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A Mechanism for lon Acceleration Near the
Anode of a Magnetically Insulated lon Diode

Isak I. Beilis, Member, IEEE,A. Fruchtman, and Yitzhak Maron

Abstract—We propose a theoretical model for the ion accel- formed in a region a few-tens gim wide near the anode
eration near the anode in the anode plasma of a magnetically [6], into the rest of the plasma. In this model, the electron
insulated ion diode (MID). The applied diode voltage is screened temperature in the dense plasma was assumed to be higher
by the anode plasma. We assume that as a result of the St-rongthan in the plasma. During the expansion, the electron thermal
magnetization of the electrons and nonmagnetization of the ions =" p id. g ] _p > ) elec
in the anode plasma, a narrow space charge sheath is formed Kinetic energy is converted into ion-directed kinetic energy.
near the anode, of a width close to the electron Larmor radius. In this paper we explore a different mechanism for the ion
The potential drop that is formed across the sheath accelerates gcceleration in the plasma. As in the previous model [6], we
the ions born inside the sheath into the plasma. We solve a systemaqq;me also here that ions that are born near the anode surface
of equations for the sheath and derive an approximate expression are accelerated toward the anode plasma by an electric field
for the potential drop across the sheath. This expression exhibits - ) p - . Yy
the dependence of the ion energy on the magnetic field intensity that is formed in a narrow sheath that is adjacent to the anode
and on the electron temperature and density. We also discuss an surface. However, here we assume that the electrons are drawn
influence of the sheath width to the electron Larmor radius ratio by the sheath electric field toward the anode surface, rather
as a parameter. The theoretical results are found to be in good than being pushed by the pressure gradient away from the
agreement with the experimental measurements. anode surface, as we assumed in the previous model [6]. We

Index Terms—Anode plasma, drift velocity, Hall current, ion  note that the voltage that is formed across the sheath is not
acceleration, ion diode, magnetized electron, sheath. related to the large applied voltage across the anode-cathode

gap, a voltage that, as mentioned above, is screened by the

I. INTRODUCTION plasma. The_assumptions of this second mechanism are also

TUDYING the properties of electrode plasmas in eIecQO.nS'Stem. with the measureme_nts [2]_[5]'. Moreovgr, as we
will show in Section lll, the scaling of the ion energies with

hi hInCi?r! %Z(;Z?r%ersljn'gefsa:::]cdl::]ar \:gﬁozlgirga eh);e]ir:ﬁg):é t:ps]e magnetic field intensity, that is predicted by the present
gnly Imp 9 yPp del, is also consistent with the experimental results [4].

such systems [1]. In this paper we attempt to explain part_ ?ae mechanism we explore here is similar to that described

the f|nd|.ngs qbtamed |n.|nve.st|gat|ons of the anode pIasma_wE)y Zharinov [7] and Morozov [8] for the plasma acceleration
magnetically insulated ion diode (MID) [2]-[5]. These studies”
S with a closed Hall current.
showed that a plasma 1-2 mm wide is formed near the anod? . . .
o n Section Il we present the model and in Section Il we

surface within first 30 ns of the 100-ns-long voltage pulse. The . .

. _ solve the model equations and compare the solutions to the
plasma is seen to be fully penetrated by the magnetic field ( woerimental results
kG) externally applied into the anode-cathode gap parallel ?op '
the anode. lons are extracted from the plasma into the anode-
cathode gap and accelerated in th@.3 MV applied voltage _ _ o . _
toward the cathode. The applied voltage is screened by tha/Ve first describe qualitatively the mechanism of the ion
plasma. Throughout the applied voltage pulse ions are seergseleration. Fig. 1 is a schematic of the anode plasma con-
move from the anode surface into the plasma with a kinefi@uration. A planar anode lies in thez plane. The plasma is
energy of a few tens of eV [3], a kinetic energy much lowdmmersed in an external magnetic field that is parallel to the
than the energy they later acquire while they cross the gap, udirection. For the parameters mentioned above, a magnetic
higher than the electron temperature, 7-10 eV. The are ididd of =7 kG, ion energies of few tens of eV, and electron
found to acquire this energy of a few tens of eV withi30 temperature from 7 to 10 eV, the plasma width from 1 to 2
pm from the anode surface [5]. mm is smaller than the Larmor radii of the various plasma

Recently, it was suggested that the ions acquire this enefgs, and much larger than the electron Larmor radius
through the expansion of a relatively dense plasma thatVi§ich is <10 zm. We therefore treat the ions in the plasma
as unmagnetized and the electrons as magnetized.

Il. THE MODEL
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densities—ec is the elementary charge ad@ is the ion charge.
Integrating (1) we obtain

0
jex(x) = jex(Lsh) - C/ Se(x/) d.%‘/. (2b)
Lgsn
The anode surface is located at= 0, and the boundary
between the sheath and the plasma ig at Lgy,.

We now turn to the electron momentum equations. We
assume thatl;, is order of the electron Larmor radius so
that we can neglect the electron inertia. A similar assumption
is made in analyzing the magnetron [9]. We also neglect the
electron pressure. The electron motion in the magnetic field
is thus determined by the electric field and by collisions. We
obtain the following expressions for the components of the
electron current:

cE,
'be' = eVey = e T 3a
Jey = €NeVey = €N I (3a)
and
. . cky
Jex = Jey/ﬁe = Cnem (3b)

i where E, is the electric field in ther-direction, H is the
intensity of the magnetic field; is the velocity of light in
vacuum,w., is the electron drift velocity in they direction,

Fig. 2. Schematic of the near-anode electrical sheath and the potential & IS the electron density, and. = w./v = were is the

electron density profiles. Hall parameter. Alsow. = ¢H/em. is the electron cyclotron

frequency, wherem, is the electron mass, and is the

width Ly, is assumed to be comparable to the electron Larm%llectron-mn collision time, which is assumed to be [10]

radiusr. (~10 m). This is consistent with the experimental 4.10%. 1%/?
measurements mentioned above [3], that indicate that the ion Te = Zine (4)
acceleration in the plasma occurs within 36n from the '
anode. Though it is marginal, we also treat the electrons fitere, 7. is the electron temperature in el, is expressed in
the sheath as magnetized. An electron drift (Hall current) &0~ °, and. is obtained in seconds. It is seen in (3b) that,
formed in they direction, normal to both the electric and théds was said above, the electrons move toward the anode, in a
magnetic fields. The mobility of the electrons across the sheélifection opposite the direction of the electric field.
is Sma”, thus Causing the p|asma to be Charged negativebBecause the ions are collisionless and Unmagnetized in
with respect to the surface. The potential difference acro¥geath, we can write the Poisson equation with (3) as [6]
the sheath depends on the plasma parameters, such as der&git z Si(a') d’ M\ Y2 HB
and temperature, and on the magnetic field intensity. Ions.—2 = —47re/ /Z 1/2< ) + 4re—=
accelerate as they cross the sheath where they acquire fHe 0 (<P1($ ) = (@) 2e ¢
energies that are observed inside the plasma. dp\ ™~ i N

The motions of both the ions and the electrons are assumed <_%> [_e/le Se(') dx +‘7€"”(L5h)} ®)
to be determined by the electric field, thus the ions and ] ) ) ]
electrons move in opposite directions (this is contrary to thd€reé ¢’ is the coordinate where the ion was bogn,is the
assumption made in [6] that due to the electron pressure b§tfctrical potential, and/ is the ion mass and the relation

i i irecti = —%2 was used
ions and electrons move in the same direction). A schemaffe dx ' o
of the sheath is shown in Fig. 2. We now make several approximations: we assume that
We assume that all the quantities only dependzorThe ) z o
continuity equations for the ions and the electrons are then Jea(Len) < € . Se(z') dx
sh
djir/dx = ZeS;(x) (1a) and
and x
. ”; 0 Z Sz ! d /.
Qe [dz = —eSc(x) (1b) Jiz(0) < @/0 (z')dx

respectively, wheres;(x) and S.(x) are the ion and electron We assume that ionization is dominant and, consequently,
source functionsy; and j. are the ion and electron currentZS;(z) = S.(x) = S(x). These two assumptions imply that
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the ion and electron fluxes exiting the region are equal 01— T
jiac(Lsh) = 7639(0) (6) r
The functionS(z) is not know. We, therefore, are not able 30—
to solve accurately forp(x) and we derive an approximate 3z
solution. First we replace(z’) in integral (5) byp(z = 0) = 2 B
©q, the potential at the anode surface. Following the above  Z 20l
approximations, Poisson’s equation becomes: §
] L
d2§0 M 1/2 z =
— = —Agel ———— S(x")dz’
d? 7r6<2Zc(<pa - <p)) /o (@) de © lor
HB. (do\ " [® L _
+ 4me Pe <d—¢> / S(a') dx’. (7)
¢ . Len O—/,’I I 1 | 1 ] 1 |
For simplicity, we further assume that the ion and the electron © o 7 8 ®
currents are constant across the sheath, and have the equal Magnetic field (kG)
average value Fig. 3. Experimental data of the ion energy versus magnetic field intensity
’ (taken from [3]).
) sh G .T/ d.T/
j= c/ % (8)
0

the collision time. The anode sheath potential drop becomes

This is only an approximation, since the ion current is zero
at the anode while the electron current is zero at the plasma Yon = k2
boundary. With approximation (8), (7) becomes

2.7-102°H?T?

ZAZTLE (14)

where 4; is the atomic numbet is expressed in Gauss, and

1/2 -1
M + Hpe (de . (9) su Obtained in volts.
2Ze(p, — @) ¢ \dz

d?y

da? = %

. . Ill. RESULTS AND DISCUSSION
Integration of (9) gives

Examination of expression (14) shows that the anode poten-
do\?  [dp\? tial drop ¢4, and, consequently, the ion velocity are strongly
de )~ \dx (=0) dependent on the plasma paramet&tsandn. ). The potential

<2M V2 g w.u varies asI* and asn_ 2.
- —(wa - <P)> + e.’L’
Ze

= —167j (10) We note that the anode plasma in the experiment is com-
¢ posed of several ions. However, hydrogen is ionized slower
. L than carbon and it is likely that the protons are mostly born

Again, for simplicity, we assume that at the anode surfagg ,q plasma and not in the sheath, as is demonstrated in [5].
(@ = _0) _and_at the exte[inﬁal sheath boundasy= L.u) the We, therefore, assume that all the plasma ions in the sheath
electric field is small, |.e.t_1—: ~0 andg(x = L) = ©(Lsn)-  gre carbon ions.

Thus, from (10) we obtain the relation In our model all the ions are at the same-charge state.

ﬁ(ﬁeHLsh)Q an The ion energyeZ g, calculated using (14) turns out to

wsh = ¢(0) — o(Lgy) = Wi be independent of. In the experiment, both Cll and CllI
were present. For such a plasma, that is composed of ions of
or more than one charge-state, our model only gives an average
energy. This calculated average energy, that we further discuss
) below, is smaller than the CIlIl energy and larger than the ClI
CPsh _ 73 mLsh_ (12) energy that we would have calculated had we used a model
T, ¢ Mr? that takes into account the presence of two charge states.
Incidentally, the measured CIl and Clll energies are found to
be similar (see Fig. 7 in [3]), probably because ClII is ionized
As mentioned above, following [7], for simplicity we makeinto CIll only at the plasma edge of the sheath. However,
the further assumption thdt,, = k,r. wherek; is coefficient the two simplifications in the model, the assumption of only
of proportionality. Equation (12) becomes one-charge-state ions and the assumption that all the ions are
accelerated across the full sheath voltage, do limit the accuracy
2 oM, .
wsh = k252 . (13) of our calculations.
Me Fig. 3 (taken from [3]) shows the measured CIII energy as
In order to expose the explicit dependence of the sheathfunction of the intensity of the applied magnetic field for
potential on the various parameters, we use expression (4)fige different times after the application of the voltage. The

C
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Fig. 4. Comparison of the dependence of the CIIl energy in a Clll plasma on the magnetic field intensity predicted by our model with that obtained
by the measurements. The dotted curves (Exp-55 ns, Exp-75 ns and Exp-95 ns) are the measured results also shown in Fig. 3. The calculated results
are for different values ofdA = 0.2, 0.3, and 0.4.

experimental measurements are shown (in form of approximey¥ (that corresponds tel = 0.2) yields approximately the

tion lines) again in Fig. 4 for the three earlier times in Fig. 3xperimental curve at = 95 ns, and a calculation with

Fig. 4 also show CIII energy as a function of the intensity df, = 11.5 eV (that corresponds td = 0.4) yields a curve that

the magnetic field calculated by (14), which is presented i similar to the experimental curve &= 55 ns. This suggests

the form the possibility that the observed decrease of ion energies

9 in time is a result of the decrease in time of the electron

cZpa=A-H (15) temperature and increase of the electron density. We note that

G,the values of7, and n., for which there is an agreement

between the measured and the calculated ion energes depend

gn the sheath width to electron Larmor radius ratjo (for

=3 andn. = 1-10' cm~2 the electron temperature

where A = 2.25 - 1025’“;1—?, and the magnetic field is in k
T. in eV, andn. in cm~3. The calculated results are presente
for three values ofd (0.2, 0.3, and0.4). It easy to see from

Fig. 4 a good agreement with the experimental data for thoggcreases up t6-5.6 eV). For T, andn, to be in range of
values ofA. The influence of the coefficient corresponds to P ) ) < -~ g
measured valuek,. should be of order unity.

the influence of the combination of the electron temperatureIn the model presented here ions that are born near the anode
T,, the densityn. and the coefficienk,.. For example, when . .
n. = 1.5-10% cm 2 andk, = 1 the electron temperatureare drawn toward the p]asma. The'plasma qugsmeutrahty is
T, = 11.9 eV, 13.2 eV, and14.2 eV for A = 0.2,0.3, and nevertheless preserved in the experiment, despite the fact that
0.4, respectively, whem, = 2 -10'3 cm—3 and k, = 3 the the _electrons that are born near the anode do not follow
electron temperaturd, = 7.9 eV, 8.8 eV and9.4 eV for tN€ ions, but rather move to the anode. The plasma may
A = 0.2,0.3, and 0.4 respectively, and when, = 1 -10'> remain quasineutral due to the following reasons. First, in the
cm™2 andk,. = 2 the electron temperatutg = 6.7, 7.4, and €XPeriment an ion current is drawn from the plasma into the
7.9 eV for A = 0.2,0.3, and 0.4, respectively. diode gap and toward the cathode, reducing the accumulation
Plotted in Fig. 4 is the ion energg¥cyp., versusH, where Of @ positive charge in the plasma. Second, the source of
Z for ClIl is two. As mentioned above, the potential, is the plasma ions is not only the ions born in the sheath,
calculated by using (15), assuming that the plasma is orflit also ionization in the plasma, an ionization that provides
composed of Clll and thereforel; = 12. We see in the the plasma with both ions and electrons. Finally, the large
Fig. 4 that by an appropriate choice of the electron density ad@magnetic electron current in the plasma [11] may add net
temperature, which are approximately the measured valusegative charges to the plasma that neutralize part of the ions
our model predicts the measured ion energy. For exampbdarge. We note that the sheath model presented here is time-
k. =1andn, = 1-10' cm—3, a calculation with7, = 9.7 independent. This seems to be a good approximation since the
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