includes gas feed p
leading into a machined annular grove. Since the feed p
are always open, the effective plenum volume associa
with the feeds is a function of the open to close time of t
diaphragm. For the valve currently used on CHAMP, t
effective plenum volume in these simulations is appro
mately 0.25 cm3. This volume is calculated from the geom
etry, the opening time, and the plenum pressure.

The gas plenum volume and pressure are two parame
of the puff valve that can be controlled to achieve the desi
gas fill. In principle, the volume of this plenum could b
controlled by changing the dimensions of the annular p
num, changing the diameter of the feed ports, and includ
valves on the feed lines. Effects due to changes in the
num volume are modeled as described later; however,
experiments on the CHAMP accelerator using other p
valve designs have been performed. The design of the
valve is not exactly azimuthally symmetric due to the fin
number and placement of the feed ports. For the mode
puff valve used in these experiments, the valve has one
inlet port located at the bottom of the annular plenum
shown in Fig. 2. This asymmetry is not considered in t
simulations and is not expected to be significant early in
fill. Neglecting this asymmetry is justified for the large pl
num used in the experiments because only a small fractio
the gas early in the fill is used in the plasma production
discussed below.

The valve and nozzle geometry is shown in Fig. 3. T
target pressure for the gas fill is on the order of 100 mT
and the typical dimension in the nozzle is 1 cm. The ratio
the characteristic mean free path to the length scale
Knudsen number, for this target condition is 0.04. Th
Knudsen number corresponds to flow in the transition reg
between molecular flow and compressible fluid flow. Sin
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molecular motion is non-negligible, the Navier–Stokes eq
tions are invalid and a kinetic model must be used.

A computer simulation of the fill process in CHAM
was used in this analysis employing a FORTRAN 77 dir
simulation Monte Carlo~DSMC! code.5,6 This code models
two-dimensional or axisymmetric nonequilibrium gas flo
and includes features for handling multiple species, unste
flow, relaxation of the rotational energy mode of molecul
and diffuse reflection off of solid surfaces. The energy sp
trum of the gas particles is also tracked. A set of operatio
parameters is provided to the code in an input file. Th
parameters include the number and types of gases; in
conditions for temperature, density, and velocity; as well
various parameters that control the execution of the co
The geometry of the CHAMP gas nozzle, shown in Fig. 3
defined in a series of data statements in a separate ro
that creates the grid used in the main simulation code.

For these simulations, the puff valve was assumed
open instantaneously. The gas fill simulation began with
gas molecules, in this case hydrogen, crossing a surface
ally symmetric about the system axis a few millimeters fro
the valve opening where the nozzle begins to diverge.
each run, two-dimensional maps of time-averaged part
properties were produced in 8ms steps for a minimum tota
simulation time of 80ms. In these analyses, the properties
interest were the particle number density and pressure.
objective of the simulations was to determine the conditio
required for the gas fill to be localized over the anode c
surface at a pressure on the order of 100 mTorr with minim
leakage into the anode-cathode gap. Although the densi
the controlling parameter for breakdown of the gas, the p
sure is easier to measure in practice and is therefore inclu
in this analysis. Four cases were simulated as summarize
Table I. Cases 1–3 examined the influence of plenum p
sure and volume on the gas fill. Case 4 simulated the ga
with the geometry of the nozzle updated to include min
changes in the nozzle shape required during assembly
testing of the anode for comparison to experiments.

Four plots from case 1 of the calculated pressure a
function of position at times of 24, 40, 56, and 72ms are

FIG. 3. Close-up sectional view of the nozzle and valve layout showing
boundary of the DSMC computer model calculations~dotted line!.
-

t

dy
,
-

al
e

ial
s
e.
s
ine

to
e
xi-

or
le

f
he
s
il
l
is

s-
ed
in
s-
fill
r
nd

a

presented in Fig. 4. Refer to Fig. 3 for a description of t
simulation boundary. As listed in Table I, the plenum pre
sure in case 1 is 30 psia and the plenum volume is 0.25 c3.
The labeled times correspond to the time since the beginn
of the simulation and do not take into account the time
the valve to open. The 10 mTorr isobar crosses the no
outlet in 24ms. The flow continues to expand over the co
surface primarily in the radial direction and to a lesser ext
in the axial direction. At approximately 40ms, the pressure
of the gas reflecting off of the outer wall of the anode reac
10 mTorr. The desired fill conditions are achieved betwe
56 and 72ms. At 56ms, the pressure across the anode op
ing to the anode-cathode gap is on the order of 10 mTorr
the pressure along the surface of the coils ranges from
proximately 50–200 mTorr. The isobars on the order o
few Torr show little movement during the duration of th
simulation and never leave the nozzle region. By 72ms, the

e

FIG. 4. Plots of pressure as a function of position for the gas flow simu
tion in case 1 at 24, 40, 56, and 72ms. Units are mTorr.

TABLE I. Summary of plenum conditions used in the simulations. Case
and 4 differ only in details of the geometry.

Case Plenum pressure~psia! Plenum volume~cm3!

1,4 30 0.25
2 3 0.25
3 30 0.025
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500 mTorr isobar is beginning to move across the coil s
face and the 2000 mTorr isobar shows movement tha
more significant. The existence of the high pressure isob
upstream at the time of desired fill conditions indicates
significant quantity of extra gas is released into the syst
which would have to be evacuated prior to the next be
being produced. More importantly, at the end of the simu
tion the 10 mTorr isobar has moved approximately 2 cm i
the gap, which could result in a discharge between the an
and cathode.

In general, the flow exhibits viscous interaction with t
wall. This is clearly seen in the density plots shown in Fig
by the development of a nozzle centered neutral gas b
forming within a large boundary layer. The flow separa
from the coil sidewall beginning around 56ms as the flow
expands into the gap. The separation becomes more dram
as gas bubbles stagnate in the corners of the outer surfa
the anode at 72ms. By the end of the simulation, the centr
gas beam is deflected directly towards the outer edge of
gap opening. When the desired fill conditions are achie
between 56 and 72ms, the density at the surface of the co
ranges from 1015 to 1016 cm23.

The objective of cases 2 and 3 is to minimize the amo
of gas introduced into the vacuum while maintaining t
desired fill characteristics demonstrated in case 1. In ca
the plenum pressure is reduced to 3 psia while the plen

FIG. 5. Plots of particle number density as a function of position for the
flow simulation in case 1 at 24, 40, 56, and 72ms. Units are particles/cm3.
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volume is left at 0.25 cm3. The reduction in plenum pressur
results in the flow requiring significantly longer time to d
velop relative to case 1. The simulation in case 2 require
total simulation time of 112ms to accommodate this slowe
development. The flow exits the nozzle at approximately
ms as compared to 24ms in case 1. The maximum radia
travel of the 100 mTorr isobar is approximately 135 m
which only slightly overlaps the coils. By comparison,
case 1 the 100 mTorr isobar extends to about 170 mm.
maximum pressure isobar seen in the case 2 simulatio
greatly reduced to 2000 mTorr compared to 10 000 mTor
case 1 indicating a significant reduction in the amount
excess gas released.

In case 2, the boundary layer is thicker, accounting
the slower flow development. The lower plenum press
results in a gas beam with lower radial momentum so it d
not have sufficient energy to effectively overcome the fr
tional losses in the nozzle. Since the axial momentum co
ponent of the flow is proportionately larger compared to
radial momentum in this case, the flow expands more rea
into the gas before the surface pressure reaches the de
level. Although the lower plenum pressure does reduce
quantity of fill gas released into the system, it also results
a less effective fill.

In case 3 the plenum pressure is set to the original va
of 30 psia while the plenum volume is reduced by an or
of magnitude to 0.025 cm3. This configuration results in fill
characteristics similar to case 1 while significantly reduc
the pressure upstream in the nozzle. The gas fill is sligh
slower than in case 1 with the optimum conditions bei
achieved around 72ms. The 100 mTorr isobar reaches
maximum radial position of 150 mm which is over the coi
Leakage into the gap is significantly reduced. The 10 mT
isobar extends less than 1 cm into the gap at 80ms compared
to 2 cm for case 1. The upstream pressure in the no
decreases throughout the simulation, which is a feature
seen in either of the earlier cases, indicating a more effic
use of the fill gas. The gas beam behavior is similar to tha
case 1. Of the cases considered, the parameters used in
3 produce the best gas fill.

Case 4 uses the same plenum conditions as case 1
minor geometric modifications to better match the re
CHAMP nozzle currently in use. Most notably, the re
nozzle has a more pronounced divergence close to the
valve exit. Although there are some changes in the detail
the simulated flow behavior between the two cases, the o
all behavior is very similar. Therefore, the results of cas
1–3 are reasonable for predicting the flow behavior in
actual CHAMP geometry.

Although not an exhaustive analysis of the parame
space, several generalized conclusions can be made bas
these results. First, the plenum volume should be optimi
for the desired fill conditions, especially for operation in
rep-rate mode, by minimizing its volume. Second, the p
num pressure should be relatively high to minimize ea
axial expansion and provide the energy necessary to push
desired isobar over the coil face. The nozzle geome
should be designed to provide the minimal rate of div
gence, especially near the nozzle outlet, in order to maxim

s
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the radial gas beam momentum while minimizing the ax
momentum.

Since minimal attempt was made to optimize the des
of the nozzle and fill volume geometry prior to fabrication
couple of options for more extensive modification may
beneficial. None of these modifications have been analy
in detail. They are mentioned here as potential future inv
tigations. Based on the fill behavior observed in these sim
lations, it may be desirable to design the outer edge of the
volume such that the neutral gas beam reflects radially b
on itself rather than being deflected in the axial directio
Another option is to remove the outer wall completely a
apply differential pumping at the outer radius. This seco
option might provide a means for allowing a continuo
stream of gas to flow over the anode face that could be
ized, as needed at the rate the rest of the system oper
Certainly many other designs are possible.

III. INITIAL ANODE PLASMA PRODUCTION
EXPERIMENTS

The testing of the anode plasma proceeded in th
stages. First, the plasma was produced using a static ga
to determine the range of pressure and coil potential
effectively ionized the gas. Second, plasma was produ
from a puffed gas fill without the insulating magnetic fie
applied. Finally, plasma was produced from a puffed gas
with the insulating magnetic field applied and the catho
structure installed. In all three stages, the plasma condit
were measured with a magnetic coil (Ḃ) probe and a floating
differential electric field ~E! probe. Both probes were
mounted on a positioning stage with four directions of m
tion and oriented to measure only one field component
time. In addition to the field probes, a framing camera an
photodiode sensor were used to qualitatively characterize
plasma.

A. Probe design and application

The theory, design, and application of the field prob
used here are briefly described later. See Ref. 7 for a deta
discussion of these types of probes. The primary objectiv
these experiments is to measure the plasma density.
electron density can be calculated using the generalized f
of Ohm’s Law8

E1v3B2
1

nee
~J3B2¹pe!2hJ50, ~1!

where v is the charge velocity,ne is the electron numbe
density,J is the current density,pe is the electron pressure
andh is the electron resistivity. For application to the plasm
diode, cylindrical coordinates are used. For these exp
ments, we limit the analysis to times when the electron pr
sure gradient is much less than theJ3B term. For the
CHAMP anode,v is approximately axial, and hence, thev
3B term has noz component. Similarly, the current densit
J, is purely azimuthal and therefore does not contribute
thez component. Focusing on thez component and rearrang
ing terms, Ohm’s Law reduces to
l
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ne5
JuBr

eEz
. ~2!

From Maxwell’s Equations, the azimuthal current is relat
to the radial magnetic field by

Ju5
1

m0

]Br

]z
. ~3!

From ~2! and ~3!, and combining theBr terms into the de-
rivative of the square ofBr provides the desired form of th
expression for the electron density

ne5
1

2m0eEz

]~Br
2!

]z
. ~4!

Therefore, from the measurement of the radial magnetic fi
and the axial electric field as a function of axial position, t
electron density can be calculated. In these experiments
plasma is assumed to be charge neutral prior to the b
accelerating pulse so the electron density is equal to the
density times the ionization level. For the calculation of ele
tron density from~4! and experimental data, a central diffe
ence approximation of the derivative term and the averag
the electric field in the interval are used.

By collecting magnetic and electric field data at vario
axial positions, with reasonable repeatability between te
the density of the plasma sheets is determined. For th
experiments, data is collected every 5 mm along thez axis.
Due to the large spatial interval between data points,
approximation of the derivative term in~4! is rough. Further-
more, only one probe is used at a time and the shot-to-s
repeatability is low, further reducing accuracy in the calc
lations. Inconsistent behavior is particularly apparent in thE
probe data. A series of more detailed experiments using m
tiple probes simultaneously is necessary to determine
plasma density more accurately; however, these prelimin
data sets are sufficient to make an estimate of the pla
density.

In addition to calculating the electron density, the ma
netic field probe is used to monitor the plasma current sh
moving axially away from the anode coils. TheḂ probe
records the magnetic field produced by both the ringing c
rent in the anode coils and the current flowing in the plasm
Without the plasma current, the signal from the anode c
current is a decaying sinusoid. As the plasma sheets
over the probe, the probe signal is distorted by the prese
of plasma currents as shown in the sampleḂ probe signal in
Fig. 6. The distortion is due to the shielding of the anode c
field by the plasma current field. The distortion magnitud
abruptness, and duration are used to qualitatively evalu
the plasma current sheets. Large reversal of field indica
large plasma current while abrupt and short duration dis
tions indicate a well-formed sheet. This qualitative inform
tion is useful for detecting cases in which weak plasma c
rents are observed corresponding to low plasma density
comparing a series of magnetic field plots at different ax
positions, the velocity of the plasma sheets can be calcula

The Ḃ probe used for these experiments consists o
total of 21 turns of 30 ANG magnet wire in two layers wit
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an effective diameter of 2 mm and length of 2 mm. The co
are wound on an acrylic form and encased in epoxy re
The twisted leads from the coil are connected to a RC in
grating circuit with a time constant of 47.6ms. The output of
the integrator is recorded on an oscilloscope. Calibration
the coil is accomplished by comparison to a larger pro
with easily measured geometry in a common field. The pr
sensitivity is measured to be 1.32 V/T.

TheE probe is constructed from a section of 1/4 in. rig
coaxial cable with the center conductor and insulation
tending 8 mm past the outer conductor. To eliminate
common mode, the leads of theE probe are connected to
shielded differential transformer. This transformer is co
structed from a ferrite core with outer diameter of 1.5 i
inner diameter of 1 in., and thickness of 3/8 in. To minimi
coil-to-coil capacitive coupling through the core, the core
encased in a copper shield with a circumferential slit to all
flux entry. Both the primary and secondary windings cons
of ten turns, with the primary wire insulated for high voltag
A copper electrostatic shield is placed between the prim
and secondary coils and attached to the core shield to m
mize line-of-sight capacitive coupling between the coils. T
entire core assembly is enclosed in an aluminum box w
BNC connectors on both ends. An additional 430V resis-
tance in series with the 50V output cable is added to th
output to minimize the rise time, which is limited by leaka
inductance. To prevent significant differentiation of the s
nal due to loading of the primary coil inductance, the sou
must be of relatively low impedance. For the pulsed plas
experiments considered here, differentiation is negligible
cause the source impedance is on the order of,1 V resulting
in a time constant of 300ms, which is much longer than th
pulse length. The measured inductance of the transfor
primary is 300mH. Common-mode reduction is calculated
be 99.7%. The ratio of input to output signal is measured
be 0.105.

In addition to theE andḂ probes, a simple photodiode
used to qualitatively monitor the plasma. Specifically, t

FIG. 6. Sample plot of the magnetic field as a function of time recor
using theḂ probe. The fine line plot is the magnetic field in vacuum used
reference. Deviations of the field in plasma~heavy line! from the form of the
vacuum field indicate plasma effects.
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photodiode provides a means for observing the plasma g
due to recombination. Though not a quantitative instrume
the photodiode has proven very useful in comparing the s
to-shot behavior of the plasma. It is also valuable in det
mining the onset of breakdown in the fill gas and subsequ
ionization peaks due to the ringing of the anode coils.

B. Experimental results

In the first experiments to produce plasma, a static fill
various gases was ionized to examine the uniformity of
anode plasma and the range of presusre and coil potenti
which various species breakdown. Although the density
the significant gas property in causing breakdown, the p
sure was used since it is much easier to measure. All exp
ments were conducted at ambient temperature so the de
and pressure are linear functions of each other. In gene
these experiments were intended to provide qualitative d
so no plasma density calculations are reported here. A
uniformity of the anode was examined with the use of
framing camera set up to photograph the entire anode atms
intervals for a total of 8ms. Acceptable uniformity was ob
served with some filamentation apparent.

The second set of experiments involved the product
of the anode plasma from a puffed hydrogen gas fill witho
applying the insulating magnetic field. The objective of the
experiments was to determine the nominal timing of the
puff and the anode coil pulse using the earlier puff fill sim
lations as a guide. The effectiveness of the plasma prod
tion as a function of the event timing was evaluated with
Ḃ probe and the photodiode. A delay of 150–180ms be-
tween triggering the puff valve and the anode coil pulses w
found to be optimum. As discussed earlier, the simulatio
showed the desired fill conditions occur over several tens
microseconds. Taking into account additional delays ass
ated with the puff valve circuit and the noninstantaneo
opening of the valve, the range of acceptable delay was c
sistent with the results of the simulations.

Two complete sets of both magnetic and electric fie
data were collected in 5 mm axial increments from 5 to
mm from the coil face. From this data, the velocity of th
first sheet was determined to be approximately 4 cm/ms. The
production of the plasma sheets was observed to corresp
to the half-cycle maximums of the induction coil current
expected. In general, the strongest sheet was produced b
second half cycle. This may have been due to preioniza
during the first half cycle allowing for strong plasma co
pling during the second half cycle. The main body of t
plasma was accelerated on the second half cycle of the a
coil current, with a lesser amount accelerated on the th
half cycle. Limiting the calculations to those times when t
earlier mentioned assumptions are valid, the plasma den
of the second half-cycle sheet atz57.5 mm was found to be
approximately 1016 cm23. As mentioned earlier, the erro
bars associated with this calculation are large, possibly
order of magnitude.

In the third set of experiments, the electric and magne
field data was collected as before with the cathode struc
installed and the external insulating magnetic field appli

d
r
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The purpose of these tests was to examine the effect of
external fields on the anode plasma development and m
ment. The external field had a significant impact on the
breakdown. The coupling of the pulsed field to the gas
peared much weaker than in the earlier experiments lik
resulting in a lower ionization level. TheE field probe data
was noisier, which complicated the data analysis, increa
the uncertainty in the calculations. The source of this no
has not been determined. However, the plasma behavio
corded was more consistent from shot-to-shot than that
lected for earlier experiments. The plasma density was
culated to be of order 1015 cm23 at z57.5 mm with error as
large as one order of magnitude.

The anode plasma has been successfully produce
each of three stages of testing and the plasma density ap
to be sufficient for the extraction of a beam. In the event t
stronger ionization is required, a higher frequency preioni
tion signal may have to be superimposed on the current p
of the anode coil.9

Significant work remains to be completed in order
accurately and completely characterize the CHAMP an
plasma. To better characterize the plasma, a more elab
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instrumentation set is required. In particular, a small array
field probes needs to be assembled and monitored sim
neously during tests to eliminate the error associated w
shot-to-shot inconsistencies. If possible, the spacing of thḂ
probes on this array should be closer than 5 mm to be
approximate the derivative term in~4!. Ideally, an instrument
tree could be assembled capable of monitoring the locali
plasma density at several distant points simultaneou
Other types of instrumentation must also be considered
cluding interferometric and spectroscopic techniques.
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