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We recently reported on the direct measurements of the energy distribution of energetic neutrals
incident onto the cathode of an argon dc glow discharge 关T. Ito and M. A. Cappelli, Appl. Phys. Lett.
90, 101503 共2007兲兴. In this paper, we provide a more extensive report of the experimental data, as
well as direct comparisons to Monte Carlo simulations in which neutral-neutral and ion-neutral
collision processes are modeled with differential scattering cross sections. The experimental results,
which are limited to relatively small forward angle sampling in our present configuration, are found
to be in excellent agreement with Monte Carlo simulations. The simulations reveal that high energy
neutrals are striking the cathode with a wide range of angles, while ions are more anisotropic.
Therefore, it is difficult to predict the neutral energy distribution with commonly used simple
analytical models that do not consider scattering of neutrals within the sheath. We propose the use
of an extended analytical model in this paper, which seems to provide reasonable energy
distributions over the range of discharge voltage studied. © 2009 American Institute of Physics.
关DOI: 10.1063/1.3160329兴
I. INTRODUCTION

Energetic neutrals originally formed by collisions with
accelerated ions in the sheaths of direct-current 共dc兲 discharges contribute to secondary electron emission, electrode
erosion, and discharge gas heating. While many measurements have been made of the ion energy distribution in dc
sheaths and good agreement is seen with analytical
predictions,1–3 with the exception of a prior study by Armour
et al.,4 there seemed to be no direct measurements of the
energy distribution of neutrals at the cathode in dc discharges
prior to our previous letter.5 This is despite the availability of
various analytical models6–9 and computational studies.9–11
The experiments of Armour et al.4 employed an electron impact source to ionize neutrals for filtering the energy in a
quadrupole spectrometer and subsequently detecting them as
ions. The observed distributions are affected by this ionization process, in part due to the nonconstant probability of
ionization, as pointed out by a study of the neutral energy
distribution at the powered electrode of a radio-frequency
argon discharge.12 Our paper presents direct time-of-flight
共TOF兲 measurements of high-energy neutrals impinging on
the cathode in argon dc glow discharges, as also reported in
the previous letter.5 The variation in the energy distribution
with discharge voltage is characterized and compared to revised Monte Carlo 共MC兲 simulations, in which neutralneutral and ion-neutral collision processes are accounted for
using differential scattering cross sections. A rather novel
analytical model is also proposed in this report, validated in
part by comparison to the MC simulations, as well as the
previously reported simpler analytical models.6–8

the cathode of a dc discharge cell, as shown in Fig. 1. The
TOF apparatus is similar to that used to characterize energetic neutrals generated in fusion edge plasmas and from
sputtering targets.13,14 The abnormal dc glow discharges are
generated in pure argon at a pressure of 0.5 Torr with a 6
⫻ 10−2 m diameter copper cathode, a stainless-steel anode,
and an electrode separation of 5 ⫻ 10−2 m. Figure 2 shows
the typical current-voltage characteristics of the discharge
indicating that the discharge is in the abnormal glow regime.
Also shown in Fig. 2 are the conditions used in MC simulations as described below. Energetic neutrals formed near the
cathode are sampled through a 1 ⫻ 10−4 m diameter orifice
共⬃5 ⫻ 10−5 m thick cathode foil兲. The sampled beam is interrupted by a high-speed 共20 000 rpm兲 chopper, placed 3
⫻ 10−2 m downstream of the orifice, which contains a single
3 ⫻ 10−4 m wide slit 共S1 in Fig. 1兲 on its blade, 4 ⫻ 10−2 m
from the rotational axis. The drifting neutral stream impinges
onto a 17 stage electron multiplier containing Cu–Be dynodes, located 0.9 m downstream of the chopper. A second
共3 ⫻ 10−3 m wide兲 slit 共S2兲 is placed in front of the electron
multiplier for improving temporal response. A positively biLaser
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FIG. 1. Schematic of the experimental setup for measuring neutral energy
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retarding grid 共R.G.兲, photo diode 共P.D.兲, and electron multiplier 共E.M.兲.
106, 023305-1

© 2009 American Institute of Physics

023305-2

T. Ito and M. A. Cappelli

J. Appl. Phys. 106, 023305 共2009兲

FIG. 2. Discharge current-voltage characteristics.

ased grid 共R.G. in Fig. 1兲 is placed just downstream of the
discharge cathode and the chopper to serve as an ion filter,
allowing only neutrals to pass into the drift chamber and
migrate toward the electron multiplier. It is verified that the
threshold grid voltage required to filter out all of the ions is
close to the discharge voltage, as expected. For the results
described here, the ion filter voltage is set to at least 500 V
higher than the discharge voltage. The arrival of the negatively charged species, such as electrons and negative ions,
to the cathode should be negligibly small because of the
strong electric field repelling those species from the cathode.
Furthermore, those negatively charged species cannot reach
the detector, which is highly biased to a negative voltage of
about ⫺5 kV. The solid angle collected by the spectrometer,
as limited by the slit in front of the detector, is ⬃7.5
⫻ 10−5 sr.
The drift chamber is pumped by two turbo molecular
pumps maintaining a pressure of less than ⬃10−6 Torr during the measurements. At this pressure, the argon mean free
path is longer than 50 m, so that the effects of collisions
between neutrals in the drift chamber are negligible. A
He–Ne laser modulated by the same chopper is used as a
timing reference for triggering the oscilloscope, on which the
TOF traces are recorded and averaged. The zero-drift time is
determined by the signal corresponding to detected photons
from the discharge observed with reverse polarity 共so that the
orifice is now on the anode and there is little or no detected
energetic neutral signal兲. The photon signal has a 5 s rise
time with a full width at half maximum of 5 s, as shown in
Fig. 3 below. This signal serves as an indication of the instrument broadening and is used to deconvolve the TOF
spectra.
III. MONTE CARLO SIMULATIONS

The MC simulations use a sheath thickness and potential
distribution determined from the collisional form of Child’s
law,15 assuming a constant charge exchange cross section
共Qch兲 of 4 ⫻ 10−19 m2. The estimated sheath thickness was
from 2.2 mm 共600 V兲 to 3.8 mm 共350 V兲 and the ratio of a
mean free path of ion to the sheath thickness was approximately 20 共14 for 600 V and 24.5 for 350 V兲. Measurements
of the ion energy distribution from similar discharges suggest

FIG. 3. Observed time of flight spectra for a range of discharge voltage,
deconvolved spectrum for 600 V, and the photon signal used for the deconvolution process. TOF signals are normalized by the maximum value of the
spectra for the 600 V discharge case.

that the charge exchange cross sections should be in the
range of 3.7– 5.3⫻ 10−19 m2 共Refs. 1–3兲 and one can also
find reference to a range of values, i.e., from 4 ⫻ 10−19 to
7.2⫻ 10−19 m2 in uniform electric field experiments.16 One
can also find energy dependent cross sections accounting for
reduced backscattering with increasing energy, i.e., from
⬃5 ⫻ 10−19 m2 at 1 eV to ⬃3 ⫻ 10−19 m2 at 1000 eV, both in
theoretical and experimental studies.17–19 In our MC simulations, ions are introduced at the sheath edge with random
velocities, sampling these velocities from a Maxwellian distribution at the presumed gas temperature of 300 K. The
reason for using this boundary condition for the ion velocities, instead of the usual Bohm velocity, is that this condition
is consistent with the zero electric field that we impose at the
sheath edge and in the boundary conditions used in simple
analytical models.1–3,6–8 We also impose this condition in our
extended analytical model presented below. In this way, we
are able to more directly compare our MC simulation results
to these analytical models. It is also noteworthy that employing the Bohm velocity corresponding to an electron temperature of several eV has only a minor effect on the overall
results. In the treatment of particle collisions, both elastic
neutral-neutral and ion-neutral collisions are accounted for
using the energy-dependent differential cross sections reported by Phelps et al.20,21 Neutral particle velocities are neglected in evaluating the collision probabilities for ions 共but
are accounted for in determining the postcollision velocities兲.
For neutral-neutral collisions, only particles with energy
greater than 5 eV are considered, and their collision partner’s
velocities are also not considered in evaluating collision
probabilities.
Direct comparison is made of the simulated neutral energy distributions to the TOF measurements by considering
only those simulated neutral particles impinging on the cathode within the solid angle limited by the detector used in the
experiments. These comparisons are carried out for the discharge conditions 共voltage and current兲 shown as solid
circles in Fig. 2. These conditions are also used in evaluating
the appropriateness of analytical models, described in more
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detail below. In the MC simulations presented here, neutrals
with energy of less than 5 eV are not followed, resulting in
considerable savings in computational expense.
IV. ANALYTICAL MODEL

There are several analytical models reported for the neutral energy distributions impinging onto the cathode surface
in dc glow discharges. However the models, largely based on
the model proposed by Abril et al.6,7 and Mason and Allott,8
do not consider energy dispersion caused by neutral-neutral
collisions and the concomitant scattering into off-axis angles.
The analytical model proposed by Hagelaar et al.,9 which
establishes upper and lower limits for the neutral energy
through a rate equation based description using a local field
approximation, does consider neutral-neutral collisions.
However the use of a local field model may not be suitable
for computing energy distribution in the cathode fall 共except
perhaps for the very low energy portion of the ion energy
distributions兲 where the electric field variation is significant.
Here, we propose a relatively simple model that considers neutral-neutral collisions as well as potential variations in
the cathode fall in establishing the neutral energy distribution. Only the forward fluxes 共ion’s and neutral’s兲 are considered. A constant cross section 共4 ⫻ 10−19 m2兲 is employed

f共, ,x兲

=

冦

再

3 nchS Vc − V共x兲 − 
5 Vc
Vc
0

冎

冋 再冉

−2/5

exp − nS

for ion-neutral charge exchange collisions and an energydependent 共elastic and isotropic兲 cross section20 is employed
for neutral-neutral collisions. Constant ion-neutral charge exchange cross sections are widely used in such models, as the
resulting ion energy distribution is greatly simplified,1–3 and
yet is still in reasonable agreement with experiments.
Neutral-neutral collisions are assumed to be isotropic elastic
collisions in our analytical model.
The analytical model developed here uses the same potential distribution, V共x兲, as was used in the MC simulations
described above. Its variation with distance from the sheath
edge x is given by

再 冉冊 冎

V共x兲 = Vc 1 −

and

5/3

共1兲

,

where Vc is the cathode voltage and S is the sheath thickness,
estimated by using the collisional form of the Child–
Langumuir law. This potential distribution is in good agreement with particle-in-cell simulations for similar dc
discharges.2 Similar to the analyses in previous papers,1–3
which assume that the dominant process for energy loss of
ions is a charge exchange collision, we can derive the ion
energy distributions f as a function of energy,  共in volts兲,
angle from the electric field direction , and the distance
from the sheath edge

Vc − V共x兲
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共2兲

冧

Here, n is the neutral particle density, ch is the cross section for the charge exchange collision, and ␦ is Dirac’s delta function.
In deriving this, we assume that the ion’s velocity is oriented along the direction of the electric field 共which is perpendicular
to the cathode兲, because in this analytical treatment, we assume that the charge exchange collision does not result in angular
scattering.
The origins of fast neutrals are charge exchange collisions and scattering collisions between faster neutrals. Fast neutrals
will also lose energy through scattering collisions with background neutrals. The resulting equation governing the evolution of
the energetic cathode-directed neutral particle energy and angular distribution, g共 ,  , x兲, can be expressed as
nch
d
g共, ,x兲dd = f共, ,x兲
dd +
dx
cos 

冕冕
Vc



/2

g共a, a,x兲

0

In this expression, we are neglecting the second-order effect
of backward directed neutrals, which, through subsequent
collisions, can become cathode-directed neutrals. Also, the
distribution g共 ,  , x兲 describes just those neutrals originating
from interactions with energetic ions or subsequent collisions
with energetic neutrals and does not include the energy distribution of the otherwise thermalized background gas. In
Eq. 共3兲, Qsc共兲 is the energy-dependent neutral scattering

nQsc共a兲
nQsc共兲
P共a,兲R共a, 兲dada − g共, ,x兲
dd .
cos a
cos 

共3兲

cross section, the first term on the right side represents the
charge exchange collision rate, and the third term is the neutral scattering loss rate. The second term on the right side of
Eq. 共3兲 represents the neutral scattering production rate,
which contains the probability for scattering into a particular
energy class 关P共a , 兲兴, and into a particular angle 关R共a , 兲兴,
as described below.
For isotropic elastic collisions 共in the center of mass
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electric field direction, respectively, ␣ is the angle between
the pre- and postcollision velocity, and ␤ is the polar angle
defined by the postcollision velocity relative to the direction
aligned with the precollision velocity. For isotropic scattering
between like particles, the particle energies are related to the
angle ␣ by

frame兲 between like particles, the probability, P共a , 兲, that a
particle with energy a creates a particle with energy  is
given by
共4兲

P共a,兲 = 2d/a .

The factor of 2 appears here because the collision creates two
energetic neutrals which are indistinguishable.
In determining R共a , 兲, we use the following relationship between the scattering angles in the laboratory frame:
cos  = cos a cos ␣ − sin a sin ␣ cos ␤ .

 = 21 共cos 2␣ + 1兲a = a cos2 ␣ .

Using Eq. 共5兲 together with Eq. 共6兲, we find that the probability that some initial particle with angle a collides with
another particle to produce a particle with angle , is described by

共5兲

Here,  and a represent the post- and precollision angles
that either of the colliding particles makes relative to the

R共a, 兲 =

冦
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1 d␤
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d
2
2
冑
 d
 sin a sin ␣ − 共cos a cos ␣ − cos 兲2
=



冑冉 冊
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sin2 a −
a

冉冑


cos a − cos 
a

0

Equation 共3兲, together with Eqs. 共2兲, 共4兲, and 共7兲, can be
solved using the Euler method with the boundary condition
g共 ,  , 0兲 = 0.
If we neglect the second and third terms on the right
hand side of Eq. 共3兲, then our result reduces to the analytical
model of Abril et al.6,7 Neglecting only the second term and
retaining the third term but with the simplification that a
constant 共energy independent兲 stopping cross section 共stopping factor兲 is used instead of Qsc, reduces our model to the
analytical model proposed by Mason and Allott.8 We compare our results to these two limiting cases, as well as to our
MC simulations, in the section below.
V. RESULTS AND DISCUSSION
A. Experimental results

Representative experimental 共uncorrected兲 TOF spectra
for varying discharge voltage are shown in Fig. 3. The increases in signal intensity and a shift in peak position to
shorter drift times with increasing voltage are apparent. The
corresponding energy spectra are obtained following deconvolution and correction for the energy dependence of the
secondary electron emission of neutral argon on Cu–Be, i.e.,
1.5⫻ 10−3 at 50 eV, 2.5⫻ 10−2 at 200 eV, and 1.5⫻ 10−1 at
400 eV.22 It is noteworthy that the secondary electron emission can depend on surface conditions, as pointed out by
Phelps et al.23 We have not pretreated or cleaned the Cu–Be
dynode for these studies and therefore employ the secondary
emission coefficient for untreated 共native兲 Cu–Be surfaces,
as reported in Ref. 22. The secondary electron emission also

共6兲

冊

2

d

冉冏
冉冏

冏 冊
冏 冊

cos a cos ␣ − cos 
艋1
sin a sin ␣
cos a cos ␣ − cos 
⬎1
sin a sin ␣

冧

.

共7兲

depends on energy and the uncertainty in this energy dependence is the main source of error in the analysis. A compilation of the secondary electron emission of argon atoms incident on a range of untreated materials23 shows that the
coefficients 共absolute and energy dependence兲 all fall within
a factor of 2 of each other in the high energy region 共e.g.,
⬎100 eV兲. In this regime, we thus believe that the coefficients used in our study are accurate to within a factor of 2.
In the low energy region 共⬍100 eV兲, scatter in the data described in Ref. 23 precludes a certainty in the energy dependence of our extracted distributions to better than a factor of
⬃3. Also shown in Fig. 3 are the photon signal and the 600
V case deconvolved for instrument broadening using this
photon signal. As seen in the TOF spectra of Fig. 3, there are
weak peaks between 0–5 and 10– 20 s, the origin of which
is attributed to hydrogen and oxygen contamination, perhaps
as a result of sputtering of surfaces within the drift section of
the spectrometer. These peaks were not sensitive to Ar flow
rate and there was only weak optical emission associated
with hydrogen, and no emission due to oxygen, from the
discharge itself, reducing the likelihood that this contamination originates in the discharge. These interferences precluded energy measurements beyond an energy of approximately 200 eV for the lowest discharge voltage case shown
共370 V兲 and about 500 eV for the highest discharge voltage
共600 V兲 shown. Operation of the discharge on helium confirmed that there is no contamination from heavier species
that might overlap with the argon signal at lower energy.
Figure 4 shows the converted neutral energy spectra
共thick lines兲. The variation in neutral energy distribution with
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B. Results of MC simulations and comparison to
experiments

FIG. 4. Measured neutral argon energy distribution. The thin dotted lines are
superimposed Maxwellian distributions at the indicated temperatures for
comparison. Note that high energy regions 共e.g., ⬎ ⬃ 350 eV for 460 V兲
may be affected by contamination from light elements.

discharge voltage is apparent, with a higher discharge voltage resulting in a more populated high energy tail. The nearlinear variation in the logarithmic energy distribution is indicative of an energetic tail that is close to Maxwellian. Thin
dotted lines in the figure represent this Maxwellian distribution at the labeled temperature for comparison. It is noteworthy, as mentioned above, that high energies might be affected
by contamination from light elements such as H and O. The
very low energy range 共e.g., ⬍50 eV兲 is less accurate because of the low signal as a result of low secondary electron
emission yields and because of the larger uncertainty in the
secondary electron emission coefficient employed in the data
reduction, as mentioned above. It should be noted that the
experimental reproducibility was quite good. The slope of
the near-Maxwellian tail between 100 and 150 eV was determined for multiple scans at the same discharge voltage and
the results are plotted for varying discharge voltage in Fig. 5.
The corresponding Maxwellian temperature 共which decreases with increasing slope兲 is clearly seen to rise with
increasing discharge voltage. At any given voltage, the slope
of this tail is reproducible to within 10%.

Results of the MC simulations are given in Fig. 6. This
figure depicts particle distributions 共number of particles per
unit solid angle per second兲 at the cathode plane as functions
of energy and scattering angle 共0° corresponds to the direction aligned with the electric field兲. We can see that ions 共left
panels兲 are primarily scattered into a very narrow angle,
since small-scattering angle collisions 共generally charge exchange collisions兲 are dominant21 and ions are accelerated by
the electric field. In contrast, neutrals 共right panels兲 are scattered into a wider range of angles. The broadening in the
neutral distributions arises in part because the high energy
neutrals generated by ion-neutral collisions are no longer accelerated and can subsequently collide with other neutrals.
The color maps of Fig. 6 have the same color scale for
both the neutrals and ion particle flux. It is apparent then that
the energy flux delivered by neutrals is much higher than that
of the ions over most incident particle angles 共with the exception perhaps of angles less than 5°兲 for all conditions
investigated. This confirms that for some applications of collisional dc discharges, the role played by neutral particles in
energy deposition must be considered. For example, the cathode erosion resulting from impinging particles considering
the direct ion flux alone may be underestimated. Also, such a
wide angular distribution seen in neutral energy might affect
the design of masking processes in the plasma-assisted
manufacturing of nanostructured materials.
Figure 7 compares the measured neutral energy distributions to those predicted by the MC simulations. In this comparison to the TOF data, we consider only the particles impinging on the cathode within the solid angle limited by the
detector used in the experiments. We see that very good
agreement is obtained between the measured and predicted
distributions. It is noteworthy that the relative intensity for
different discharge voltages 共for either the predicted or measured distributions兲 is not adjusted once the experimental
distribution for the 350 V case is scaled to the level of that
simulated. We find that if we adjust the scale so that the 350
V experiments match the simulations, then the 600 V case is
found to slightly overpredict the measured flux and this difference might be attributable to the uncertainty in estimating
the experimental current density at the center of the discharge 共based on an assumed discharge uniformity兲.
C. Analytical model predictions and comparison to MC
simulations

FIG. 5. Slope of the distribution functions near 100–150 eV as seen in the
measurements.

Before presenting the predictions of our analytical model
for the neutral energy distributions, we compare in Fig. 8, the
ion energy distributions predicted by the simple analytical
model of Davis and Vanderslice,1 modified slightly by
Budtz-Jørgensen et al.2 to our MC simulations. Since the ion
velocities determined from the MC simulation are found to
be nearly parallel to the electric field 共as seen from Fig. 6兲, it
is not surprising that the ion energy distributions determined
using the models of Refs. 1 and 2, in which no scattering is
considered, results in good agreement with the MC simulations, except perhaps in the very high-energy tail. The differ-
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FIG. 6. 共Color online兲 Particles flux map at the cathode as functions of scattering angle and particle energy by MC simulations: ions 共left panels兲 and neutrals
共right panels兲. Note that these maps are generated using binning parameters of 10 eV for energy and 1° for scattering angle.

ence at high-energy is attributed to the difference in the cross
sections used; a constant cross section is assumed in the analytical models,1,2 whereas a more realistic differential scattering cross section accounting for reduced backscattering
with increasing energy21 is employed in the MC simulations.
Figure 9 compares the neutral energy distributions predicted by our simple analytical model, which includes particle scattering 关Eq. 共3兲兴, to those predicted by the MC simulations. Also for comparison, Figs. 10 and 11 include the
analytical models proposed by Abril et al.,6,7 and by Mason
and Allott,8 respectively. Because these previously reported
models do not account for the possibility of scattering into a
range of angles, Figs. 9–11 compares the energy distributions
to those determined by the MC simulations for neutrals scat-

tered into all possible angles 共the angle dependence predicted
by our proposed model is presented in Fig. 12兲. The model of
Mason and Allott8 requires specifying the so-called particle
“stopping cross section”, which we find to be 0.2⫻ ch for
best agreement with the MC simulations. An inspection of
these three figures reveals that there is little difference between the three analytical models at high energy, since the
high energy particles are generated nearer to the cathode surface and, as a result, do not have time to collide before crossing the cathode plane. Greater differences between the analytical model predictions are seen in the mid-low energy
region. Since the analytical model of Abril et al. 共Fig. 10兲
does not include collisions between neutrals, the flux of
moderate-energy particles, which should experience colli-
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FIG. 7. Measured 共thick lines兲 and MC simulations 共symbols兲 of the neutral
argon energy distribution. Both the measured and simulated distributions are
for neutral atoms sampled over the limited detection angle of the
experiment.

FIG. 8. Analytical models 共lines兲 and MC simulations 共symbols兲 of the ion
energy distribution.

FIG. 10. Analytical models 共lines兲 proposed by Abril et al. 共Refs. 6 and 7兲
and MC simulations 共symbols兲 of the neutral energy distribution.

FIG. 11. Analytical models 共lines兲 proposed by Mason and Allott 共Ref. 8兲
and MC simulations 共symbols兲 of the neutral energy distribution. The stopping cross section used in the analytical model was 0.2⫻ ch.
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FIG. 9. Analytical models 共lines兲 proposed in this paper and MC simulations 共symbols兲 of the neutral energy distribution.
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FIG. 12. 共Color online兲 Neutral flux map as a function of scattering angle
and energy by the analytical model proposed, 460 V. Note that the map is
generated using binning parameters of 1 eV for energy and 1° for scattering
angle.
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sions before striking the cathode, is overestimated. The
model of Mason and Allott 共Fig. 11兲 fails to capture the
distribution at very low energy 共e.g., ⬍80 eV for the 600 V
case兲, where the effect of neutrals generated by neutralneutral collisions is important. It is noteworthy again that the
previously reported analytical models do not include any
angle dependent distributions in the energy for the neutrals.
Although some differences between our proposed analytical model and the MC simulations are apparent, particularly the slight underprediction in the distribution at high
energy, the model, which includes neutral collisional effects,
seems to do a better job than those of Refs. 6–8, especially in
the shape in the low-middle energy regions. We attribute this
improved agreement to the introduction of the possibility of
scattering into a range of angles. As stated earlier, the models
of Refs. 6–8 do not include this scattering, despite its importance, as apparent in the analytical model predictions of a
relatively large neutral flux at large scattering angles, as
shown in Fig. 12. Despite the good agreement between the
proposed analytical model and the MC simulations for the
neutral energy distribution, there is good agreement only at
the wide scattering angle in the angle distributions. We attribute the poor agreement in the narrow scattering angle 共
⬍ ⬃ 20°兲 to the use of simplified scattering models, such as
isotropic scattering for the neutral-neutral collisions 共resulting in low probability of narrow-angle scattering兲 and zeroangle scattering for the ion-neutral collisions. The analytical
model may therefore be improved by using differential scattering cross sections for those collisions. However, such improvements come at the expense of computational time and
we believe that any further computational expense is better
invested in carrying out full MC simulations.
VI. SUMMARY

In this paper, we compare the results of direct measurements of the energy distribution of neutral particles incident
onto the cathode of a dc glow discharge to MC simulations
共which employ differential scattering cross sections兲 and also
compare a relatively simple analytical model to the MC
simulations. The measurements are found to be in good
agreement with the MC simulations, although the comparison is made only for a forward scattering angle of the neutrals that is limited to the corresponding solid angle of detection by the TOF spectrometer. The simple analytical model
proposed assumes the use of a constant charge exchange
cross section and isotropic scattering between neutrals. Despite this simplification, which makes its use relatively
straightforward, it leads to very reasonable agreement with
the results of the MC simulations. The comparison between
the previously reported analytical models of Abril et al.6,7
and Mason and Allott8 seems to indicate that the scattering
between neutrals, which is neglected entirely by Abril et al.
and simplified by Mason and Allott, might be important.
It appears, from our MC simulations, that in some cases,
the energy flux delivered to the cathode by neutrals can be

higher than that delivered by ions in the collisional sheath. It
is also noteworthy that a wide angle of scattering is seen in
the neutral particle distributions. Although high energy neutrals can be found within a narrow scattering angle, the energy flux that is predicted to be at wider angles may be too
large to be neglected for the purpose of estimating energy
transfer to the cathode.
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