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Measurements of ion energy distributions by Doppler shift spectroscopy
in an inertial-electrostatic confinement device
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Doppler shift spectroscopy was carried out on the discharge in a spherically symmetric
inertial-electrostatic confinement system. This enabled the ion energy distributions, types, and
densities of ionic species to be determined. A weakly ionized hydrogen radio-frequency discharge
was used as the ion source for two spherical and concentric electrostatic grids. The inner and outer
grids were the cathode and anode, respectively. It was found that the ion energy distribution
consisted of a non-Maxwellian directional component, as well as a spatially isotropic Maxwellian
distribution. The directional component consisted of three broadened energy peaks belonging to H
(20%), H, (60%), and H™ (20%). These ions had energies approximately 20% of the cathode
potential. The temperatufe electronvolts of the Maxwellian distribution was approximately 15%

of the cathode potential. @001 American Institute of Physic§DOI: 10.1063/1.1349875

I. INTRODUCTION ions. The resulting spectrum was used to determine the rela-
tive densities of the different ionic species that are created.
Confinement of light nuclei in a deep electrostatic poten-
tial well for nuclear fusiohi is a concept that dates as far ||. EXPERIMENTAL APPARATUS
back as magnetic fusion but has not received the same degree _. -
. . Figure 1 shows a schematic diagram of the IEC system
of attention. There have been several experimental

X B 7 . : U used in this study. It consists of two concentric and spheri-
configuration3™’ for producing a spherically or cylindrically o ) .
. . ) cally symmetric grids. The outer and inner grids are the an-
symmetric electrostatic potential well.

. . o ) . ode and cathode, respectively. The inner grid was made from
Typically, ions are |nject§d radlally into the WE?" and three orthogonal rings with a common center. Each ring had
converge to the center resulting in a core of higher ion denz giameter of 30 mm and made from 1.5 mm diam stainless
sity. Provided the well is sufficiently deep, the ions will ac- tee| wire. This arrangement of rings produced an open
quire sufficient energy to undergo nuclear fusion reactionsspherical grid that consisted of eight triangular faces. The
Many ions will make multiple passes through the center begyter grid had a diameter of 120 mm and was made from
fore a collision occurs. This idealized picture of a particlefine-wire brass mesh with a wire spacing of 2 mm.
being trapped by an electrostatic well is an important feature  The concentric grids assembly was immersed in a hydro-
of such devices, which have consequently been callegen plasma generated by a radio-frequency discharge at
inertial-electrostatic confinemerlEC) devices. This ar- 13.56 MHz at a pressure that ranged from 1 to 20 mTorr.
rangement is also known as spherically convergent ion focudhe outer grid was held at the same potential as the chamber
It is expected that this device has the potential to be used dbat contained the plasma. The plasma on the outside of the
a simple, portable, turn-key neutron source, from deuteriumspherical mesh was kept at very low densities so that the grid
deuterium fusion reactiorfs. spacing was of the order of a Debye length, which greatly

The ion energy distribution established during steadyeduced the density of the plasma that penetrated through the
state operation is one of the main factors that determines th@esh. lons that drifted through to the inside of the outer grid
number of fusion reactions. Ideally, the distribution should(@nod¢ were accelerated towards the inner gtethode.
be monoenergetic with one specie. However, it has beefh€ current collected by the cathode was about 1 mA. The
suggesteithat collisions will relax the energy distribution to 210de also acted as a radio-frequency radiation shield for the

a Maxwellian very quickly leading to energetic ions in the ions being accelerated within it. The high transparency of the
tail of the distribution being lost from the well cathode(85%) resulted in many ions continuing their trajec-
. ' . tory to the center.
In this paper, we report on measurements of the ion en- o . . .
bap P A striking feature of this type of discharge is the forma-

ergy distributions of the different ionic species that are "ion of straight channels of optical emission through the cen-

ated in such d|§charges. This was garrled .out-by MeASUNNG of the triangular faces of the cathode. These eight chan-
the Doppler shift of the hydrogeng—lme, which is emitted nels intersect in the center where the intensity of the
from then=3 ton=2 levels of excited hydrogen atoms that discharge is greatest.

result from charge-exchange reactions with the accelerated e channels are due to excited atomic hydrogen, which
will be discussed in the next section. The hydrogeplide
3Electronic mail: khachan@physics.usyd.edu.au (656.3 nm was detected with an intensified charge-coupled
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the central line. The sharp central line is the characteristic H
of hydrogen and results largely from electron impact with
atomic and molecular hydrogen. The broadened base is also
due to electronic processes, which has been treated
elsewher® and is not the main concern of this paper since it
does not directly offer any information about ion energies.

More striking, is the large broadenin@wings” ) on
both sides of the central line. These result from the Doppler
shift of the H, line. Consequently, it is a simple matter to
workout the energy of these hydrogen neutrals. The shift in
wavelength AN\, is given by

PLASMA O\
0

AN~ ——co0s#0, (1)

FIG. 1. Schematic diagram of the IEC system. ¢

wherel is the wavelength of the unshifted,Hine, v is the

speed of an excited atomic hydrogers the speed of light,

0.5 m focal | h h S 500M. Th and 6 is the angle between the observation direction and the
ona®.>m foca ength monochromatpex M. The radiator. Therefore, the kinetic enerdy, of an excited neu-
resolution of the set-up was 0.04 nm. wral is given by

A second phase to the experiment was the study of a
single channel and the dependence of the observed spectrum MuC2(AN)2
on the angular position of the channel with respect to the K=-————, 2
line-of-sight of the monochromator entrance slit. To elimi- 2\gcos 0

nate any contrik_)ution from the other chgnnel_s, the CathOdﬁ/heremH is the mass of atomic hydrogen. The highest shift
was replaced with two _parallgl, 20 mm diam rings that_wereIs between 1 and 1.5 nm, which corresponds to an energy
separated by 20 mm with their centers on the same axis. Thesyyeen 1 and 2 keV. This energy is clearly too large to arise

rings had the same potential placed on them, which produceglym electron impact processes and can only result from the
a spatial potential profile along the axis similar to the pOtenToIIowing charge-exchange reactions:

tial along a line through the centers of two opposing triangles
on the three-ring grid. This resulted in a single light-channel H*+H—H*+H™,
through the centers of the rings.

device (Princeton Instruments ICCD 576G/RB-Eounted

Hy +H—H* +H+H",
ll. EXPERIMENTAL RESULTS AND ANALYSIS HE +He H* + Hy+ H

We will omit the negative sign from all references to the
potentials placed on the inner grid since no other polarity
was used. Figure 2 shows the spectrum of thelire from
the core of the discharge when the three-ring cathode was
b?ased at 12 kV at pressures of 5 and 20 mTorr. None of the HE + Hy— H* + Hy+ HY
eight channels were directed towards the spectrometer. The
line shape is composed of two components: a sharp central lons (H",H, ,H;) from the plasma, are accelerated by
peak with its base broadened and “wings” on either side ofthe electric field between the anode and cathode. A fraction

of them are involved in charge-exchange reactions with
atomic hydrogen(H) and the background gas ¢H This

3
HY+H,—H*+H; , &

Hy +Hy—H* +H+H; ,

40 T T - results in energetic and excited neutral$,, Hhat emit the
@ Doppler shifted part of the spectrum. It has been sHdwn
=30t . that the fast neutrals have trajectories that are in the same
2 direction as the incident ions. Any beam spreading is be-
-820 i i tween one and three degrees, depending on the energy of the
< 20 mTorr incident beam. Moreover, the total energy of the resulting
> fragments from the reactions is approximately equal to the
Eqot SmTorr g nt : pp y €q (
) energy of the incident ion. Any energy lost to electronic or
5 vibrational excitation are only a few tens of eV and are neg-
E or ligible compared to the keV range of energies considered

L . L here. Note that the 5 mTorr spectrum in Fig. 2 is broader

-20 [-)1C§)PPLEROSHIFT 1(2) 20 than the 20 mTorr spectrum. This implies that the average

ion energy is higher at 5 mTorr. However, the interpretation

FIG. 2. The spectrum of the Hiine from the center of the three-ring ©Of Such spectra will become clear during the course of this
cathode, biased at 12 kV at pressures of 5 and 20 mTorr. paper.
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' i ' T T single channel without a substantial contribution from an-
other channel. To simplify matters, a single channel was ex-
amined by using the two-ring grid. The axis of the channel
- 1 kV was rotated through several angles with respect to the line-
_— of-sight of the monochromator entrance slit. The spectrum
" was obtain between the two rings for all angles except 0°,

where the full length of the channel was aligned with the
s line-of-sight. The results are shown in Fig. 5 for a voltage of
9.3 kV at a pressure of 5 mTorr. Clearly there is a directional
12 kV A beam of almost monoenergetic ions as shown by the peak

. ' : . ' that arises between 0° and 20°, which we shall call the di-
20 -10 0 10 20 30 tional component. Superimposed on this peak is an isotro-
DOPPLER SHIFT (A) ree YMPOnEn’. SUpermp P .
pic scattering of ions as shown by the same continuously
FIG. 3. Increasing Doppler shift spectrum with increasing cathode voltageShifted background for all angles. We will analyze these two
components separately.

INTENSITY (Arb. units)
-

o
T

Figure 3 shows the increasing Doppler shift with in- 5 pirectional component
creasing cathode voltage in 1 kV increments. The plots have

been artificially shifted vertically with respect to each other ~ The spectrum was acquired again for a light-channel axis
for clarity. There is a linear dependence of the shift in wave-0f 0° and voltages between 1 and 10 kV at 5 mTorr. Greater

length at the turning point‘knee”), near the ends of the Vertical resolution and spectrum accumulation time were

Dopp|er shift, and the square root of the app“ed V0|tage, agsed in order to obtain a detailed prOﬁle of the line Shape. A
shown in Fig. 4. This implies that the excited neutrals resultypical result is shown in Fig. 6 for 4 kV at a pressure of 5
from ions that are being accelerated by the applied potentiamTorr. This shows the superposition of three peaks. We have
Consequently, these excited neutrals can only result frorffeconvolved this three-peak spectrum into three Gaussians,
charge-exchange collisions with the accelerated ions. The irls0 shown in Fig. 6, in order to obtain the Doppler shift of
terpretation of such spectra can be problematic because it f2ch peak.
uncertain whether the spread in the observed shift is due to a The positions of the three peaks shifted with varying
combination of the angular dependence of the Doppler shiffoltage. The most likely sources of this part of the spectrum
from the different channels, and scattering and thermaliza@re the three charge-exchange reactions of the incident H
tion of the incident ions. We will show this combination to Hz , and H with the background hydrogen gas; Hgiven
be the case. in Eq. (3). This can be verified by plotting the energy of the
It can be shown that spherically convergent, monoenerincident ion vs the applied potential. The energy of the inci-
getic, excited neutrals will give a Doppler shifted spectrumdent ion can be obtained from the energy of the resulting
that is flat up to a maximum shift, where the intensity sharplyéxcited neutral. For example, the energy gf Id three times
falls to zero. At first sight, this would appear to be the specihe energy of the resulting Hbecause the energy of each
trum obtained in Fig. 3. However, the same spectrum wa&agment after charge exchange is partitioned in proportion
obtained near the edge of the cathode away from the coré0 the mass of the particle. Similarly, the energy of i
This is surprising since it implies the spectrum is a characiwice the energy of the resulting*H
teristic of other parts of a channel rather than specific to the ~ Figure 7 shows a plot of the energy of the three types of
core. On closer examination, the spectrum is not truly flat but
has some structure. It was not possible to collect light from a
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FIG. 4. A linear relationship between the “knee” of the Doppler shift and FIG. 5. Doppler shift spectrum from the center of a single channel rotated
the square root of the applied voltage. through several angles, at 9.3 kV and a pressure of 5 mTorr.
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n=3 and n=2 energy levels of atomic hydrogen, and

2 2 o nu(H,) is the number density of the atomic hydrogen in the
5 n=3 state that results from a charge-exchange reaction be-
g tween H and the background gas. We can obtajj(H, )
< by considering its rate of changen,(H, )/dt, given by
1 4
> dnu(H 2
% %:nH:nHZkH:_;l As_inu(Hy)
=z
w +
E 0 _kanan(Hx )1 (5)

0 2 4 6 8 1012 14 16 18 20 wherenH; is t.he number density of |nC|dent;H Ny, is the
number density of the Hbackground gaéﬁH: is the charge-

DOPPLER SHIFT (A)
exchange rate coefficient resulting in excited atomic hydro-

en,As_; is the transition probability between tine=3 and

=i energy levels of excited atomic hydrogémherei=1,
2), andkq is the quenching rate coefficient. We will only
consider quenching due to the background gas, dihce its
density is much greater than any other species prédent.
incident ions as a function of the applied potential. Within Equation(5) balances the rate of production and loss of
experimental error, the energies of the three ions are nearlytomic hydrogen in the=3 energy level. The first term on
the same. This is to be expected since they were all accelejhe right-hand side is the rate at which excited atomic hydro-
ated by the same potential difference. As a result, thigjen is created from charge-exchange collisions. The second
strongly supports the assumption that the three peaks in thgrm is the rate at which there is a loss of atomic hydrogen
Doppler shifted spectrum result from charge-exchange ofrom then=3 level due to spontaneous emission. The third
these three ions with the baCkgrOUnd gaS. The minor diﬁerterm represents the IOSS Of atomic hydrogen from rthéa
ences in energy may be due to the different mobifified  state due to radiationless transitions from collisions with H
the three different ions in hydrogen gas. Interestingly, the(quenching.
energies of the incident ions are approximately 20% of the  For a continuous discharge, we can apply the steady
applied potential. Previous models of these types of disstate conditiorin,(H, )/dt=0, which simplifies Eq(5) to
charges assumed a monoenergetic single specie with an en-

FIG. 6. Doppler shift spectrum of a single channel at 0°, at an applie
voltage of 4 kV and 5 mTorr, showing three directional, and almost
monoenergetic peaks.

ergy determined by the applied electric field. Clearly, colli- (2521A3Hi+kan2)nH(Hx+)
sions play a substantial role in moderating the energy of ny+= . (6)
these ions. N K

It is also possible to determine the relative densities ofA ing th hi i fiicient is th for all
the three ionic species. The total intensity(H;), from the ~ £}SSUMINgG the quenching rate coetlicient 1S the same for a

H, line due o charge-exchange bemweeh Wherex—1,2, 128 M R0 B0 (R 19 W0 L TR e
S 3
and 3 and the background gas is given by density of H'. This is given by

In(H ) =hvAg_ong(H), (4)
. . ) n +
whereh is Planck’s constanty is the frequency of the emit- i _ Kie Tn(Hye) . @
ted photonsA;_,, is the transition probability between the Ny+ kHIIn(H*)
The intensities ,(H, ) were obtained from the area under the
: . , . . Gaussian fits of the directional peaks. The charge-exchange
__2.5¢ " rate coefficientsky+, are given by
S ° i
o
; 2.0 = a kHX+=J UH:vf(v)dv, (8
o 1.5} i ]
E ! where o is the total charge-exchange cross-section for
E' 10t | populating then=3 energy levely is the velocity of the
> ' 2 incident ion, andf(v) is the velocity distribution function.
o 05l l Since the directional peaks in the spectrum are far from Max-
’ ' , ) L wellian and much closer to being monoenergetic, we will
2 4 6 8 10 assume that the charge-exchange cross-section is constant, so
VOLTAGE (kV) that the rate coefficient now simplifies to
FIG. 7. Plot of the energy of the inciden§i1), H; (O), and H' (A) vs ka*: UH:U_H;H (9)

applied voltage.
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FIG. 8. The percentage of the number densif(8), H; (A), and H (O)

in a single channel vs applied voltage.
FIG. 9. A Gaussian fit to the spectrum from a 90° single channel at an

applied voltage of 9.3 kV and a pressure of 5 mTorr.

wherev -+ is the average velocity of the Hions. The den-
sity ratio now becomes exchange processes as well as momentum transfer to the
background gas. It is shown in Fig. 9 that the 90° spectrum
from Fig. 5 fits a Gaussian spectrum very well. Conse-
oS o ANl a(HyY) : e o ,
X , (10) quently, the ion velocity FjlstrlbuFlon that produces this spec-
Ng+ ot ANg+l,(HT) trum must be a Maxwellian. This type of spectrum was ob-
g g tained for voltages up to 16 kV and found to always have a
whereA\,+ is the Doppler shift of the peak associated with Ggussian shape. The temperature associated wi_th thi_s broad-
X ening was found to always be at 15% of the applied bias at 5

the H/ incident ion. The accuracy of relative density calcu- mTorr. For example, Fig. 9 was obtained at a bias of 9.3 kV

lations depends gregtly on the accuracy of the c_hargeénd found to have a temperature of 1.4 keV. This tempera-
exchange cross sections for atomic hydrogen excitatio

: . r“t’ure, as well as the energy of the directional ions, will un-
which we obtained from Phelpg8.The calculated data also doubtedly change with pressure and volume of the electro-

relies to a lesser extent on the accuracy of the fitting proce;sic system. The effect of these parameters on energy
dure for the three peaks.

: o L . distributions as well as their effect on fusion production rates
Figure 8 shows the percentage of ionic species in a Ilght\-N

; (iJI be left for further research.
channel. These results suggest that the channel is compose
of ~20%H", ~60%H, , and~20%H; . Since hydrogen is
chemically equivalent to deuteriurfD), then we can also |y coONCLUSIONS

assume that a similar discharge would produce similar den-
sities of D", D, and D§ Doppler shift spectroscopy was carried out on optical

Clearly, for greater fusion rates the*Ddensity would emission from an IEC device. It was found that a large com-
have to be increased. Althoughj Tand D will also contrib- ~ ponent of the spectrum resulted from charge-exchange pro-
ute to fusion reactions, the energy per nucleoh @d3 of  cesses by energetic ions with the background gas. Moreover,
the energy of D, respectively. This leads to reduced fusion the spectrum showed there were directional ion beams’of H
rates since the cross sections are smaller at lower energie§~20%), H (~60%), and H (~20%), which were al-

The fractions of the different ionic species shown heremost monoenergetic. The energies of these {@nslectron-
depend on their densities in the RF-plasma. Undoubtedlyolts) were ~20% of the applied voltage to the cathode.
other IEC discharges will have different fractions of ionic Superimposed on these ionic beams was a large, isotropic,
species that are device dependent. However, it is likely in alMaxwellian velocity distribution of ions with a temperature
such low power devices that the densities of the molecular-15% of the applied voltage to the cathode.

hydrogen ions or molecular deuterium ions will form a sub- It was found that the energies of ions and the resulting
stantial part of the IEC discharge, including those that useeutrals(in the units of mTorr pressure ranga the core are
ion guns® the same as those in the channels away from the core. Since

the density of ions in the channels are a few orders of mag-
nitude less than the density of the background gas, it is not
We will now examine ion energies that give rise to thesurprising that some reseatéthas shown that most fusion

continuous Doppler shifted spectrum. This spectrum is isoreactions occur with the background gas outside of the core.
tropic and mostly likely due to elastic and inelastic scatteringA theoretical treatment to estimate the full potential of these

from the background gas, as well as Coulomb scatteringlevices as neutron sources must include both the different
from counter streaming ions in the same channel. As in théypes of species and both the monoenergetic and Maxwellian
directional peaks, there will be energy loss due to chargeecomponents. Moreover, the energies of these components

B. Isotropic component
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