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A plasma window for transmission of particle beams and radiation
from vacuum to atmosphere for various applications *

Ady Hershcovitch†,a)

Brookhaven National Laboratory, Upton, New York 11973

~Received 17 November 1997; accepted 8 January 1998!

Many industrial and scientific processes like ion material modification, electron beam melting, and
welding, as well as generation of synchrotron radiation are performed exclusively in vacuum
nowadays, since electron guns, ion guns, their extractors, and accelerators must be kept at a
reasonably high vacuum. Consequently, there are numerous limitations, among which are low
production rates due to required pumping time, limits on the size of target objects, and degradation
of particle beams and radiation through foils or differentially pumped sections. A novel apparatus,
which utilized a short plasma arc, was successfully used to provide a vacuum-atmosphere interface
as an alternative to differential pumping. Successful transmission of charged particle beams from a
vacuum through the plasma to atmosphere was accomplished. Included in the article are a
theoretical framework, experimental results, and possible applications for this novel interface.
© 1998 American Institute of Physics.@S1070-664X~98!91405-7#
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I. INTRODUCTION

For transmission of high energy synchrotron radiat
thin beryllium windows are used~or SiN in a few cases!.
Attenuation and spatial structure nonuniformities which
tend the use of these conventional windows represent a
nificant problem for various applications in synchrotron
diation research. Most of the problems are the result
window heating and degradation of the radiation.

Electron beam welding~in a vacuum! has many well-
known advantages over other welding techniques,1 among
which are: very high depth-to-width ratio of the weldmen
very high energy efficiency, low distortions, and the abil
to weld reasonably square butt joins without filler metal a
dition. Due to electron beam degradation in differentia
pumped sections, nonvacuum electron beam welding d
not possess all these advantages. Consequently, the vas
jority of electron beam welding is performed under vacuu
Some of the shortcomings of vacuum welding are low p
duction rates and limit on the size of assemblies to be wel
~set by the welder vacuum system!.

Widely used technologies, such as material modifi
tions by ion implantation, dry etching, and micro-fabricatio
are all performed in a vacuum, since ion beams at ener
used in these applications are completely attenuated by
and by long differentially pumped sections.

Electron beam melting for manufacturing alloys is pe
formed at a pressure of about 1022 Torr. A major drawback
of operating at this pressure range is the loss of elem
with low vapor pressure. Consequently, it is desirable
raise the operating pressure to a higher level.

To rectify the shortcomings of present day vacuu
atmosphere interface, differentially pumped chambers
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orifices, or thin walls, might be replaced by a short hi
pressure arc, which interfaces between the vacuum cham
and atmosphere and has the additional advantage of focu
charged particle beams. A novel apparatus,2 which utilized
such a plasma arc, was successfully used to maintain a p
sure of 7.631026 Torr in a vacuum chamber with a 2.3
mm aperture to atmosphere. Successful transmission
charged particle beams from a vacuum through the plasm
atmosphere was also accomplished.2 In addition to sustaining
a vacuum-atmosphere interface, the plasma has a very st
lensing effect on charged particles. The plasma current g
erates an azimuthal magnetic field, which exerts a radial L
entz force on charged particles moving parallel to the curr
channel. With proper orientation of the current direction, t
Lorentz force is radially inward. This feature can be used
focus charged particle beams to a very small spot size, an
overcome beam dispersion due to scattering by atmosph
atoms and molecules.

Plasma windows show promise as an alternative to
ditional light source windows for the separation of the e
perimental environment from the storage ring vacuum.
herently, such a plasma window is transparent to a w
range of the electromagnetic spectrum, from the ultravio
out into the hard x-ray regime, and is impervious to therm
damage.

II. THEORY OF OPERATION

Plasmas can be used for vacuum separation, inter
with atmosphere, and as lenses. Described below are t
effects can enable that a plasma to provide a rather effec
vacuum separation, and hence act as a window. Follow
that, the physics elements of plasma window operation
of the transmission of radiation and particle beams are
cussed.
0 © 1998 American Institute of Physics

 license or copyright, see http://ojps.aip.org/pop/popcr.jsp



on
b
b

a
th
tu
e

a
om

b
c
ra

k

1.
-
c
en

ro
n,

re
a
e
ig
di

be

n
ll
a
an

u-

ua-

e the
ope
ly,
ifi-

lled

re

t ex-

For
-
nel
nt in

f
ari-

l
he
me
r
ly
ws
sity
a
liz-
g’’
lly,
ca-

ol-

2131Phys. Plasmas, Vol. 5, No. 5, May 1998 Ady Hershcovitch
A. Ideal gas pressure effect

A most important effect is due to pressure equalizati
whether it is between a discharge and atmosphere, or
tween a gas channel and atmosphere. Pressure is given

p5nkT, ~1!

wheren is the gas or the plasma density,k is the Boltzmann
constant, andT is the temperature of the gas or the plasm
In some atmospheric arcs, e.g., like that used to test
effect experimentally, the axial plasma and gas tempera
can be as high as 15 000 K,3–5 with an average temperatur
as high as 12 000 K. Based on Eq.~1!, to match atmospheric
pressure at a room temperature of about 300 K, the
plasma and gas density needs to be 1/40 of the ro
temperature gas density. Therefore, an equilibrium can
reached with the vacuum chamber pressure lower by a fa
of 40 ~since the chamber walls are close to room tempe
ture!.

Higher temperatures were also reached3–5 in these arcs.
But, due to a 50 A, limit of the arc power supply, pea
parameters of the arc used as a plasma window wereprob-
ably as follows: temperature 15 000 K, plasma density
31017 cm23, neutral density 1018 cm23 ~peak densities con
centrate in about 1 cm and fall off sharply in the rest of ar!.
The reason for the uncertainty is that those measurem
were performed3–5 for different operating parameters~from
this work!: two extreme gas flows~stagnation or very high
gas flow!, high pressure gas feed~at least three atmospheres!,
and arc currents in the range of 40–200 A. Voltage d
across the arc~@ 50 A! was gas dependent: 85 V for argo
135 V for helium, and 100 V in atmospheric air.

B. Dynamic viscosity effect

Viscosity increases with temperature. Consequently,
duction in gas flow through a hot plasma-filled channel,
compared to a room temperature gas-filled channel, is
pected. Air flow, at atmospheric pressure, through a stra
smooth tube of circular cross section with a very small
ameter is laminar, hence, the Poiseuille equation6 for the gas
flow rateQ applies:

Q5
pd2

16hl
pa~p12p2!, ~2!

whered and l are the tube radius and length,h is the gas
viscosity, andpa is the arithmetic mean ofp1 andp2 . Since
the viscosity of air increases with temperature,7 it is clear
from Eq. ~2! that air throughput decreases.

Some of the assumptions used to derive Eq.~2! are no
longer valid once a discharge is initiated, since the flow
comes compressible and nonisothermal.5 Therefore, a thor-
ough analysis of gas and plasma flow requires the solutio
coupled transport equations for ions and electrons, as we
the Naviar–Stokes equation for the gas. For electrons
ions, the relevant transport equations are the continuity
momentum transfer equations8

D

Dt
ne,i1ne,i¹•VI e,i50, ~3!
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1qe,ine,i@EI 1VI e,i3BI #1RI e,i , ~4!

wherem is the particle mass andq its charge.RI is the spe-
cies total momentum transfer,p its partial pressure, andPI is
the stress tensor; andD/Dt5]/]t1VI •¹. The Naviar–
Stokes equation is basically the momentum equation@Eq.
~4!# without the electric and magnetic field terms. It is us
ally written in a notation in whichnm5r, RI 5 fI , and with a
partially expanded stress tensor. To close this set of eq
tions, more equations~e.g., energy transport! must be added
and some assumptions must be made in order to truncat
equations. Solving this set of equations is beyond the sc
of this paper. Nevertheless, it can be shown qualitative
from this set of equations, that thermal effects play a sign
cant role in reducing gas throughput through a plasma-fi
channel. The stress tensorPI is directly proportional to the
viscosity h, which in turn has a very strong temperatu
dependence.7–9 For ions and electrons8

h i523105m1/2
k

l i
Ti

5/2, and he52.53107
k

le
Te

5/2,

~5!

where l is the Coulomb logarithm andm is the ion mass
expressed in proton mass units. For gases, the simples
pression for viscosity is7,9

h5aTx, ~6!

wherea and x are constant characteristics of each gas.
air, e.g., at about 1000 °F,x is somewhat larger than 1. Con
sequently, the gas flow through a plasma-filled chan
should be greatly reduced, due to the strong enhanceme
viscosity at high temperatures.

C. Ionization effect

A smaller contribution is expected from ionization o
molecules and atoms by plasma particles. A quick comp
son between the ionization time@given by (nesv)21, where
s is the effective ionization cross section# for an atom or a
molecule entering a 6 cm long, 2 mm diameter channe
through which a 50 A, 100 V electron current flows, and t
atom or molecule transit time reveals that the ionization ti
is of the order of 0.1ms, while the transit time is of the orde
of 10 s of ms. Thus the ionization probability is extreme
high. This effect is very important in cases where gas flo
are low. At steady state high flow rates, the plasma den
will build up quickly to reach an equilibrium when plasm
build-up is matched by recombinations and other neutra
ing effects. This plasma accumulation creates the ‘‘plu
that was analyzed in the previous paragraphs. Additiona
this effect can make a useful contribution to some appli
tions~e.g., electron beam welding! by preventing metal chips
and vapor from backstreaming into an electron beam c
umn.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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2132 Phys. Plasmas, Vol. 5, No. 5, May 1998 Ady Hershcovitch
D. Plasma lens

In a beam of charged particles, propagating throug
field-free region, there are two forces acting on the partic
space charge forces trying to ‘‘blow’’ the beam up, and
magnetic force pinching the beam10 ~due to the magnetic
field generated by the beam current!. This magnetic force is
a consequence of the Lorentz force,F, given by:

F5qVI 3BI , ~7!

whereq is the particle charge,V its velocity, andB is the
magnetic field. When a beam enters a plasma, space ch
forces are neutralized, hence, beam focusing results from
magnetic field. If the plasma carries a current, the resul
magnetic field must be added to Eq.~7!. In all cases of in-
terest to this subject matter, currents generated in the arc
exceed the beam currents, so beam self-focusing is n
gible.

E. Electron beam propagation

Next, calculations are made to examine propagation
an electron beam through a current-carrying plasma wind
A fractional ionization of 15% is considered.11 Scattering of
beam electrons by various particles leads to beam expan
since scattering acts as a source of beam transverse en
T' . For gas scattering, growth is given by12

dT'

dz
5

4pe4nZ~Z11!

b2gmc2 lnF192bg

Z1/3 G , ~8!

wheren is the atomic density number,Z is the atomic num-
ber,m is the electron mass,c is the speed of light,b andg
are the well-known relativistic quantities. The electron be
is propagating in thez direction. The elementary charge ise.

Equation~8! together with the beam envelope equation13

can be used to rigorously calculate the electron beam dyn
ics through the plasma window. The beam envelope eq
tion,

d2R

dz2 1kR2
K

R
2

e'
2

R3 50, ~9!

describes growth in beam radiusR as a function of propaga
tion distancez. Beam focusing function is described byk, e'

is the transverse emittance, and the generalized perve
K52I b /(bg)31.73104 ~which describes space charg
driven radial growth in a beam with a currentI b!. However,
inside the plasma window the space charge term is ne
gible. Growth in transverse beam energyT' @as given by Eq.
~8!# increases emittance14 as e'52R(kT' /mc2)0.5. Substi-
tuting this complex term of emittance into Eq.~9! yields an
expression for radial beam growth due to gas scattering@last
term in Eq. ~9!#. Computing the focusing functionk @for
substitution into Eq.~9!# requires knowledge of the radia
current profile of the plasma channel. Evaluating such
expression must be done numerically even for the simp
cases. Hence, solving Eq.~9! rigorously requires a numerica
solution which is beyond the scope of this work. Althou
this problem is as complex as that of relativistic electr
beams propagating through atmosphere,15 simplified calcula-
Downloaded 09 Aug 2001 to 130.199.3.3. Redistribution subject to AIP
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tions can provide insights on the lensing effects of suc
current-carrying plasma channel. In Ref. 2, gain in transve
beam energy was treated as an effective electron transv
acceleration, which was balanced by a radially inward L
entz acceleration. The Lorentz force was calculated from
~7!, and Bu the azimuthal magnetic field generated by t
plasma currentI , was calculated from Ampere’s Law

Bu5
m0I

2pR
. ~10!

For a helium plasma channel of 1 mm radius, and an elec
beam energy of 175 keV with a 1° divergence, arc curr
I 529 Amperes was needed to prevent beam dispersion
to scattering. Next, two additional estimates, of the plas
channel arc current needed to compensate for electron b
dispersive effects, are presented. Capturing and focusin
charged particles in current-carrying plasma channels~lens!
has been used in high energy physics16 and ion fusion17 re-
search. The current needed in a channel to capture a cha
particle entering on axis at an angleu with an energyE is

I ch5~23/2p/m0!~mE/Ze!1/2u2. ~11!

To capture an electron beam with the above parametersI ch

of only 2 A is needed. If however, the electrons are scatte
and heated@Eq. ~8! yieldsT'51.36 keV in about 1 cm; peak
plasma density falls sharply after about 1 cm3–5#, u can in-
crease to about 5.2° and the neededI ch'55 A.

Another approach is to equate the pressure of the he
electron beam to the ‘‘pinching force’’ exerted by the az
muthal magnetic field. In effect, treat the electron beam a
single fluid in Eq. ~4! and consider the radial compone
under this ‘‘pinch equilibrium’’ such that

¹ rp5Jz3Bu , ~12!

whereBu is given in Eq.~10! and Jz is the electron beam
current density. But,¹ r;1/R, J5env, p andBu are given
in Eqs. ~1! and ~10!, respectively. Solving Eq.~12! for I
yields, I 52pkT' /em0bc, andT' can be solved from Eq
~8!. For beam heating resulting inT''1.36 keV, the needed
I 525 A. It is clear from these estimates that a plasma w
dow carrying a current of 25–50 A, can compensate for d
persive effects, and larger currents will result in electr
beam focusing.

Collisions do not only scatter the beam, but also extr
energy12

dE

dz
5

4pe4nZ

mc2b2 F lnS 2mc2b2g2

W D2b2G , ~13!

whereW is a typical molecular excitation energy that is
the order of about 10 eV. For the above beam and plas
parameters, Eq.~13! yields dE/dz'300 eV/cm, which rep-
resents a relatively small energy loss.

In the preceding analysis, dispersive effects and atte
ation by ions and electrons were neglected. To a first
proximation, this assumption is correct. Examining expr
sions for slowing down and transverse diffusion rates for 1
keV electrons streaming through such a helium plasma,
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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dicates that the fastest relaxation rate is the transverse d
sion due to collisions with ions and electrons. An express
from Ref. 18, for this relaxation, yields a transverse tempe
ture growth rate ofdT' /dz514 eV/cm. By comparison, Eq
~8! yields dT' /dz51.356 keV/cm.

F. Ion beam propagation

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

For many applications, e.g., microfabrication, ion bea
with very small spot sizes~as low as 50 nm19! are used.
Therefore, the ion beam passes through the channel axis
through the hottest part of the plasma and gas where
temperature is 15 000 K. Thus based on Eq.~1!, the helium
gas density at the interface with atmosphere isn
51018 cm23. And, for a 15% fractional ionization, the
plasma density is 1.531017 cm23.

Examining plasma effects,18 the fastest relaxation rate i
the slowing down of ions by plasma electrons~dynamic fric-
tion! given by18

ns51.731024nlZ2m1/2E23/2. ~14!

And, the forward velocity slowing down rate isdVI z /dt
52nVI z .

For a 400 keV Ga1 beam, Eq.~14! yields ns51.3
3107 s21, and, since the ion velocity is 13108 cm/s at this
energy, the energy attenuation rate is about 50 keV/
hence at the channel exit, the beam energy is expected
of the order of 100 keV.

Ion attenuation by gas is also dominated by energy lo
The total energy loss can be calculated from the Beth
Block equation20,21

dE

dz
5

4pe4Z2

mV2 nZ8F ln
2mV2

W
2~12b2!2b2G , ~15!

whereZ8 is the atomic number of the gas atoms andW is an
empirical constant known as the geometric-mean ioniza
and excitation potential~of the order of 100 eV!. For a 400
keV Ga1 beam, Eq.~15! yields an energy loss rate that
about 9 keV/cm.

G. Transmission of synchrotron radiation

In absence of resonances, plasmas are transpare
electromagnetic radiation whose frequency exceed
plasma frequencyvp . At a plasma density of 1.5
31017 cm23, vp53.531012 Hz and a corresponding wave
length l of about 86 mm. Radiation, with a wavelength
shorter than 86mm, is not affect by collective plasma pro
cesses. Cross sections for interaction of radiation, in the e
tromagnetic spectrum from ultraviolet out into the hard x-r
regime, with individual particles is usually minuscule, e.
for Thompson scatterings52/3 barn. For photon energies o
a few 10’s of eV, some photo-absorption and pho
Downloaded 09 Aug 2001 to 130.199.3.3. Redistribution subject to AIP
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ionization cross sections can reach the 10219– 10218 cm2

level. However, this type of absorption is species depend
and it affects only discrete lines.

Basically, plasma windows are expected to have ne
gible interaction with electromagnetic radiation in the spec
generated in synchrotron light sources. Furthermore, the
get thickness of a plasma windownl'1.531017 cm22

is about 4 orders of magnitude lower than that of
conventional 200mm beryllium window with nl'2.5
31021 cm22.

Radiation emitted by the plasma, although at energ
significantly lower than that of synchrotron radiation, can
fairly intense and affect very sensitive instruments. For
electron temperature of about 10 eV~upper limit!, the brems-
strahlung radiation~which far exceeds all other emissions
the visible to UV range! P51.69310232nT0.5(Z2n(z) is
about 1.2 kW/cm3.

III. EXPERIMENTAL RESULTS

A number of experiments were performed with an a
driven plasma to examine its potential for a plasma windo
These studies were a series of differential pumping exp
ments~with and without venturi gas feed!, an electron beam
propagation test, a series of electro-magnetic interfere
~EMI! experiments, and a test in which the plasma separa
a high pressure chamber and atmosphere. Experimenta
tails are presented in the following sub-sections.

A. Differential pumping experiments with conventional
gas feed

Figure 1 shows the experimental setup that was use
determine the effectiveness of using an arc as a vacu
atmosphere interface. The arc is a wall-stabilized type c
cade arc discharge3–5 that was purchased from D. Schram
group at Eindhoven University of Technology. In this setu
the cathodes were at the atmospheric end of a channel
was 2.36 mm in diameter~0.093 in.! and 6 cm long. At the

FIG. 1. Schematic~not to scale! of the setup for the vacuum-atmosphe
interface experiment. The cascade arc is enlarged to show details of its
components: cathodes and cooling plates.P2 is measured in a 4 in. pipe,
while P3 is measured in a box whose dimensions are 2 ft32.5 ft34 ft.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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chamber end a valve was mounted on an insulator. T
valve was opened to atmosphere after discharge initia
and a subsequent elevation ofP1 to atmospheric pressure
The opposite end of the channel was opened to a 4 in. pipe,
pumped by a mechanical pump, on which the cascade
was mounted. This pipe was connected to a box~partially
shown in Fig. 1! through a valve. The maximum arc curre
was 50 A in noble gases. Prolonged operation in atmosph
air resulted in erosion, by oxygen, of the copper cool
plates. Pressure atP1 andP2 was measured with Granville
Phillips thermocouple gauges, and in addition,P1 was also
measured with a HEISH absolute mechanical pressure g
that utilizes a Bourdon tube. A Perkin-Elmer ULTEX ioniz
tion gauge was used to measureP3 .

Using only differential pumping and opening the val
to atmosphere with no discharge,P15760 Torr and P2

580 Torr was measured. After the discharge was initiated
argon,P1 was set slightly above atmosphere, and the va
was opened. As the arc current was raised from 10 A to
A, the pressure atP2 decreased with increasing arc curre
reaching 350 mTorr at 50 A. This represents a reduction b
factor of 228.6 over differential pumping.

Figure 2 shows the pressuresP2 andP3 as a function of
the arc current for discharge in argon, whereP1 was at 760
Torr. Next, the gas feed was switched to helium, and
same measurements were repeated with helium as the
charge gas. The results were similar, although the press
at P2 and P3 were higher by a factor of about 2.8 for th
same arc currents.

Qualitatively, the results displayed in Fig. 2 are cons
tent with the theoretical arguments introduced in the pre
ous section. The plasma and gas temperatures, as we
ionization fraction, are known to increase with increasing
current.3–5 Therefore, the plasma and gas viscosities are
pected to rise with the increase in arc current, while the
density is expected to decrease with increasing arc curr
Consequently,P2 and P3 , as expected, decrease with i
creasing arc current. Quantitatively, based on the discus
in Sec. II A, the effect based on Eq.~1! can account for a
factor of 40 in pressure reduction atP2 . The extra factor of

FIG. 2. WithP15760 Torr,P2 andP3 are displayed as a function of the a
current in argon discharges.
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5.7 reduction inP2 is most likely due to increase in viscos
ity.

B. Differential pumping experiments with venturi gas
feed

In a new experimental set-up, the gas feed of Fig. 1 w
replaced by a venturi. The vacuum box was eliminated,
the valve was replaced by a viewing port. A convectr
gauge is used to measure the pressure in the 4 in.
vacuum. The venturi is a novel feature incorporated in t
plasma window.

Gas supply for this window is fed through the ventu
The rational for using the venturi is to utilize the gas
enhance the differential pumping. Experimentally, there w
a further enhancement in the plasma window performance
another factor of 3, i.e., the difference in the pressure in
4 in. pipe ~plasma window on versus plasma window o!
was a factor of 600. Thus the enhancement over differen
pumping was a factor of 600 with the venturi~compared to
228.6 without the venturi!. Additionally, with the venturi,
there was a 25% reduction in power consumed by the pla
window arc. Obviously much of the enhancement can
attributed to pressure reduction at the cathodes. It is not c
whether there are other contributing factors~like higher tem-
perature or enhanced viscosity!.

Further reduction of about 16% in pressure was obser
when a solenoid generating a peak magnetic field of 3.1
was placed at the vacuum end of the plasma window. T
coil functioned as a magnetic mirror, preventing som
charged particles from entering the 4 in. pipe. Although
improvement was small, the results strongly suggest
plasma window performance can be further enhanced w
magnetic fields.

Finally, an experiment performed with the arc revers
~gas feed and flow were reversed, the anode was on th
mosphere side!, as shown in Fig. 3, yielded identical result
It indicates that thermal effects like gas pressure and visc
ity are dominant, while inter-species momentum transfer,
and plasma flows can be neglected~to first order!. In that
set-up, the plasma channel was only 3 cm long~instead of 6
cm!, which strongly suggests that the plasma pressure gr
ent is rather steep.

C. Electron beam transmission experiment

The Fig. 1 set-up with some slight modifications w
used for a quick test of electron beam propagation thro
helium cascade arc discharges withP1 set at 760 Torr. The
anode of the cascade arc discharge was mounted on a
#727 electron beam welder. Copper and steel plates w
mounted 1 centimeter away from the cathodes~and channel
exit!. The distance from the electron beam welder exit to
first plate was 12 cm. Thus the electron beam had to tra
through 5 cm of fairly good vacuum, 6 cm of plasma~in the
channel!, and 1 cm of atmospheric pressure helium gas. T
electron beam energy used in the experiment was 175
with a current level of up to 20 mA.

Detailed quantitative measurements of electron be
transmission could not be done without major modificatio
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 3. Conceptual design of a nonvacuum electron beam welder~courtesy of Litton Electron Devices!.
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of both the electron beam welder and the cascade arc
charge. At the welder exit, the electron beam had a diam
of 0.5 mm and half-angle divergence of 1°. Consequently
the arc entrance, its diameter of 2.24 mm is almost as la
as the arc channel. In addition to beam interception by
cooling plates, a Faraday cup could not be used withou
complete redesign of the arc cathode housing geometry.

Successful electron beam propagation was obser
qualitatively from the melting of the copper plates, and fro
holes drilled through the steel plates by the electron be
The propagation was facilitated by the arc discharge since
beam propagation was observed with the arc off.

There was no beam blow up, since the size of the ho
drilled through the steel plates were about 2 mm, i.e., sma
than the channel diameter of 2.36 mm and the 4.5 mm di
eter the electron beam would have been after 12 cm du
the 1° ~half-angle! divergence.

D. Compatibility tests for transmission of
electromagnetic radiation

Before proceeding with plasma window development
light sources, it was crucial to ensure that plasma windo
do not generate electromagnetic interference, which wo
adversely affect experiments. Therefore, a series of elec
magnetic interference tests had to be conducted.

A series of electro-magnetic interference~EMI! experi-
ments revealed that rf emission from the Fig. 1 plasma w
dow is negligible. In these experiments, no EMI or elect
magnetic noise was detected on: a radio, a ‘‘Walkman,’’ a
a computer~PC! operating adjacent to the plasma windo
Quantitatively, an EMI probe in the range of 30–300 MH
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detected rf noise of up to 0.7 mW/cm2 on the arc power
supply, and up to 0.9 mW/cm2 on the arc circuit. However
on the plasma window itself, only 0.05 mW/cm2 could be
measured. The reason may be due to the fact that pla
frequency is so high that only electromagnetic radiation w
a frequency higher than IR can escape.

Finally, the ‘‘acid’’ test for rf noise was passed. In th
test, the most noise sensitive electronics at the National S
chrotron Light Source at Brookhaven National Laborato
functioned well while the plasma window operated. The
were the proportional counter electronics belonging to K
and Feser of SUNY Stony Brook.

Since gas rushing out from a venturi may be objectio
to some users, experiments were performed to reduce a
gas flow with a funnel and by deflection. A combination
the two yielded a factor of 30 reduction in axial pressure

Due to interest in using plasma windows in powerful g
lasers, the plasma window was successfully used to sepa
a high pressure~68 psi! chamber and atmosphere. A 5 mW
He-Ne laser beam~with a 543 nm wavelength! was passed
from that chamber through the plasma window to atm
sphere.

IV. DISCUSSION

Vacuum-atmosphere interface was successfully es
lished with helium or argon cascade arc discharge plasm
A 175 keV electron beam was transmitted from a vacu
through a helium plasma channel to strike targets at at
spheric pressure located 1 cm away from the channel ex

Calculations carried out in this paper indicated that
arc current of such a plasma channel can focus electron
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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ions, to compensate for gas scattering and initial geome
beam divergence. For electron beams used in welding
melting, estimates based on various physical effects indi
focusing feasibility. Due to the large variety of ions and t
wide range of ion energies used in material modificatio
detailed analysis of ion beam attenuation and focusing
needed for each application. Nevertheless, since the princ
of this type of focusing had been demonstrated,16,17and since
data22 indicates a reasonable range of ions in air, nonvacu
ion material modification seems feasible, with such
vacuum-atmosphere interface.

Based on obtained results, utilization of plasma windo
in electron beam welding seems feasible. Figure 3 is a s
matic of an experimental electron beam welder. Amo
some of the benefits of using this type of vacuu
atmosphere interface are the increase in production rate,
the potential of performing electron beam welding and va
ous types of ion material modifications on large work piec
and in previously inaccessible places. Cooling plates can
miniaturized to provide for a long narrow discharge chann
to reach previously inaccessible places.

Establishment of a vacuum-atmosphere interface w
out any intrusive solid structures, and without EMI, strong
suggests feasibility to light source applications. Inheren
such a plasma window is transparent to a wide range of
electromagnetic spectrum, from the ultraviolet out into t
hard x-ray regime. The development of the plasma wind
for synchrotron radiation applications could have an imp
tant impact on light source facilities around the world. A
tenuation and spatial structure which attend the use of c
ventional window materials ~e.g., beryllium or SiN!
represent a significant problem for various applications
synchrotron radiation research. These include mic
spectroscopies and some types of correlation spectrosco
Plasma windows show promise as an alternative to tr
tional windows for the separation of the experimental en
ronment from the storage ring vacuum. They would poss
none of the structure that has hindered the developmen
speckle experiments at low energies~a few keV!, and would
be impervious to thermal damage. In addition, the plas
may contain noble gases, which would provide efficie
high-order rejection for UV experiments, such as thresh
photo-ionization spectroscopies.

High pressure-atmosphere separation capability point
possible utilization of plasma windows in intense gas las
and for the CO2 laser amplifier, while vacua separation c
render plasma windows useful in electron beam melting
in various scientific applications requiring internal targe
like an electron beam plasma accelerator.

To further enhance window performance, skimmers l
those shown in Fig. 3 can be added, as well as magn
confinement. Mutually perpendicular electric and magne
fields can be added in such a way that the resultant d
guide escaping ions back into the window~based on plasma
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thruster principle!. Plasma thrusters can potentially ‘‘seal
plasma windows, or at least significantly reduce~or even
eliminate! the number of supersonic particles resulting
conventional differentially pumped systems~which pre-
vented their use in light sources23!.
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