
PID

Charge state distribution and emission characteristics in a table top reflex discharge -

Effect of ion confinement and electrons accelerated across the sheath

Deepak Kumar,∗ Alexander Englesbe,† Matthew Parman,‡ Dan Stutman, and Michael Finkenthal
Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, MD 21218. USA

(Dated: October 14, 2015)

Tabletop reflex discharges in a Penning geometry have many applications including as ion sources
and eXtreme Ultra-Violet (XUV) sources. The presence of primary electrons accelerated across the
cathode sheaths are responsible for the distribution of ion charge states and of the unusually high
XUV brightness of these plasmas. Detailed absolutely calibrated space resolved XUV spectra from
a table top reflex discharge operating with Al cathodes and Ne gas are presented. The spectra are
analyzed with a new and complete model for ion charge distribution in similar reflex discharges.
The plasma in the discharge was found to have a density of ∼ 1018 m−3 with a significant fraction
> 0.01 of fast primary electrons. The implications of the new model on the ion states achievable in
a tabletop reflex plasma discharge are also discussed.

I. INTRODUCTION

Various table top reflex discharges have been studied
extensively because of their applications in producing
compact ion sources[1, 2], for fast measurements of hy-
drogen isotopes[3] and as an efficient eXtreme UltraVio-
let (XUV) source for spectroscopic instrumentation[4, 5].
Various researchers have tried to characterize plasma pa-
rameters in such discharges through use of Langmuir
probes[6, 7] or estimating the primary electron energy
distribution spectroscopically[8]. A thorough under-
standing of the plasma behavior is important in devel-
oping such discharges as ion sources or brighter sources
of XUV radiation.
Such discharges have been modeled as beam-plasma

systems[9], where the plasma electrons consist of two dis-
tinct populations - low temperature bulk electrons and
a fraction of primary electrons at energies correspond-
ing to the sheath voltage. Significant work has been
done to determine the effects of these primary electrons
and the ion confinement on the ion charge state distri-
butions in reflex discharges[10]. The reseach presented
in this paper extends this work and derives a more pre-
cise model for the ion charge state distribution in similar
reflex discharges. Furthermore, detailed absolutely cali-
brated space resolved XUV spectroscopic measurements
described in this paper have been used to characterize
the plasma density and the primary electron density in
the reflex discharge. To the best of our knowledge, such
analysis and estimation of plasma parameters have never
been done before.
This paper is structured as follows - The experimen-

tal setup of the table top Penning Ionization Discharge
(PID) experiment are described in section II. The spec-
tra obtained from the various operating conditions of the
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discharge are presented in section III. The modeling of
ion charge state distribution and derivation of plasma
properties is presented in section IV. Finally, the paper
concludes with a summary of the results in section V.

II. EXPERIMENTAL SETUP

An isometric sectional view and a front sectional view
of the Penning Ionization Discharge (PID) are shown in
figure 1. The PID is a steady state compact plasma
source contained in a 4.5′′ conflat (CF) cube. To cre-
ate a plasma, a constant flow of background inert gas
(He, Ne or Ar) is introduced from a circular orifice at the
top. The flow is regulated to maintain a pressure of a few
mTorr in the chamber. An applied potential difference of
a few 100 Volts between the planar disc cathodes (Al, C,
W or Cu) and the anode breaks down the neutral gas to
form the plasma. The anode consists of annular Cu rings
and a cylindrical brass structure which provides a path
for return current through the chamber. The electrons
in the plasma are confined radially by an axial magnetic
field of ∼ 0.2 T created by the permanent neodymium
(NdFeB) magnets placed behind the cathodes. The axial
confinement of the electrons is provided by the electro-
static potential of the cathodes. The ions on the other
hand are not confined in the plasma - they are promptly
lost at the cathodes where they are accelerated across the
sheath and bombard the cathodes. The PID plasma is
very small, with the radial extent limited by the annular
Cu rings to a diameter of less than 1.25 cm, and the ax-
ial extent determined by the distance between the planar
cathodes to 3.2 cm.
Diagnostic access to the PID plasma is obtained by

the two viewing windows in the brass anode shown in
the figure 1b. A direct photon CCD based imaging spec-
trometer in the XUV[11] was mounted on the CF cube
to provide either a radial or an axial emission profile of
the PID plasma. The spectrometer uses a transmission
grating to provide the dispersion and a combination of
imaging pinhole and slit to provide the spatial resolution.
The absolutely calibrated XUV spectrometer provides
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FIG. 1. (Color Online) Penning ionization discharge (PID).
(a) Isometric[11] and (b) sectional views.

in situ measurement of the ion species in the plasma.
As shown in the following sections, these measurements
are useful in verifying the various simplifying assump-
tions necessary for modeling the plasma. Since the XUV
spectrometer measured the absolute photon flux, the
data also provided an estimate of plasma density and
the density of primary electrons. However, the spec-
trometer is only useful in measuring the most domi-
nant charge states. A complimentary diagnostic used
by other researchers are the mass spectrometers (Fara-
day cup) to measure ratio of ion charge states from reflex
discharges[1, 10]. Such mass spectrometers typically have
a very large dynamic range and are thus useful in mea-
suring a wide range of charge states. However, the data
from the mass spectrometers cannot be used for inferring
the primary electron density in the plasma.

III. RESULTS

In this paper, we analyze the performance of the PID
only with Al cathodes and Ne background gas. A sam-
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204 Å: Ne IV 2s22p3-2s22p23s
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FIG. 2. (Color online) Radial XUV brightness measured from
the PID experiment using the HRXUV TGIS[11]. Color con-
tours represent brightness in mW/m2/sr/pixel. The typical
line width in is 7 pixels. PID was operating with Al cathodes
and Ne background gas with 10 mTorr pressure and sustain-
ing a current of 1.5 Amps.

ple spectrum is shown in figure 2. The XUV brightness
from the PID is unusually high, similar to XUV bright-
ness from a much larger fusion experiment[12]. It should
be noted that the electron temperature in the PID is
very low ∼ 1 eV[7] and cannot account for the high XUV
brightness. The presence of high ion charge states and
the unusually high XUV brightness of the PID can be at-
tributed to the presence of non-Maxwellian primary elec-
trons that are accelerated across the cathode sheath volt-
age. The presence of such electrons has been confirmed
earlier by measuring higher resolution spectra of the Al
III satellite lines at 137 Å and 170 Å respectively[8]. The
PID was operated at a cathode bias of 500− 800 V and
so the energy of the primary electrons is expected to be
in the range of several 100s eV.
The XUV spectrum from the PID was measured under

varying operating conditions. Figure 3 presents the XUV
spectral cut measured while varying the current and
background pressure. The increase in the line intensities
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FIG. 3. (Color Online) Spectral cuts of the XUV spectrum at r = 0 from data similar to the one shown in figure 2. Spectra
was measured with the PID operating with Al cathodes and Ne background gas at (a) 10 mTorr and (b) 20 mTorr, at varying
discharge currents.

with increasing current is intuitive and expected[1, 9].
However, the figures show that an increase in background
gas decreases the line intensities. This is counter intu-
itive as an increased background pressure should lead to
higher electron densities because of increased ionization.
Such a negative correlation of XUV line intensities with
background pressure has been noticed in other experi-
ments as well[13] and has been attributed to a decrease
in the flux of ions impacting the cathode. However, in
the next section we show that this negative correlation
can be explained by a decrease in the ion confinement
time in the plasma with increasing background pressure.

The radial profiles of XUV emission lines measured
from the PID is shown in figure 4. The radial profiles
from three different charge states of Ne have no dis-

cernible difference. This implies that the mean free path
for ionization of Ne I is at least comparable to the di-
ameter of the plasma. The axial emission of these lines
is fairly uniform indicating that axial gradients in ion or
electron densities can be neglected.

IV. MODELING AND DISCUSSION

The presence of primary electrons accelerated across
the sheath in a similar PID discharge has been experi-
mentally confirmed earlier[8]. In this section we develop
a model based on the ansatz that the sheath accelerated
electrons completely characterize the emission character-
istics of the PID in the XUV range and that the bulk
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FIG. 4. (Color online) Radial brightness profiles of various
Ne XUV lines from spectra in figure 2.
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FIG. 5. (Color online)Ionization rate for Ne II ions. The solid
line is the Maxwell averaged rate derived from ADAS[14],
while the dotted line represents the ionization rates for impact
with mono-energetic electrons[15].

electrons have a negligible effect. We model the elec-
trons in the plasma to consist of bulk electrons (denoted
by subscript b) and primary electrons accelerated across
the sheath (denoted by subscript p). The bulk electrons
in similar experiments are usually at a temperature of
. 1 eV as measured by Langmuir probe[7]. The pri-
mary electrons enter the plasma from the cathodes and
thus attain an energy similar to the discharge voltage i.e.,
500− 800 eV.
The effect of the bulk and primary electrons on ion-

ization of Ne II is shown in figure 5. The energy range
of the primary and bulk electrons is highlighted in red
and blue respectively. The rate of ionization from the
primary electrons is 9 orders of magnitude greater than
the rate of ionization from the bulk electrons. Thus the
effect of bulk electrons on ionization can be neglected
if the fraction of primary electrons is greater than 10−8.
This is true for all the electron impact ionization rates for
Ne and Al charge states considered in this paper. This

can also be shown analytically from the expression for
ionization rate[16, Page 183]:

< σv >ion∝
1

∆E
3/2
ion

(kTe/∆Eion)
1/2

1 + (kTe/∆Eion)
exp

−∆Eion

kTe
. (1)

Where ∆Eion is the ionization energy, Te the electron
temperature and < σv >ion the Maxwell averaged ion-
ization rate. For the charge states under consideration,
the ionization energies are several 10s of eV and thus
lie in the range kTb ≪ ∆Eion ≪ kTp, where Tb and Tp

are the electron temperature for the bulk and primary
electrons. The ionization rates for the bulk and primary
electrons can be approximated to be

< σv >ion,b ∝
1

∆E
3/2
ion

√

kTb

∆Eion

exp
−∆Eion

kTb
, (2)

< σv >ion,p ∝
1

∆E
3/2
ion

√

∆Eion

kTp
, (3)

respectively. The ratio of these ionization rates is

< σv >ion,p

< σv >ion,b

≈

√

∆Eion

kTp

√

∆Eion

kTb
exp

∆Eion

kTb
. (4)

The multiplicative factor in the equation above is of the
order unity, while the exponential factor dominates and
causes the ionization rate from primary electrons to be
considerably higher than the bulk electrons. Also, we
note that in the limit of large electron temperatures, as in
the case for primary electrons, the ionization rate scales

as ∼ T
−1/2
e (see equation 3). Thus the ionization rate

does not change significantly with temperature of pri-
mary electrons. In the analysis presented in this paper
we assume the primary electrons to be mono-energetic
around the sheath voltage with the understanding that
using a more precise energy distribution of the primary
electrons will not alter the results presented in this paper
considerably. In the appendix we show that the primary
electrons in the PID are not expected to be damped col-
lisionally but may relax due to collective phenomena.
Next, we model the charge state distribution of the

ions from the background gas (Ne) in the PID plasma.
Spatial gradients of the ion density in the plasma are
neglected because

1. The source of neutral background gas is axially uni-
form, and thus the distribution of the background
gas ions should also be axially uniform.

2. Radial gradients are neglected because the electron
density and temperature measured in similar re-
flex discharges is radially uniform[6]. We further
assume that density of primary electrons emitted
from the cathode is also radially uniform.

The continuity equation for various charge states in a
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FIG. 6. (Color online)Recombination rate for Ne II ions de-
rived from ADAS[14]. The solid and the dotted lines are the
recombination rate for electron densities 1018 and 1019 m−3

respectively.

spatially uniform plasma is

∂nz

∂t
= < σv >z−1→z

ion nenz−1− < σv >z→z+1
ion nenz

+ < σv >z+1→z
recom nenz+1− < σv >z→z−1

recom nenz

−
nz

τ
. (5)

nz is the density of charge state z, ne is the electron
density, the subscripts represents the average ionization
and recombination rates respectively and τ represents the
confinement time of the ion. The ions in the PID stream
along the magnetic field lines and are lost as they bom-
bard the cathodes. The confinement time is thus lim-
ited by linear transit time. For the PID dimensions, the
confinement time for Ne ions in the temperature range
0.025−0.1 eV (slightly hotter than room temperature, as
expected in PID), is in the range of 60− 130 µs. Various
simplifications can be made while applying the continuity
equation (eq. 5) for the PID. First, the time derivative in
steady state is zero. Second, the first line of the equation
consists of electron collision ionization terms and as dis-
cussed earlier only the terms corresponding to the effect
of primary electrons are important. Third, we consider
the relative importance of the recombination terms. The
recombination rates for various ions of the background
gas (Ne) at an electron temperature of about ∼ 1 eV
are < 10−18 m3/s (see figure 6). Thus, in equation 5,
the importance of the recombination terms in the second
line can be neglected under our initial ansatz that the
fraction of primary electrons is > 10−4.
With these simplifications, the steady state continuity

equation for ions of the background gas reduces to

0 = < σv >z−1→z
ion,p ne,pnz−1− < σv >z→z+1

ion,p ne,pnz

−
nz

τ
, (6)

where ne,p is the density of primary electrons and the
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FIG. 7. (Color online) Ratio of densities of Ne charge states
as a function of ne,pτ using equation 7. It was assumed that
the primary electrons were mono-energetic at 600 eV and the
ionization rates were derived from Clark et al. [15].

subscript “p” in the ionization rates indicates that the
rates are calculated for the energy corresponding to that
of the primary electrons. Equation 6 can be rearranged
to yield the ratio of densities of successive charge states

nz

nz−1

=
< σv >z−1→z

ion,p

< σv >z→z+1
ion,p + 1

ne,pτ

. (7)

Next we consider the limiting forms of equation 7 de-

pending on how ne,pτ compares with
[

< σv >z→z+1
ion,p

]−1

.

nz

nz−1

= < σv >z−1→z
ion,p ne,pτ,

when ne,pτ ≪

[

< σv >z→z+1
ion,p

]−1

. (8)

nz

nz−1

=
< σv >z−1→z

ion,p

< σv >z→z+1
ion,p

,

when ne,pτ ≫

[

< σv >z→z+1
ion,p

]−1

. (9)

An equation similar to equation 8 has been derived
by other researchers[17, 18]. Many reflex discharges, es-
pecially those operating in steady state, operate in the
regime governed by equation 8[1], and one of the conse-
quences of operating in this regime is that the density
of charge states decreases with ionization stage (since
< σv >ion,p ne,pτ ≪ 1). By increasing the primary
electron density or the ion confinement time the oper-
ating regime of the PID can transition into the regime
governed by equation 9 where the ratio of successive ion
charge states is of the order unity and is independent of
ne,pτ . For the specific case of low charge states of Ne,
the result is shown in figure 7.
While equation 8 (i.e., nz ∝ nz−1τ) has been consid-

ered to model the ion charge state densities in pulsed
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FIG. 8. (Color online) Electron impact excitation rate for Ne
II 2s22p5 → 2s22p43s. The solid line is the Maxwell aver-
aged rate derived from ADAS[14], while the dotted line rep-
resents the ionization rates for impact with mono-energetic
electrons[15].

reflex discharges[19, 20], we note that in those experi-
ments the ratio of ion charge state densities was found to
be of the order unity. Consequently, these pulsed reflex
discharges had a higher density of primary electrons and
so can only be modeled with the more general equation
7 rather than equation 8.
To ascertain the plasma conditions in the PID i.e.,

bulk electron density and the primary electron density,
it is important to understand the effect of primary elec-
trons on the excitation of XUV lines. From figure 3
we note that the excitation energies of the Ne emis-
sion lines considered in this paper are in the range of
20 < ∆Eexcit < 80 eV. For the dipole electronic excita-
tion, the ratio of excitation rates for primary electrons to
bulk electrons is[21, Page 53]

< σv >excit,p

< σv >excit,b

∼

√

Tb

Tp
exp

∆Eexcit

kTb
, (10)

where Tb is again the bulk electron temperature and Tp is
the mono-energetic temperature of the primary electrons.
Similar to the discussion following equation 1, we can use
the fact that kTb ≪ ∆Eexcit to show that the excitation
is completely dominated by the primary electrons and
the effect of bulk electrons is inconsequential. This is
further highlighted in figure 8 which shows the excitation
rate for the specific example of Ne II 2s22p5 → 2s22p43s.
From the figure we note that the excitation from the bulk
electrons is negligible compared to the primary electrons
if the fractional density of primary electrons is > 10−4.
Using the ansatz that only primary electrons are re-

sponsible for the unusually high brightness of the PID
XUV emission lines, the measured brightness of a line is
given by

I =
nzne,p < σv >excit,p d

4π
, (11)

where d = 0.8 cm is the diameter of the PID plasma.

This equation is valid only for ground state transitions,
where the excited state has no branching/de-excitation
to a metastable state. The measured intensity of the
2p − 3s transitions in Ne II, Ne III and Ne IV charge
states (shown in figure 3), can be used to estimate the
relative densities of the ion charge states as the measured
intensity is proportional to < σv >excit,p. The derived
ratio of charge state densities with varying experimental
conditions is summarized in Table I.
We focus our attention to the fifth column of Table I

which lists the calculated ne,pτ values from the intensities
of Ne2+ and Ne+ transitions. Using this data we can
not only characterize the plasma parameters of the PID
but also verify the various ansatz of our model. The
arguments are described below-

1. The PID operates in a regime with ne,pτ ≈ 5− 9×
1012 m3s, which corresponds to the regime governed
by equation 8 (see figure 7). Since the confine-
ment time for various ions is . 100 µs, the density
of primary electrons in the PID is approximately
ne,p ≈ 5− 9× 1016 m−3.

2. Using equation 11, we can estimate the density of
nNe+ to be 1 − 3 × 1018 m−3. Since Ne+ is the
dominant charge state, we expect the bulk electron
density to be similar. Thus, the fraction of primary
electron density in the PID is extremely high> 0.01
and validates our assumption used for the develop-
ment of the model for charge state distribution in
the PID.

3. The ionization mean free path of neutral Ne from
the primary electrons is comparable to the plasma
diameter d. Thus the source of neutral gas through
the plasma can be considered uniform and neglect-
ing transport terms in the continuity equation 5 is
justified.

The ne,pτ values in column 5 of table I increases with
increasing current. This indicates an increase in primary
electron density and hence explains the increased bright-
ness of XUV lines as a function of PID current in figure
3. On the other hand, a decrease in the line intensities
with increased pressure in figure 3 implies that the ion
confinement time decreases substantially with increased
pressure. Indeed, the PID discharge was marginally un-
stable at 20 mTorr background pressure of Ne.
Next, we consider the values of ne,pτ in column 7 of

the table I. These values are considerably higher than
the ones derived in column 5, indicating that there is an
anomalous populating mechanism for the Ne IV charge
state which is not considered in the model equation 5.
Indeed, we notice from figures 2 and 3 that we only ob-
served Ne IV transitions between 204 Å and 223 Å which
correspond to ∆n = 1, but the Ne IV 2s22p3−2s2p4 tran-
sitions at 358 Å, 389 Å and 469 Å were not observed. The
anomalous populating mechanism for Ne IV ions is being
investigated.
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Experimental Conditions Ne2+/Ne+ Ne3+/Ne2+

Background pressure Cathode current Cathode bias nNe2+/nNe+ ne,pτ nNe3+/nNe2+ ne,pτ
(mTorr) (Amperes) (Volts) (m3s) (m3s)

10 1 550 0.19 4.99× 1012 0.62 4.37 × 1013

10 1.5 690 0.23 6.29× 1012 0.93 8.56 × 1013

10 2 740 0.30 8.62× 1012 1.10 1.22 × 1014

20 1 440 0.21 5.54× 1012 0.74 5.70 × 1013

20 1.5 540 0.24 6.46× 1012 0.85 7.14 × 1013

20 2 650 0.26 7.19× 1012 1.15 1.32 × 1014

TABLE I. Calculated values of ne,pτ for various operating conditions of the PID. Columns 4 and 6 are the ratios of charge
state densities for adjacent charge states. These are calculated from the measured data using equation 11. Columns 5 and 7
are the values of ne,pτ calculated from columns 4 and 6 respectively using equation 7.
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FIG. 9. (Color online) Density ratio of Al charge states as
a function of ne,pτ using equation 7. Primary electrons were
assumed to be at a temperature of 600 eV and the rate coef-
ficients for electron impact ionization was used from Lennon
et al. [22].

Next, we observed charges states from the ions from
the cathode i.e., Al ions which enter the plasma because
of sputtering from the cathode surfaces. Owing to the
small size of the PID (3.2 cm) most of the sputtered
atoms stream out and do not get ionized. However some
of the slow atoms are ionized and promptly get ther-
malized with the ions of the background plasma. The
assumptions used for deriving the zero dimensional con-
tinuity equation 6 are valid for ions from the cathode
as well. Thus, the ratio of charge state densities of Al
ions are calculated using equation 7 and shown in fig-
ure 9. To gain a better understanding of the expected
charge states, the densities in this figure are normalized
to the density of the singly ionized charge state. Since
the atomic mass of Ne and Al, are similar, we expect the
ions to have similar confinement times. Thus for ne,pτ in
the range of ≈ 5 − 9 × 1012 m3s, we note from figure 9
that we should observe traces of Al IV and almost no Al
V. This is consistent with the observations. In order to
produce higher ion charge states we will need to increase
the density of primary electrons in the PID, possibly by

operating it in the pulsed mode.

V. CONCLUSION

In this paper we presented the space resolved abso-
lutely calibrated XUV spectroscopy data from a table top
Penning discharge operating with Ne gas and Al cath-
odes in a steady state. We developed a model for the
ion charge state distribution in such plasmas. We used
the model in conjunction with the experimental data to
estimate the plasma parameters - an electron density of
about 1−3×1018/m3 and the fraction of primary electron
density to be greater than 0.01. We noted that such oper-
ating regime enabled us to achieve high charge state (up
to three times ionized) Al and Ne. The ratio of successive
charged state densities were ≪ 1, similar to the operat-
ing regime for other steady state reflex discharges[1]. We
note that to increase the ion charge state, we would have
to increase the density of the primary electrons which
can be achieved by operating the discharge in a pulsed
mode[17].
The model developed in this paper can also be used

understand and predict the behavior of PID for various
applications. Table top Penning discharges are also used
to measure tungsten spectra from extremely low charge
states[23, 24]. We now consider the possibility of generat-
ing higher charge states of W using the PID. We note that
the ionization energy of W is very low and so the effect
of bulk electrons in the PID plasma are more important
for ionizing W than the primary electrons. Furthermore,
because of the higher atomic mass and hence increased
confinement of tungsten ions, the various charge states
of tungsten will be in ionization equilibrium governed by
the bulk electron temperature. Thus, even with the pres-
ence of primary electrons, we have been unable to observe
W charge states higher than W IV.
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Appendix: Relaxation of primary electrons in the

PID plasma

In this appendix we consider the effect of collisions
and collective phenomena on the relaxation and energy
spread of primary electrons in the PID plasma[9, 25].
The current linked to the plasma cathodes is the sum

of the ion current and the electron current. The ion cur-
rent is approximately equal to 2eAnivTh, where e is the
electronic charge, A is the area of the cathode, ni is the
ion density and vTh is the thermal velocity of the ions.
Considering the ions to be at room temperature and us-
ing the fact that the plasma is neutral, we estimate the
ion current to be only a small fraction (< 10%) of the
total current externally linked to the cathodes. This im-
plies that the electron current is dominant and we can

use this to estimate the confinement time of the primary
electrons in the plasma.

ene,p × plasma volume

τe
= external current, (A.1)

where τe is the electron confinement time in the plasma.
For the typical PID parameters it is about 10 ns. This
is much smaller than the characteristic electron-electron
collisional damping time for the primary electrons ∼ 10
ms or the characteristic electron-ion collisional damping
time which is even larger[21, Page 33]. Thus collisions
with the bulk plasma are inadequate to relax the distri-
bution function of the primary electrons.

However quasi-linear theory predicts that collective
phenomena because of beam-plasma instabilities will
cause the primary electrons to relax in approximately
ne/ωene,p ∼ 1−5 ns, where ωe is the bulk electron plasma
frequency[25]. Since this is similar to the electron con-
finement time in the plasma, the distribution of sheath
accelerated primary electrons might be partially relaxed.
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