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where m is the particle mass and g its charge. R is the spe-
cies total momentum transfer, p its partial pressure, and P is
the stress tensor; and D/Dt=4d/dt+V-V. The Navier—
Stokes equation is basically the momentum equation (Eq. 4)
without the electric and magnetic field terms. It is usually
written in a notation in which nm=p, R=f, and with a
partially expanded stress tensor. To close this set of equa-
tions, more equations (e.g., energy transport) must be added
and some assumptions must be made in order to truncate the
equations. Solving this set of equations is beyond the scope
of this paper. Nevertheless, it can be shown qualitatively,
from this set of equations, that thermal effects play a signifi-
cant role in reducing gas throughput through a plasma-filled
channel. The stress tensor P is directly proportional to the
viscosity 7, which in turn has a very strong temperature
dependence.®~8 For ions and electrons’

k
— 5,1/2 5/2
7,=2X10°n ~ T;
and

k
7.=2.5X107 — 1372, (5)
A,
where M\ is the Coulomb logarithm and u is the ion mass
expressed in proton mass units. For gases, the simplest ex-
pression for viscosity is®®

n=aT", (6)

where a and x are constant characteristics of each gas. For
air, e.g., at about 1000 K, x is somewhat larger than 1. Con-
sequently, the gas flow through a plasma-filled channel
should be greatly reduced, due to the strong enhancement in
viscosity at high temperatures.

C. lonization effect

A smaller contribution is expected from ionization of
molecules and atoms by plasma particles and their subse-
quent confinement by the fields confining the plasma. A
quick comparison between the ionization time [given by
(n,ov)" 1 where ¢ is the effective ionization cross section]
for an atom or a molecule entering a 6-cm-long, 2-mm-diam
channel through which a 50 A, 200 V electron current flows,
and the atom or molecule transit time reveals that the ioniza-
tion time is of the order of 0.1 us, while the transit time is of
the order of 10°s of us. Thus, the ionization probability is
extremely high (but, recombination and wall effects reduce
the ionization fraction to 15%—20%). This effect is very im-
portant in cases where gas flows are low. At steady-state high
flow rates, the plasma pressure will build up quickly and
match the pressure exerted by the confining fields. This
plasma accumulation creates the effective interface that was
analyzed in the previous paragraphs. Additionally, this effect
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has a useful contribution to some applications by preventing
metal chips and vapor from backstreaming into an electron
beam column.

D. Plasma lens

In a beam of charged particles, propagating through a
field-free region, there are two forces acting on the particles:
space-charge forces trying to ‘‘blow” the beam up, and a
magnetic force pinching the beam® (due to the magnetic field
generated by the beam current). This magnetic force is a
consequence of the Lorentz force F given by

F=qVxB, ™

where ¢q is the particle charge, V is velocity, and B is the
magnetic field. When a beam enters a plasma, space-charge
forces are neutralized, hence, beam focusing results from the
magnetic field. If the plasma carriers a current, the resulting
magnetic field must be added to Eq. (7). In all cases of in-
terest to this subject matter, currents generated in the arcs far
exceed the beam currents.

E. Electron beam propagation

Next, calculations are made to examine propagation of
an electron beam through a current carrying vacuum atmo-
sphere interface. A fractional ionization of 15% is
considered.!® Scattering of beam electrons by various par-
ticles leads to beam expansion, since scattering acts as a
source of beam transverse energy T, . For gas scattering,
growth is given by'!

_dT, 4Awme*nZ(Z+1)
dz B*ymc*

where n is the atomic density number, Z is the atomic num-
ber, m is the electron mass, c is the speed of light, 8 and y
are the well-known relativistic quantities. The electron beam
is propagating in the z direction. The elementary charge is e.

Equation (8) can be used together with the beam enve-
lope equation to calculate the growth in beam radius as a
function of z. However, the objective of this work is to elimi-
nate this growth by radially inward Lorentz acceleration.
Mathematically, Eqs. (7) and (8) are employed to calculate
effective electron transverse accelerations. Equating the two
and solving for the magnetic field yields the plasma current
required to accomplish this condition.

Inward acceleration g 1, by the Lorentz force can be cal-

culated by dividing Eq. (7) by the electron mass m
F_q

Q_Li= ; = ; Y2x607 (9)

173 ®)

19257]

where B, is the azimuthal magnetic field generated by the
plasma current / (the electron beam current is negligible for
all cases of interest). Ampere’s Law can be used to calculate
B at the outer radius R to yield

_ ol
" 2mwR’

Substituting for B, in Eq. (9) from Eq. (10) yields

(10)
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TABLE 1. Highlights of differential pumping results and electron beam transmission through vacuum-atmosphere interface.

Inlet Rough vacuum High vacuum
Resuits pressure pressure pressure Propagation of a 20 mA,
arc condition (Torr) (Torr) (Torr) 175 keV electron beam
No discharge 760 80 42x10™* No transmission observed
Argon discharge 760 0.35 7.6x107% Not tested
Helium discharge 760 1 2.1x1073 Successful transmission from
vacuum through arc and 1 cm of
atmospheric pressure
gl gas density at the interface with atmosphere is n=10'8
2= 5 mm Ve (11)  cm™. And, for a 15% fractional ionization, the plasma den-

Outward transverse velocity growth can be calculated
from Eq. (8) to yield an effective outward acceleration g Ly

_ V,4me*nZ(Z+1) [192By
0 W BZym2c? 7173

Arc current needed to prevent beam dispersion due to scat-
tering can be obtained by equating Eqs. (11) and (12). Solv-
ing for I yields /=29 A for a helium plasma channel of 1
mm radius, an electron-beam energy of 175 keV with a 1°
divergence, a (rather conservative) gas temperature of 0.5 eV
is assumed. Hence, focusing occurs for arc currents larger
than 29 A.

Collisions do not only scatter the beam, but also extract
energy'?

dE 4me*nZ 2mc?B?y? )

T o]
where W is a typical molecular excitation energy that is of
the order of about 10 eV. For the above beam and plasma
parameters, Equation (15) yields dE/dz~300 eV cm, which
represents a relatively small energy loss.

In the preceding analysis, dispersive effects and attenu-
ation by ions and electrons were neglected. A quick check
indicates that to a first approximation, this assumption is cor-
rect. Examining expressions for slowing down and trans-
verse diffusion rates for 175 keV electrons streaming through
such a helium plasma, indicates that the fastest relaxation
rate is the transverse diffusion. A computation based on an
expression from Ref. 12 yields a transverse temperature dif-
fusion rate of dT /dz=14 eV cm. By comparison, Eq. (8)
yields dT,/dz=1.356 keV cm.

a; (12)

, (13)

F. lon beam propagation

Although the physics of the lensing effects for ions is
similar to that of electrons, the magnitude of this effect on
ions is much lower due to their lower velocity and larger
mass. Moreover, passage of ions through gas and plasma is
dominated by slowing down interactions rather than trans-
verse diffusion.

For many applications, e.g., microfabrication, ion beams
with very small spot sizes (as low as 50 nm'® are used).
Therefore, the ion beam passes through the channel axis, i.e.,
through the hottest part of the plasma and gas where the
temperature is 15 000 K. Thus, based on Eq. (1), the helium
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sity is 1.5%10'7 cm ™.

Examining plasma effects,'? the fastest relaxation rate is
slowing down of ions by plasma electrons (dynamic friction)
given by!2

v, =1.7X107*a\Z2uV2E~32, (14)

and the forward
dv /dt=—vJV,.

For a 400 keV Ga™ beam, Eq. (14) yields v,=1.3 %10’
s~!, and, since the ion velocity is 1X10® cmy/s at this energy,
the energy attenuation rate is about 50 keV/cm; hence at the
channel exit, the beam energy is expected to be of the order
of 100 keV.

Ton attenuation by gas is also dominated by energy loss.
The total energy loss can be calculated from the Bethe—
Block equation'*!?

dE Age*Z? o 2mv?
dz mvZ Ty

velocity slowing down rate is

—-(1-8)-p*, (15)

where Z' is the atomic number of the gas atoms and W is an
empirical constant known as the geometric-mean ionization
and excitation potential (of the order of 100 eV). For a 400
keV Ga* beam, Eq. (15) yields an energy-loss rate that is
about 9 keV/cm.

Ill. EXPERIMENTAL RESULTS

Two types of experiments were performed with a cas-
cade arc discharge. The two types were a series of differen-
tial pumping experiments, and an electron-beam propagation
experiment. Their highlights are summarized in Table 1. Ex-
perimental details are presented in the following two subsec-
tions.

A. Differential pumping experiments

Figure 1 shows the experimental setup that was used to
determine the effectiveness of using an arc as a vacuum at-
mosphere interface. The arc is a wall-stabilized type cascade
arc discharge®™* that was purchased from D. Schram’s group
at Eindhoven University of Technology. In this setup, the
cathodes were at the atmospheric end of a channel that was
2.36 mm in diameter (0.093") and 6 cm long. A valve was
mounted on an insulator. This valve was opened to atmo-
sphere after discharge initiation and a subsequent elevation
of P; to atmospheric pressure. The opposite end of the chan-
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FIG. 1. Schematic (not to scale) of the setup for the vacuum-atmosphere interface experiment. The cascade arc is enlarged to show details of its main
components: cathodes and cooling plates. P, is measured in a 4” pipe, while P is measured in a box whose dimensions are 2'X2.5' X4’

nel was opened to a pipe, pumped by a mechanical pump, on
which the cascade arc was mounted. This pipe was con-
nected to a box (partially shown in Fig. 1) through a valve.
The maximum arc current was 50 A (power supply limit).
Pressure at P, and P, was measured with Granville—Phillips
thermocouple gauges, and in addition, P; was also measured
with a HEISH absolute mechanical pressure gauge that uti-
lizes a Bourdon tube. A Perkin—Elmer ULTEX ionization
gauge was used to measure P;.

Using only differential pumping and opening the valve
to atmosphere with no discharge P, =760 Torr and P,=80

Torr was measured. After the discharge was initiated in ar-
gon, P, was set slightly above atmosphere, and the valve
was opened. As the arc current was raised from 10 to 50 A,
the pressure at P, decreased with increasing arc current,
reaching 350 mTorr at 50 A. This represents a reduction by a
factor of 228.6 over differential pumping.

Figure 2 shows the pressures P, and P as a function of
the arc current for discharge in argon, P, was at 760 Torr.
Next, the gas feed was switched to helium, and the same
measurements were repeated with helium as the discharge
gas. The results were similar, although the pressures at P,

1000 40
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-+ 30
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o 4 25
%X 600+ [n} 25 &
= [t
2 5001 1 g
= o
z <
o~ 400 -1 -~ 15m
a jm} [a
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[m] o -+~ 10
200 ] O
100 + T°
0 ! | )
o] 20 40 60

ARC CURRENT IN AMPERE

PRESSURE VERSUS CURRENT
FOR ARGON DISCHARGES

P2 DATA POINTS ~@-
P3 DATA POINTS O

FIG. 2. With P;=760 Torr, P, and P; are displayed as a function of the arc current in argon discharges.
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FIG. 3. Possible embodiment for using this scheme to weld in previously
inaccessible places.

and P; were higher by a factor of about 2.8 for the same arc
currents.

Qualitatively, the results displayed in Fig. 2 are consis-
tent with the theoretical arguments introduced in the previous
section. The plasma and gas temperatures are known to in-
crease with increasing arc current.>* Therefore, the plasma
and gas viscosities are expected to rise with increase in arc
current, while the channel gas density is expected to decrease
with increasing arc current. Consequently, P, and Pj;, as
expected, decrease with increasing arc current. Quantita-
tively, based on some  previous temperature
measurements,”™* the plasma and gas temperature can be of
the order of 12 000 K. Hence, for a room temperature of
about 300 K, the effect based on Eq. (1) accounts for a factor
of 40 in pressure reduction at P,. The extra factor of 5.7
reduction in P, is most likely due to increase in viscosity and
momentum transfer.

B. Electron beam transmission experiment

The setup of Fig. 1 with some slight modifications was
used for a quick test of electron beam propagation through
helium cascade arc discharges with P set at 760 Torr. The
anode of the cascade arc discharge was mounted on a Preci-
sion Technologies No. 727 electron-beam welder. Copper
and steel plates were mounted 1 cm away from the cathodes
(and channel exit). The distance from the electron beam
welder exit to the first plate was 12 cm. Thus, the electron
beam had to travel through 5 cm of fairly good vacuum, 6
cm of plasma (in the channel), and 1 cm of atmospheric
pressure helium gas. The electron beam energy used in the
experiment was 175 keV with a current level of up to 20 mA,
i.e., a maximum beam power of 3.5 kW.

Detailed quantitative measurements of electron beam
transmission could not be done without major modifications
of both the electron beam welder and the cascade arc dis-
charge. At the welder exit, the electron beam had a diameter
of 0.5 mm and half-angle divergence of 1°. Consequently, at
the arc entrance, its diameter of 2.24 mm is almost as large
as the arc channel.

Successful electron beam propagation was observed,
qualitatively from the melting of the copper plates and from
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holes drilled through the steel plates by the electron beam.
The propagation was facilitated by the arc discharge since no
beam propagation was observed with the arc off.

There was no beam blow up, since the size of the holes
drilled through the steel plates were about 2 mm, i.e., smaller
than the channel diameter of 2.36 mm and the 4.5-mm-diam
electron beam would have been after 12 cm due to the 1°
(half-angle) divergence. The lowest electron beam energy at
which the 4.3 g copper plates melted was 3.5 kJ (20 mA at
175 kV for 1 s). To melt these plates requires 3639 J [raising
their temperature to the copper melting point of 1083° (plus
heat of fusion)]. Therefore, a low limit on electron beam
transmission efficiency is 76%. This is a rather crude esti-
mate. However, it is a lower limit since a larger fraction of
the beam must reach the plates to compensate for thermal
loss during heating and melting.

IV. DISCUSSION

A 2.3-mm-diam, 6-cm-long channel filled with helium or
argon cascade arc discharge plasma was successfully used to
establish a vacuum-atmosphere interface. A 175 keV electron
beam was transmitted from vacuum through the helium
plasma channel to strike targets at atmospheric pressure lo-
cated 1 cm away from the channel exit.

Computations carried out in this paper indicated that the
arc current of such a plasma channel can focus electrons or
ions, to compensate for gas scattering and initial geometric
beam divergence. For electron beams used in welding or
melting, the computation results are conclusive. Due to the
large variety of ions and the wide range of ion energies used
in material modifications, detailed analysis of ion beam at-
tenuation and focusing is needed for each application. Nev-
ertheless, since the principle of this type of focusing had
been demonstrated,'®!” and since data'® indicate a reasonable
range of ions in air, nonvacuum ion material modification
seems feasible, with such a vacuum-atmosphere interface.

Among some of the benefits of using this type of
vacuum-atmosphere interface are the increase in production
rate, and the potential of performing electron beam welding
and various types of ion material modifications on large
work pieces and in previously inaccessible places. As shown
in Fig. 3, the cooling plates can be miniaturized to provide
for a long narrow discharge channel, to reach previously in-
accessible places.
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