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A Thomson-type mass and energy spectrometer for characterizing ion
energy distributions in a coaxial plasma gun operating in a gas-puff mode
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Measurements of ion energy distribution are performed in the accelerated plasma of a coaxial

electromagnetic plasma gun operating in a gas-puff mode at relatively low discharge energy (900 J)

and discharge potential (4 kV). The measurements are made using a Thomson-type mass and

energy spectrometer with a gated microchannel plate and phosphor screen as the ion sensor. The

parabolic ion trajectories are captured from the sensor screen with an intensified charge-coupled

detector camera. The spectrometer was designed and calibrated using the Geant4 toolkit,

accounting for the effects on the ion trajectories of spatial non-uniformities in the spectrometer

magnetic and electric fields. Results for hydrogen gas puffs indicate the existence of a class of

accelerated protons with energies well above the coaxial discharge potential (up to 24 keV). The

Thomson analyzer confirms the presence of impurities of copper and iron, also of relatively high

energies, which are likely erosion or sputter products from plasma-electrode interactions. VC 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816028]

I. INTRODUCTION

There are a number of applications for the high energy

density plasmas that are produced by pulsed coaxial dis-

charge plasma accelerators, including plasma injection into

fusion machines,1–3 neutron and x-ray production,4–6 plasma

ion implantation in materials processing,7,8 space plasma

propulsion,9,10 and fusion plasma disruption studies.11–13

The most common mode of operation of the coaxial plasma

accelerator occurs when the process gases are introduced to

the accelerator before the initiation of breakdown. In this so-

called “snowplow” mode, a current sheet is formed upon

breakdown and propagates along the length of the accelera-

tor due to J � B forces, propelling both the ionized gases

and the neutral gases in front of the sheet to high

velocities.14–16 The collapse of this current sheet just beyond

the exit of the accelerator can lead to a strong pinch along

the discharge axis that is believed to be the source of highly

energetic ions extending into the MeV energy range.17

Another mode of operation can be accessed if the high

voltage is applied across the electrodes before gases are

introduced. Breakdown occurs as the gases are injected,

forming a stationary ionization zone near the upstream end

(breech) of the accelerator followed by a downstream current

conducting zone that continuously ionizes the neutral gas as

it is injected.18–20 In this mode, the gas is concentrated near

the breech and the plasma accelerates into vacuum. In anal-

ogy to a similar operating mode in chemical combustion,

this mode has been introduced by Cheng18 as the plasma def-

lagration mode. It is also sometimes referred to as the “high

energy mode,”5 or as we refer to it here, the “gas-puff

mode.” This mode of operation is also believed to lead to the

production of energetic ions or energetic plasma of energies

well above the gun discharge potential,5 although the mecha-

nism for the production of these ions is less clear.

In a recent paper,21 we characterized the dynamics of

the current distribution within the interior of a coaxial

plasma gun operating in a gas-puff mode to better understand

the dynamics of plasma formation and acceleration, and, in

particular, the production of these energetic ions. A better

understanding of the plasma deflagration mode might enable

scaled plasma guns that could provide a high fluence of ions

with kinetic energies that are several orders of magnitude

higher than those seen in Ref. 5.

Here, we describe the development and application of a

Thomson-type mass and energy spectrometer to measure the

energy distribution of the high-energy subclass of ions in the

accelerated plasma stream, as well as identify and character-

ize the energy spectra of ionized contaminant species which

originate from plasma-electrode interactions. The analyzer

uses magnetic and electric fields to disperse ions of different

energy and charge-to-mass ratios onto unique trajectories.22

Particles on the different trajectories are detected when they

strike a 2D multi-channel plate (MCP) coupled with a phos-

phor screen. Traditionally, the measured particle trajectories

are converted to species-specific energy spectra using a cali-

bration developed by passing particles of a known species

and energy through the spectrometer (such as from a cali-

brated accelerator or particle source [e.g., Ref. 23]), using

calculations assuming uniform fields [e.g., Ref. 24], or by

placing thin foil sheets of varying thickness in front of the

detector designed to filter particles below a set of known

threshold energies [e.g., Ref. 25]. In the development of the

spectrometer reported here we use Geant4, which is a freely-

available Monte Carlo-based toolkit developed for the track-

ing and interaction of energetic particles with matter.26,27

For the purpose of this work, the Monte Carlo-based particle

interactions and scattering feature, including secondary parti-

cle production, was not employed. Instead, Geant4 was used
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to design and calibrate the spectrometer by accurately track-

ing charged particle trajectories through the non-uniform

magnetic and electric fields in their precise geometric layout

within the spectrometer. To the author’s knowledge, this is

the first application of Geant4 for calibrating a Thomson-

type spectrometer and the first application of the spectrome-

ter to a coaxial plasma accelerator operating in the gas-puff

mode.

The following sections in this paper describe the princi-

ple of operation, design, and trajectory-based calibration of

the spectrometer and present initial results obtained from the

coaxial plasma accelerator operating on hydrogen in a defla-

gration mode with a bank capacitance of 112 lF, a transmis-

sion line inductance of 50 nH and an applied electrode

voltage of 4 kV. As will be shown, hydrogen ion (proton)

energies as high as 24 keV are detected, confirming that in

the gas-puff mode this coaxial discharge provides a mecha-

nism for the production of highly energetic ions at several

times the discharge potential.

II. EXPERIMENT

Figure 1 is a schematic of the coaxial plasma gun that is

used in the experiments. The coaxial gun is similar to that

described in Ref. 28. The outer electrode (anode) has an

inner radius of 2.5 cm, while the solid copper inner electrode

(cathode) has an outer radius of 2.5 mm. Both electrodes are

23 cm long. A rod-based design was chosen for the outer

electrode to allow visual access to the interior of the plasma

gun. The anode consisted of 15 stainless steel rods of 5 mm

diameter that were arranged in a ring with 6.5 mm gaps

between them. A condenser bank consisting of eight capaci-

tors, each with a capacitance of 14 lF and a parasitic induct-

ance of 15 nH, is connected directly to the gun electrodes

using 1.75 m long RG-8 transmission lines, each with a para-

sitic inductance of approximately 400 nH. No switch was

used in the experiments described here to trigger the break-

down process. Instead, the coaxial gun is initially charged to

high voltage by exposure to the capacitor bank and the volt-

age breakdown between the electrodes of the gun is held off

on the vacuum side of the Paschen curve. The discharge

is then initiated by injecting a hydrogen gas puff from a

commercially available fast acting gas-puff valve (RM

Jordan C-211).

Figure 2 shows short exposure images from the coaxial

plasma gun used in these experiments operating in both the

snowplow and gas-puff modes. The images reveal the visible

emission from the excited plasma. Emission spectrometry of

the plasma beam reveals that the emission is primarily from

the Balmer series spectral lines of hydrogen. The first 5 cm

of the accelerator are not visible due to accelerator hardware.

The two modes are readily distinguished by the difference in

the excited plasma front traveling through the accelerator.

While the snowplow mode is characterized by a single cur-

rent sheet traveling along the electrodes, the gas-puff mode

is characterized by a distributed current conducting region

which eventually comprises the entire length of the electro-

des. This is supported by Rogowski coil measurements of

the current distribution within the accelerator.21 Our results

show that two distinct energy subclasses of plasma are emit-

ted from the accelerator. The visible emission in Figure 2

corresponds to the slower-moving bulk plasma, which

through time-of-flight estimates is traveling with a proton ki-

netic energy of �20 eV. The Thomson spectrometer results

reveal a second subclass of particles with proton energies in

the several keV range, in some cases with energy several

times higher than the applied potential. This subclass is not

visible in the fast-framing camera results.

A Thomson-type spectrometer consists of an ion colli-

mator, parallel magnetic and electric fields, and a position-

sensitive particle detector.22 After traversing the collimating

section, the particles in the ion beam are deflected as they

pass through the magnetic field. The trajectory of the indi-

vidual ions depends on the momentum and charge state of

the ion. The ion deflection, x, after traversing a uniform mag-

netic field of strength B and length L (assuming the Larmor

radii of the ions are much larger than the field region, and

FIG. 1. Schematic of the Stanford coaxial plasma gun with solid anode.

Electric current J gives rise to magnetic field B. The anode was replaced

with fifteen 5 mm diameter rods for the data shown in Figs. 2, and 7–10.

FIG. 2. (After Ref. 28) Fast images of the visible emission during (a) the

snowplow mode, and (b) the gas-puff mode of operation in the Stanford

coaxial plasma accelerator. Image exposure time¼ 100 ns, Applied potential

¼ 4 kV, Capacitance¼ 112 lF.
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small angle deflections), is x � qBL2=2mv. Here v, q, and m
represent the velocity, charge state, and mass of the ion. It

can be seen that slower ions and ions with higher charge

state experience greater deflection for a given magnetic field.

The ions then pass through a parallel electric field where

they are deflected in a direction perpendicular to the deflec-

tion from the magnetic field. The magnitude of the deflection

depends on the energy and charge state of the ion. The

deflection, y, experienced by the ions after traversing a uni-

form electric field of strength E and length L, is

y � qEL2=2mv2(also assuming small angle deflection). If the

fields are co-located, these expressions for the independent

deflections can be combined to solve for the relationship

between the x and y deflection for an ion of particular mass-

to-charge ratio

y ¼ m

q

2E

B2L2
x2: (1)

From Eq. (1), it can be seen that after passing through

both fields, particles are deflected onto ‘Thomson parabolas’

in the x-y plane that depend on their mass-to-charge ratio. By

detecting the x and y locations of particles that have passed

through the fields it is possible to determine the energy, spe-

cies, and charge state of the particles in the beam, with the

exception of ions with the same charge-to-mass ratio (e.g.,

C6þ and O8þ), which share the same parabolic trajectories.

Figure 3 shows a schematic of the Thomson spectrometer

designed for the present experiments. The spectrometer en-

trance is located approximately 2 m downstream of the exit of

the coaxial plasma gun accelerator in a large vacuum cham-

ber. A grounded skimmer plate with a conical aperture is

used to select the center 3 mm of the plasma beam. It is neces-

sary to reject the electrons from the remaining plasma before

it passes through the magnetic and electric field regions of the

spectrometer so that they do not shield the ions from the

fields. This is achieved here by passing the beam through a

wire mesh with a grid dimension smaller than the Debye

length of the plasma. Under these conditions, the sheath

potential that forms at the plasma-mesh interface will block

the passage of electrons. The precise plasma temperature and

density at the mesh interface is not known, so an estimate of

the worst case (i.e., smallest) Debye length of about 20 lm

was calculated based on known and estimated properties of

the plasma discharge,28 and a grounded 25 lm stainless steel

mesh was used to reject electrons. The remaining ion beam

passes through two 1 mm diameter irises spaced approxi-

mately 30 cm apart, which serve to select only the part of the

ion beam that is well-collimated at this distance from the ac-

celerator. The 1 mm diameter was selected as a trade-off

between signal strength and spectrometer resolution. A

smaller diameter collimator leads to higher spectrometer reso-

lution (through narrower Thomson parabolas), but sacrifices

particle counts on the detector. The calculation of spectrome-

ter energy resolution is discussed in Sec. III. A final piece of

high-density polyethylene shielding with a 1 cm diameter

aperture is placed at the entrance to the magnetic field to

reject any stray ions left over from the selection process.

The magnetic field is generated by a 15 cm diameter

tunable electromagnet. The electric field is provided by

two 12 cm� 8 cm rectangular steel plates located 13.5 cm

downstream of the electromagnet. The plates are charged

through a 10 MX resistor with a high voltage power supply

(SRS PS350) and stabilized with a 3000 pF blocking

capacitor.

The x and y locations of the particles are detected using

a 7.5 cm diameter microchannel plate combined with a phos-

phor screen (Beam Imaging Solutions, BOS-75-IDA). Power

for the MCP and phosphor screen is provided by separate

high voltage power supplies (SRS PS350). The MCP and

phosphor screen power is gated with custom ultra-fast high

voltage pull-down switches (Fluence LLC, Newark, CA).

The two energy subclasses of particles generated during the

�20 ls plasma discharge have different arrival times at the

MCP detector. The > keV subclass is expected to arrive

between 1.5 and 24 ls after the initiation of the discharge,

and the eV subclass starting at 60 ls. For these experiments,

the MCP and phosphor screen were de-energized at 40 ls

from the initiation of the discharge—after the arrival of the

high-energy ion beam but before the arrival of the slower-

moving bulk plasma from the discharge. This gating served

to protect the MCP assembly against the sudden rise in local

pressure and charged particles during the arrival of the bulk

plasma. This gating could also be used in the future to gain

FIG. 3. Schematic of the Thomson-

type mass and energy spectrometer.
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temporal information about the evolution of high energy par-

ticle formation in the plasma accelerator by energizing and

de-energizing the MCP assembly during different windows

of interest of the plasma pulse.

The phosphor screen was imaged through a window in

the vacuum chamber with an intensified CCD. P-43 phos-

phor was chosen because it offers a high electron-to-photon

efficiency and long 1 ms afterglow time (10% afterglow),

thus optimizing sensitivity. Though the phosphor is de-

energized to prevent further particle strikes after the high

energy ion pulse, the afterglow from the original particle

strikes continues, so the CCD is set for an exposure time of

2 ms. Phosphors with sub-ls afterglow are available, and

may be useful in the future for time-resolved energy spectra

if high-energy particle densities are sufficient to produce de-

tectable signals. Distortion and rotation to the camera image

stemming from the optical setup and window were corrected

by imaging a square grid at the detector location prior to the

experiments and using an image correction algorithm written

in Matlab. In this way, the x and y dimensions of the camera

images can be accurately scaled directly to the x and y
dimensions of the Geant4 simulations of expected particle

trajectories (for calibration purposes).

The entire system was aligned to the center axis of the

accelerator by removing the center electrode assembly of the

accelerator and replacing it with an aligned He-Ne laser as-

sembly. All components of the spectrometer were then

aligned relative to the He-Ne beam.

A. Species trajectory calibration

In order to correctly identify the species responsible for

each measured Thomson parabola and convert the parabolas

into energy spectra for each species, it is necessary to create an

accurate map of where particles of various species, charge

states, and energy will strike the detector for a given set of mag-

netic and electric fields. This is most accurately done by cali-

brating the spectrometer with particles of known species and

energy. In practice, this is very difficult since calibrated particle

sources or accelerators in the energy range of interest are rarely

available. Traditionally, simple trajectory model calculations

assuming uniform fields are used for calibration. These calcula-

tions do not account for fringe fields and non-uniformity, which

can lead to inaccurate energy spectra and makes particle identi-

fication difficult in systems with unknown species content.

We chose to approach the problem of calibration using

the Geant4 toolkit.26,27 This toolkit has been developed over

many years by the high energy physics community to simu-

late the passage of particles through matter. It is possible to

re-create the exact geometry of the Thomson spectrometer in

the Geant4 environment, including non-uniform fields, and

then simulate the passage of charged particles through the

spectrometer to create a set of energy calibrations for the

measured Thomson parabolas. One additional benefit of the

Geant4 toolkit is that it was possible to rapidly iterate on the

design of the spectrometer in the Geant4 environment before

building any hardware. The size and spacing of the compo-

nents, and the field strengths were all tuned to meet the

desired resolution within the constraints of the available

vacuum chamber, mounting hardware, and the expected out-

put energy range of the accelerator.

While the initial design of the spectrometer was performed

assuming uniform fields with no fringe effects, accurate cali-

bration of the spectrometer requires that these effects are

included. With the spectrometer built, the actual magnetic field

in the y direction (as defined in Figure 3) was measured along

the electromagnet radius using a magnetic field probe. An

example measurement along the radius is shown in Fig. 4. The

measurements show slight non-uniformity in the region

between the electromagnet plates, and a fringe field that ranges

approximately 5 cm outside of the plates. Measurements at

other locations confirmed that the field was radially symmetric,

and measurements at other electromagnet currents showed that

the field shape was maintained as the field strength was

increased. Thus, a single point field strength monitor at the cen-

ter of the magnet could be used to scale the field at other loca-

tions if the magnetic field was adjusted between accelerator

pulses. The measurements were used to generate a two dimen-

sional replica of the actual y-direction magnetic field within the

Geant4 environment. The magnetic field in the x and z direc-

tions (on the center plane between the electromagnet poles)

was small and therefore neglected.

Measurements of the non-uniform electric field were

more difficult to perform, so simulations were carried out as

an alternative. Particles traveling through the electric field

region of the spectrometer are deflected from the original

beamline in both the x and y directions, therefore, a full

three-dimensional (3D) electric field was used in Geant4

based on 3D simulations. Laplace’s equation with the bound-

ary conditions shown in Fig. 5 was solved numerically in

MATLAB to determine the electric potential for a slice of the

high voltage plates in the yz-plane. The magnet structure and

detector were represented by simple grounded planes, and

the other boundaries of the calculation region were also set

at the reference (ground) condition. The electric field in the y
and z directions was calculated from the gradient of the elec-

tric potential. Because the geometry of the plates is constant

in the x direction, the electric field in the x direction is negli-

gible, and the field in the y and z directions can be assumed

constant along the x dimension of the electric field plates. A

representation of the field in the y and z directions is shown

in Fig. 5 to demonstrate the non-uniformity of the fields.

FIG. 4. Magnetic field measurements used for Geant4 simulations.
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With the non-uniform fields and complete geometry of

the spectrometer represented in Geant4, it was possible to

pass particles of various energy and charge-to-mass ratio

through the spectrometer to create a calibration for the detec-

tor output. It is noteworthy that Geant4 is currently unable to

transport partially ionized particles through vacuum environ-

ments, and the trajectory results were found to be incorrect

for fully ionized particles with atomic number Z> 1.

However, Geant4 allows the user to specify arbitrary par-

ticles, so particles were created with Z¼ 1, and the proper

atomic weight for the particle of interest. Then, the magnetic

and electric fields were scaled to give the proper trajectory

results for other charge states (e.g., double the field strengths

to simulate the trajectory of a doubly ionized particle). This

method was checked against hand calculations for a simple

uniform field situation, and found to be extremely accurate.

Figure 6 shows an example Geant4 simulation for protons.

The particle trajectories for protons of many different ener-

gies are represented by blue lines.

An example Geant4 calibration overlying an image of

the MCP detector for a single pulse of the plasma accelerator

is shown in Fig. 7. The origin of the Geant4 calibration is

aligned with the neutral spot (shown) of the MCP image.

This neutral spot is generated by high energy photons and

neutral particles which pass unaffected through the magnetic

and electric fields of the spectrometer (i.e., x-rays and

plasma ions which have recombined before reaching the

spectrometer). The neutral spot was shown to be unaffected

by magnetic fields up to 0.55 T. Additionally, rotational

alignment of the Geant4 and MCP images was achieved

using MCP detector images with the electric field of the

spectrometer switched off. Under these conditions, particles

of all species only exhibit x-deflection, and a single vertical

line on the x-axis is visible on the MCP screen. The x-axis of

the Geant4 calibration can then be rotated to align with this

vertical line on the MCP image, and barring movement of

the camera or MCP detector, this rotation can be applied to

subsequent images with the electric fields switched on.

Figure 7 also demonstrates the importance of accounting

for non-uniformity in the magnetic and electric fields with

Geant4, particularly when other contaminant species are pres-

ent in the beam. The Geant4 overlay shows the simulated

Thomson parabolas for protons and C6þ under the assumption

that the magnetic and electric fields are uniform. Identification

of the measured parabola based on these curves would be diffi-

cult, and far better agreement is obtained for the proton simu-

lation including non-uniform fields.

To obtain an energy spectrum, the intensity versus x
deflection along a measured Thomson parabola must first be

extracted (Fig. 8). To do this, the window of the MCP detec-

tor image that contains the parabola of interest is first

extracted (Fig. 8(a)). The grayscale image is converted to

black and white (binary image) by choosing a suitable

threshold that eliminates background noise and leaves only

the intense pixels of the measured parabola (Fig. 8(b). A

least squares fit of the remaining pixel locations using the

general form of Eq. (1) is performed to obtain a curve fit of

the Thomson parabola (blue line in Fig. 8(b)). This curve fit

is superimposed onto the original image in Fig. 8(c). The

intensity of each pixel along the fitted curve is extracted

FIG. 5. Electric field calculations used for Geant4 simulations. Contours

represent electric potential and vectors represent electric field. The magnet

structure, detector, and top and bottom boundaries of the calculation region

were assumed to be at the reference (ground) condition.

FIG. 6. Example Geant4 simulations

for protons of different energies. Ion

trajectories are represented by blue

curved lines.
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(Fig. 8(d)). The grayscale image can also be mean-filtered

to reduce noise before extracting the intensities (a mean

filter with a 6 � 6 window was used for the results pre-

sented in the figure). Once this extraction is completed, the

x-deflection versus energy curve for the Geant4 generated

Thomson parabola is used to convert the x deflection along

the measured Thomson parabola into particle energy.

III. RESULTS

Figure 9 shows the measured energy spectrum of pro-

tons for a single discharge pulse at 4 kV applied voltage and

900 J capacitor bank energy. Protons range from 6 keV to

24 keV (protons of lower energy are deflected outside the

physical extent of the MCP detector), with the highest proton

density in the 7.5 to 15 keV range. The intensified camera

gain and MCP detector voltage settings were such that the

image of the MCP detector is near saturation in the 7.5 keV

to 15 keV range. This was done intentionally to increase sen-

sitivity to the high energy wing of the proton signal.

Maximum ion energies that are six times the applied voltage

indicate that the accelerating mechanism is not the initial

electric field between the coaxial electrodes. High energy

protons were only detected for approximately 20% of cases

with positive high voltage applied to the outer electrode.

This may indicate that the acceleration mechanism produc-

ing the high energy particles does not occur for each pulse,

or that the region is localized and does not occur in the same

physical location within the accelerator for each pulse (the

spectrometer was only aligned with the center of the acceler-

ator). Furthermore, high energy protons were not detected

for any pulse with negative high voltage applied to the outer

electrode.

Uncertainty bars are added at select points along the

spectrum. Ideally, the plasma beam would be perfectly colli-

mated through a small aperture with no divergence and

would result in a thin, intense Thomson parabola measure-

ment. In reality, beam divergence, repulsive forces amongst

ions and the need to use a large enough collimator aperture

to achieve a detectable MCP signal result in a wider meas-

ured Thomson parabola. One can assume that the width of

the parabola is a measurement of these combined effects,

and sets the energy uncertainty (a sort of energy resolution)

of the plasma beam/spectrometer combination. Thus, the

width of the Thomson parabola was used to calculate the

energy uncertainty at various points along the parabola using

the Geant4-generated energy calibration. One can see that

the uncertainty increases with energy. This is a result of the

nonlinear deflection of ions by the magnetic field. The

change in y deflection decreases for increasing energy.

Fig. 10(a) shows the MCP detector image for an acceler-

ator pulse with contaminant species present in the beam. The

likely contaminant species are copper (from the inner elec-

trode) or iron (from the outer electrode). The Geant4 overlay

FIG. 7. Image of measured proton Thomson parabola with overlying Geant4

calibration. Incorporating accurate non-uniform magnetic and electric fields

improves species identification and calibration accuracy.

FIG. 8. Image processing to extract Thomson parabolas: (a) original image,

(b) conversion to binary image for least-squares fit to Thomson parabola, (c)

superimposed fit onto mean-filtered original image, (d) extracted intensity

(arbitrary units) along fit parabola.

FIG. 9. Proton energy spectrum for single accelerator pulse. 4 kV applied

voltage, 900 J capacitor bank energy. Uncertainty bars are shown for select

points of the spectrum.
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shows the Thomson parabolas for the first five ionization

states of iron and the first two for copper (to demonstrate the

similarity between the two). One can see that given the width

of the measured Thomson parabolas, it is not yet possible to

distinguish between the contaminant species, but it is likely

that both are present in the beam. Fig. 10(b) shows the energy

spectra assuming the parabolas are attributable to iron contam-

ination. As expected, the spectra shift to higher energy as ioni-

zation state increases. However, the shift is not as great as

expected for particles accelerating in an electric field (where

doubling the ionization state should double the final energy).

This may indicate that particles are accelerated collectively, or

that the high field regions that generate these particles are ei-

ther small in volume or short-lived. It is also interesting to

note that the iron/copper contaminants are traveling at lower

velocity than the protons, given the similarity of their meas-

ured energy ranges but the large difference in mass.

Contaminant traces were present in approximately 50% of

pulses with positive high voltage applied to the outer elec-

trode. Contaminant traces were present in nearly all pulses

with negative high voltage applied to the outer electrode,

though protons were not detected for any case of negative high

voltage. These results suggest that the species distribution in

the accelerator depends on polarity and is most likely affected

by the direction of current travel between the electrodes.

IV. SUMMARY

A Thomson-type mass and energy spectrometer was

developed and demonstrated for measurements of ion energy

spectra and contaminant species identification in a coaxial

plasma accelerator operating in the gas-puff mode. The

freely available Geant4 toolkit was used to simulate particle

trajectories through the non-uniform magnetic and electric

fields in their actual geometric configuration within the spec-

trometer. These trajectories were then used to develop

species-specific energy calibrations for the spectrometer.

The difference between the uniform field calculations and

the full Geant4 calibrations show the importance of these

calculations for accurate species identification and energy

spectra extraction.

The spectrometer was used to probe the high-energy

subclass of particles generated by the coaxial accelerator.

Results show that for hydrogen gas injection, a burst of high-

energy protons ranging from 6 keV to 24 keV is produced

from an accelerator with 4 kV applied potential and 900 J ca-

pacitor bank energy. Shot-to-shot variations in the high-

energy proton yield suggest that the acceleration mechanism

is either not present during each accelerator pulse or does not

occur in the same spatial region from pulse-to-pulse (since

the spectrometer only probes the accelerator centerline in

these experiments). Additional measurements of the energy

spectra of contaminant species originating from the accelera-

tor electrodes show iron and/or copper ions with energies

also in the 7 to 20þ keV range. The peak of the energy dis-

tributions increases with ionization state but not with the lin-

ear relationship expected for acceleration by an electric field.

Together, the spectrometer and these results represent an im-

portant step toward understanding the acceleration mecha-

nisms for the high-energy subclass of particles in coaxial

plasma accelerators operating in the gas-puff mode.
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