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There is a worldwide effort to produce a soft x-ray source for submicron microlithography to
manufacture future generation large scale integrated microchips. The gas puff plasma
discharge has been suggested as a viable alternative for low volume facilities which require
relatively low throughputs with a single aligner station. The repetition rate for such systems is
limited by the large gas fiow into the vacuum system with the standard electromechanical puff
valve. A unique puff arrangement is being developed which will limit the dead gas flow and, in
principle, will allow for the development of high repetition rate systems. In this arrangement,
the gas flows continuously from a low-pressure plenum through an annular aperture into the
Z-pinch electrode gap. A discharge through a single turn solenoid coil mounted on the outside
of the plenum inductively heats the gas, temporarily increasing the mass flow to produce a low
mass { < 1 ug), preionized liner which is imploded by a Z-pinch current discharge. (Multiturn
coils have also been used. However, ali the experiments reported in this paper used a single
turn configuration.) Experiments were carried out with a variety of low-energy ( < 2.5 k¥)
drivers including capacitor banks, peaking capacitors, and dc charged paper/castor oil
Blumleins. Radiation measurements in the ultrasoft and soft x-ray regions were made using x-
ray diodes, p-i-n diodes, and a time integrated pinhole camera. A slug model coupled ic a
capacitor bank or Blumlein circuit solver is used to estimate the liner dynamics as well as the

load current and voltage.

i INTRODUCTION

The microelectronics industry has evolved very rapidly
in recent years, and submicron resclutions will soon be re-
Guired in commercial fabrication.' Presently, optical lithog-
raphy systems using steppers and 1:1 scanning systems are
performing successfully around I gm. There is considerable
debate regarding how far this technology can be extended
intc the submicron region.’?

X-ray lithography was established as a viable sabmicron
fabrication technique by Spears and Smith using an electron
impact system.” Several alternative x-ray sources have been
proposed for commercial application. These include elec-
tron impact systems, laser and discharge plasmas, and com-
pact synchrotrons. The high brightness pulsed plasma dis-
charge sources have been established as viable alternatives
for small and moderate sized production facilities which can
only economically utilize a single aligner station.* Several
groups have shown submicron (0.5 gm) replication in labo-
ratory tests.”

Several plasma discharge systems have been suggested
for producing high brightness radiation sources for micro-
lithography and other applications. Most of these devices
(the gas puff,’ plasma focus,” and hypocycloidal pinch’) are
variations of the Z-pinch geometry. In Z-pinch devices, a
high current is produced on the outer edge of a cylindrical
volume of gas using a pulsed electrical driver such as a fast
capacitor bank. The resulting % B force accelerates the
plasma shell radially inward to form a very high-tempera-
ture plasma on-axis which emits characteristic thermal radi-
ation in the soft x-ray region.

Z-pinch implosions of hollow shell liners derived from
foils,” wire arrays,” and gas puff systems'® have been used
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extensively for the production of pulsed high fluence labora-
tory sources of soft x rays { > 1 keV).

The gas puff Z-pinch systems have been studied exten-
sively as possible sources for x-ray microlithography. The
problems which may Hmit the commercial application of
these systems are as follows: (1) high gas throughput into
the chamber, which will limit repetition rate; (2) uniform
gas preionization, which would allow efficient, stable oper-
ation with a large initial radius, low density shell is difficult;
(3) limited to use of high Z gases with only the krypton /-
shell lines giving an optimum match to microlithography
requirements.

We have suggested two alternate methods, the multiple
vacuum arc and solenoid gas puff, for producing the initial
gas shell for the Z-pinch system. In both cases, the material
is injected into the interelectrode gap as a plasma, thus mini-
mizing preionization problems and allowing the use of low
mass large initial radius systerns with high-energy coupling
efficiency. The mass injected into the chamber is minimized,
thus allowing, in principle, the development of a high repeti-
tion rate system. The multiple vacuum arc system has the
additional advantage of producing the hydrogen- and he-
humlike lines from lower Z elements, such as aluminum or
magnesium, which give a good maich to microlithography
requirements and can be produced more efficiently than the
krypton [-shell lines. This system has not been as well devel-
oped as the solencid gas puff system, and only the latter
syster: wiil be discussed in detail.

. MICROLITHOGRAPHY SYSTEM REQUIREMENTS

A plasma discharge soft x-ray suitable for microlitho-
graphy must meet several basic requirements. For wafer rep-
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FIG. 1. The microlithography geometry with a gas puff soft x-ray source.

lication, 2 point source of radiation is used to proximity fo-
cus a mask onto the wafer which is coated with a photoresist
{Fig. 1). The Fresnel diffraction-limited line resolution is
given by!!

5y = 0.4[A(S /23117, (1

which is approximately 0.1 pm for A = 1 nm and a 20-um
mask-wafer separation. This is of the same order as the pen-
umbral blurring given by

= Sd /D, ' (2)

where S and D are the mask-wafer and the mask-source sepa-
rations and d is the source diameter.

Thermal lcading on the mask is a particular problem
associated with pulsed plasma sources which emit intense
radiation (10°-10° W) for tens of ns. The mask is cooled by
conduction through the helium atmosphere on a ms time
scale. The residual mask temperature should have a mini-
mum effect for sources with repetition rates up to several
hundred Hz. The difference in the thermal expansion coeffi-
cient of the gold absorber and the thin, transparent substrate
can result in high stress and strain at the interfacial bond
with the potential of producing delamination either from a
single high-energy pulse or long-term fatigue. Calculations
indicate a flux limit of 15 mJ/cm? for shear/fatigue prob-
lems.'? Mask distortion or buckling with the thermal load-
ing must also be minimized. Calculations indicate that the
membranes can be sufficiently prestressed to keep the maxi-
mum distortion in acceptable limits for temperature in-
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FIG. 2. The wafer throughput for repetitive soft x-ray sources assuming
0.15-um source-to-wafer distance, six subficlds/wafers, a 100-mJ/cm” re-
sist sensitivity, and e~ losses in the window and mask substrate.
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TABLE I. Lithography source requirements.

Parameter Required
Size <imm
Source-to-wafer distance iScm
X-ray energy -3 keV

Energy/pulse -5 F

Maximum dosage on wafer 1-5 mI/em?
Repetition rate 1-100 Hz
Peak current 400-500 kA
Current rise i-2TA/s
Paosition reproducibility <lmm

Reliability 10°-10" shots

creases of 60 °C, provided the mask is uniformly irradiated
and the gold coverage is equally distributed over the mask
area.’?

Mask damage, due to single shot effects as well as cumu-
lative effects, Hmits the output of high brightness pulsed
sources which can be utilized for microlithography. High
throughput is obtained using a fast repetition system. Esti-
mated throughputs are shown in Fig. 2 in terms of repetition
rate and source output assuming a 100-mJ/cm? resist sensi-
tivity, six subficids/wafer, and e ! transmission through the
vacoum window and the mask substrate for the geometry
given in Table I. Mask damage would become a problem for
radiation sources in the 30-J range.

The shot-to-shot variation in the radiation output must
also be considered when determining operating parameters.
A higher repetition rate/lower energy system would allow
for statistical averaging to minimize variation in the resist
dosage.

Several other factors must be considered in the develop-
ment of a radiation source suitable for microlithography.
These include high component reliability, minimal shot-to-
shot variation in source position and output energy, high-
energy coupling efficiency to radiation in 1.5-2.0-keV range
to minimize window attenuation, and total power consump-
tiomn.

itt. SOLENQID GAS PUFF SYSTEM

Conventional gas puff systems use a2 magnetically driven
mechanical valve to control the flow of high-pressure {few
atmospheres) gas into a high velocity annular nozzle in one
of the Z-pinch electrodes.’* These systems require relatively
long opening and closing time of several ms, thus allowing
considerable gas flow into the chamber which must be
pumped out between shots. Only neutral gas is injected into
the chamber, and efficient preionization is required to mini-
mize initial perturbations due to long current formation
times. '’

In the solenoid gas puff system,'® the gas is allowed to
flow continuously from z plenum into the Z-pinch diode gap
through a narrow slit, or an annular array of capillaries (Fig.
3). The pressure in the main vacuum chamber is maintained
at iess than 1 mTorr by a high capacity vacuum pump for
0.1-10-Torr plenum pressures. A puised discharge through
a single turn coil mounted on the outside of the gas plenumn
produces a current in the low-pressure gas procducing rapid
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FIG. 3. A sketch of the solencid gas puff arrangement.

heating and, as a result of the increased gas pressure and
magnetic pressure, the mass flow rate into the diode during
the discharge period. The resulting plasma annulus is im-
ploded by the current produced by the primary Z-pinch dis-
charge. Multiturn coils have also been used. However, ali the
results reported in this paper utilized a single turn system.

A 500-¢7s turbomolecular pump is used to maintain the
chamber in the 0.1-1.0-mTorr range under steady flow con-
ditions. The maximum gas throughput is 0.5-Torr ¢/s as-
suming

where p is the pressure in Torr and S'is the pumping speed in
¢/s."" For krypton, this gives a maximum mass throughput
of 2.5 mg/s.

The mass flow for choked continuum flow of an ideal
gas is given by'®

= poaod(2/y + 17T P2 - D (4

where p, and g, are the gas density and sound speed of the
gas in the plenum, 4 is the nozzle area, and the specific-heat
ratio ¢ is 5/3 for a monoatomic gas. The initial gas puff
arrangement had a 25-ym annular opening on a 76 mm
diam. The mass flow estimated using Eg. (4) is 28.6 mg/s.
The nozzle has a relatively large length/opening cross-sec-
tion ratio with the result that wall and viscous effects will
reduce the mass flow rate.

A 2.8-uF capacitor charged to 20 kV is used to drive a
current through a single turn coil. The discharge has a 8-us
period and 70-k A peak current. The azimuthal electric field
induced in the low-pressure gas plenum is sufficient to break
down the gas and the resuiting plasma current heats the gas.
Assuming the gas can be heated 10 3 eV, the gas sound speed
will be increased by ten times, and using Eq. (4), the mass
flow rate should increase by the same ratio. The initial flow
conditions noted above would suggest that the mass flow
would be «25 ng/us with low mass 0.1-0.5-ug liners
formed in 10-30 us.

The gas exiting the nozzle will have a flow velocity
roughly equivalent to the sound velocity in the plenum. For
krypton with an initial sound speed of 240 m/s, approxi-
mately 4 us is required for the flow to transit the 10-mm
electrode gap and S-mm nozzle.
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TABLE II. Gas puff configurations.

Gas puff Number of Opening size Initial radius
geometry openings (pem) (mm)
Annulus 1 254 35.8
Annulus i 38.1 38.8
Capillaries 10 381.0 33.0
Capillaries 10 508.0 350
Capillaries 10 635.0 350
Capillaries 3 3429 32.0
Capillaries 8 406.4 320
Capillaries 16 406.4 320
Capillaries 32 406.4 32.0

Both annular and capillary systems have been used with
the various configurations summarized in Table II. The ini-
tial pressure conditions in the chamber and the plenum for
krypton are shown in Fig. 4 for annuiar openings and Fig. 5
for the capillary systems. The plenum pressures are mea-
sured using a capacitive gauge head with a 0.01-1000-Torr
range. The chamber pressures are measured with both UHV
ion and cold cathode gauges. A scaling factor of 1.9 is re-
quired for krypton to adjust the gauge reading to give the
chamber pressure. '

V. EXPERIMENTAL ARRANGEMENT

The initial experiments were carried out with the ar-
rangement shown in Fig. 6(a}. The insulator used to isolate
the two electrodes was also used to form a 100-mm-diam
vacuum section. The base of the chamber was machined to
allow access for a 5S0-mm-wide high voltage transmission
line which was connected to an aluminum disk electrode.
The solenocid gas puff system was mounted on a disk which
formed the top of the chamber as well as the ground elec-
trode. A screen assembly on the outside of the vacuum
chamber was used to connect the ground electrode to the
parallel plate transmission line. A 50-mm aperture through
the center of the puff assembly was used for both diagnostic
and vacuum access. Preliminary results regarding the feasi-
bility of the solenocid gas puff concept were obtained with this
arrangement. These results are summarized in Sec. VL
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FIG. 4. The initial gas flow conditions using the 76-mm-diam annular puff
arrangement.
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FIG. S. The initial gas flow conditions using the capillary puff systems with
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A low inductance (10 nH) central load and vacuum
feedthrough section, Fig. 6(b}, has been used for the major-
ity of the experiments. The four sides of the 0.5-m square
load section are accessible for attaching capacitor banks.
The Mylar insulation blankets are overlapped tc maintain
insulation integrity. The vacuum transmission section is
shaped to minimize radiation illamination of the insulator.
The gas puff arrangement is mounted on the high voltage
electrode with the solenoid coil encapsulated in epoxy for
electrical isolation. A 0.2-m-i.d. cylindrical vacuum
chamber is mounted on the ground plate. The vacuum pump
is mounted in the direct line of sight of the electrode region to
maximize conductance. Dagnostic ports at 33° and 45° to
the central axis view the central pinch region. This arrange-
ment gives good diagnostic and vacuum pumping access to
the diode region, as well as a low inductance load and feed-
through section to maximize energy coupling to the load.

Various pulsed power drivers have been used to produce
the current for the Z-pinch implosions. The electrical char-
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FIG. 6. A sketch of (a) the initial test chamber and (b) the low inductance
electrode and gas puff arrangement.
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TABLE IIE. Capacitor banks.

C 14 7 Tira Energy
Configuration (uF) (kV) (kA) {ns) (kD
Capacitor 1.8 20 84.9 730.0 0.36
Capacitor 2.8 20 105.8 831.8 0.56
Capacitor 5.6 20-30 302.7 871.8 2.52
Peaking 2.8/2.8 20 125.0 600.0 0.56
Peaking 5.6/1.8 20 121.9 750.0 1.12
Peaking 3.6/8x0.22 20 300.0 700.0 112
Blumlein 1.8 25 180.0 3200 0.56
Blumlein 3.7 25 250.0 320.0 1.16
Blumlein 5.6 25 480.0 360.0 1.73

acteristics for these systems are briefly summarized in Table
I11. Several capacitor bank systems were used in the initial
phases of the experimental study while the fast pulse Blum-
lein systems were being developed. Some experiments were
carried out with peaking capacitor systems in an attempt to
increase the current rise. However, various Blumlein config-
urations were used for the majority of the experiments. The
results using the capacitor banks and the peaking circuits are
briefly summarized for completeness.

Peaking capacitor circuits have been used extensively in
pulsed power transmission lines to maximize peak current
and current rise time. Systems utilizing standard capacitor
banks with peaking circuits have been used to drive UV and
laser sources.”®*! A secondary switch {or the load actingasa
switch) is used to maximize energy transfer to the peaking
capacitor before current initiation in the load. In the Z-pinch
experiiments, a secondary switch was not incorporated in the
circuit {Fig. 7), and any switching action was provided by
the load.

Simulations have been carried out using the University
of Waterloo WATAND circuit code.”” Results for a 5.6-uF
capacitor bank driving a 1.6-uF peaking capacitor and a
3-nH, 20-m{t lcad are shown in Fig. 8. There is an increase in
peak current and rise time even for the zero delay situation
illustrated in Fig. 8(b). There is a further enhancement of
current parameters if the load acis as a switch and delays the
current initiation in the load. For higher inductance peaking
capacitor circuits, 300-500-ns delays are required to maxi-
mize the effect whereas shorter delays can be tolerated for
the lower inductance systems.

Small dc charged Blumlein systems using both coaxial
and stripline construction have been used tc produce the
short current pulses required for N, laser pumping as well as
for flash x-ray sources.”>** Relatively low energies ( < 100
I) have been used to drive short duration pulses with < 15-
kA peak currents. A Blumlein system which extends the

BANK
t SPARK GAP|
f rsg-w, :
°—r“:}'“ o ol ) i >
‘ LTt I
1
g T ‘
f i
N S S d /
PEAKING
CAPACITOR

FIG. 7. The peaking capacitor circuit.
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energy and current pararmneters to the range of interest for Z-
pinch implosions has been developed.”® A strip line configu-
ration with a laminated electrical grade kraft paper dielectric
blanket and layered commercial aluminum foil conductors
is used to minimize the impedance. Both single and double
line configurations have been constructed. The electrical
characteristics for the Blumiein combinations used for the
Z-pinch implosions are summarized in Table IV.

A Blumilein circuit model has been developed assuming
two transmission lines connected across the load represented
by an initial parasitic inductance.”® The model is described
in detail in Ref. 25. The circuit mode} has been used to simu-
late the short-circuit currents for the three Blumlein combi-
nations which have been utilized [dual singles, two doubles,
as well as two singles and dual doubles (triple) modules in
parallel]. A composite model is assumed for each combina-
tion with electrical parameters given by adding together the
appropriate single module parameters. The results for the
three line combinations are shown in Fig. 9 along with ex-
perimental results for the two single and double configura-
tions. The lines are dc charged to 25 kV. A 10-nH parasitic
load and 24-nH/switch inductances are assumed. The

TABLE 1IV. Electrical characteristics oil/paper Blumleins.

[of L, Zy C  Energy' Size
Configuration  (uF/m) (aH/m) (m{}} (uF)} ()] (m?)
Single 0.06 1.05 ©.128 0.9 272 (0.038
Double 0.13 050  0.062 1.8 544  0.058
Dual singles 0.13 0.50 0.062 1.8 544
Dual doubles 0.25 0.26 0.032 35 1087
Triple® 0.38 0.17 0.021 53 1632

* Energies estimated assuming the lines are dc charged to 25 kV.
b Two singles ard two doubles combined.
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FIG. 9. Experimental and simulated short-circuit currents for the duaj sin-
gle, dual double, and triple Blumlein configurations,

switch inductance is 20% higher than stated by the manu-
facturer.”” However, the units were used at voltages well
below the minimum operating range (50-100kV) and, as a
resuit, full multichanneling may not be obtained.

Peak short-circuit currents of 190, 280, and 500 kA with
125-, 150-, and 200-ns rise times (109 -90% ) were obtained
with the dual singles, dual double, and triple Blumlein com-
binations. Both the load and switch inductances are impor-
tant factors in the current parameters that can be achieved.
A more compact switch element explicitly designed for the
Blumlein application could greatly improve current results
and thus energy coupling efficiency. It should be noted, how-
ever, that even with the present switch modules the Blum-
leins are very efficient current drivers with 300 kA/kJ of
stored energy and current rises > 10'2 A/s.

The simultaneous triggering and discharge of the indi-
vidual modules into the load is necessary o ensure maxi-
mum current. The switches are triggered with a Maxwell
100-kV generator.®® Current probes placed in the parallel
plate feeds from the individual Blum!lein modules have been
used to ensure the switch electrodes are optimally adjusted.

A Rogowski coil is mounted in the vacuum section of
the return conductor just outside the initial plasma diameter
[see Fig. 6(b)]. A 100-kV fast transient (5 ns) voltage probe
connected to the conductors external to the chamber has
been used for voltage measurements. Aluminum photocath-
ode XRDs filtered with 1.5-um Mylar, 4.0-um kimfoil, and
12.5-pm saran have been used for measurements at 150-288
eV using the carbon k-edge and 1.5-2.8 keV using the chlo-
rine k-edge. p-i-n diodes with 12.5- and 25-um Be filters as
well as 6.0-, 12.0-, and 25.0-pm aluminum filters have been
nsed to measure radiation in the 1.0-15.0-keV range. An x-
ray pinhcle camera which can give three separate images on
Kodak RAR 2495 or DEF filim has been used with 12.5- and
25.4-pm Be filters and a 25-um Al filter to produce pictures
of the soft x-ray emitting region. An aluminized kimfoil is
also available for exposures in the ultrasoft x-ray region
{>500eV).

¥. SLUG MODEL

Zero-dimensional models have been used extensively to
analyze the dynamics of various liner implosions.” The
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equation of motion for a thin shell plasma accelerated by the
magnetic pressure produced by a Z-pinch discharge current
is given by

F= — (muy F*/4ur), (5)

where m is the mass in kg/m, 7is the radius in m, and 7is the
current in A. A capacitor bank or the Blumlein circuit model
is used to determine the time-dependent current which can
be coupled to Eq. (5}. Results of these calculations are dis-
cussed along with the experimental results in the next sec-
tion.

The equation of motion can be solved numerically if the
current is linearly proportional to time, and is given by

I= Az (6)
with 4 in A/s.”® Relations for the implosion time ¢, liner

kinetic energy KE, and ion kinetic energy KE,, can be de-
rived, and are given by

t=95.6(R,/A)m'/4, (N
KE = 1.9X 1073(41)?, (8)
KE,, =2.16X1077Z%(4 /1)?, (%)

where R, is the initial radius in m, Z is the atomic number for
the gas, and m is the liner mass in kg. The derivation of these
relations assumes an implosion to 10% of the initial radius
which has been shown to be a realistic condition.?’ The im-
plosion time, kinetic energy, and ion kinetic energy derived
using these relations are shown in Figs. 1012, respectively,
for slow (4 <1 TA/s) and fast (4> 1 TA/s) current rise
conditions. The former represent conditions which can be
achieved with the capacitor bank discharges, and the latter
the conditions for the Blumleins.

Low mass { < 1.0 gm) liners were assumed in designing
the initial solenoid gas puff arrangement. A large initial radi-
us (76 mm) was utilized to give sufficient implosion time to
allow the bank energy to be efficiently coupled to the liner,
With the slower capacitor banks, only the initial 300-500 ns
of the current pulse can be utilized. The energy delivered
during the remainder of the current pulse (see Fig. 13) isnot
utilized. The Blumleins were developed to give a faster cur-
rent rise and increase energy coupling to the dynamic load.

There are inherent problems with large initial diameter
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FIG. 10. The implosion times for the large radius pufffor current rises in the
0.1-2.0-TA/s range.

283 J. Appl. Phys., Vol. 85, No. 3, 1 February 198¢

At
FRTPE R

B0

et © A=0.25 @ g
A A=0.5

4007 8 A=0.75 X

FOF 5 A=1.0 /

B0} *

KINETIC ENERGBY (J>
2

o
\0D £ o / /A//
# o et
wf
e et NN

0 18 20 M0 0 T 40 4O B0
IMPLOSION TIME (ns)

L o A=1.0 © R=1.26

L A A=1.5 o A=1.78

% P=2.0

§. -
//é
m )

KINETIC ENERGY (J2

f%“\\

/
%?

80 200 260
IMPLOSICN TIME (ns)

FIG. 11. The kinetic energy coupled to the dynamic ioad with current rises
of (a) 0.25-1.0 TA/s and {b) 1.0-2.0 TA/s.

implosions. Experiments with other imploding liner config-
urations®? indicate that Rayleigh-Taylor instabilities may
result in plasma shell broadening or break up, and thus lead
to a low-temperature large radius pinch phase. However,
high ion kinetic energy can be achieved with the large initial
radius implosions.

VL EXPERIMENTAL RESULTS

The solenoid gas puff research program was initiated to
determine (a) the scientific feasibility of using the concept to
produce gas/plasma liners for fast Z-pinch implosions, and
(b) if a soft x-ray source with suitable parameters for x-ray
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FIG. 13. The capacitor bank current waveforms.

microlithography could be realized on a single shot basis. As
was noted in Sec. IV, a variety of drivers, vacuum arrange-
ments, and gas puff configurations have been used at various
stages in the program. The initial studies were carried out
with existing low inductance capacitor banks and initial
vacuum chamber arrangement, while the low inductance
load arrangement and the fast rise time dc charged Blumlein
system were developed. The majority of the experiments re-
ported have utilized the 76-mm-diam configuration with 25-
and 38-um annular slits machined in a macor™® plenum with

+ 10% accuracy. The initial experiments were carried out
using glass capillaries joined to a glass plenum. Subsequent
experiments were done using a series of annular holes drilted
in a macor disk and epoxied to a glass plenum.

The results for the various stages of the experimental
program are summarized in this section with emphasis on
the determination of operating parameters. Krypton was
used throughout the program, and the radiation measure-
ments have primarily centered on the measurement of soft
radiation below the carbon k-edge using a Mylar filter and
the krypton /-shell radiation using the chlorine k-edge saran
filter. Some experiments were also carried out with neon,
argon, and xenon.

A. Capacitor banks

The initial experiments used a 2.8-uf single capacitor
bank driver coupled to the high inductance chamber [Fig.
6(b)]. Framing camera sequences with 500-ns interframe
intervals are shown in Fig. 14 for a ten-capillary configura-
tion. The initial formation and subsequent small diameter
pinch can be observed in the krypton and argon implosions,
but not in the neon sequence. There has been limited success
throughout the program in obtaining tight pinch formations
with neon. The high sound speed with the lighter gas may
result in the formation of a less well-defined more diffuse
liner which is difficuit to break down with the second stage
discharge, and as a result, will be more susceptible to insta-
bility development.

Framing camera sequences are shown in Fig. 14 for the
25-pm slit annular puff arrangement with argon [Fig.
14(d}} and krypton [Fig. 14(e)] loads. The camera moni-
tor signal superimposed on the d7 /dt trace is also shown for
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the latter. The visible radiation emission measured with a
p-i-n diode, and the current measured with the Rogowski
coil are shown along with a 2-us streak photograph in Fig.
14(f). The implosions occur in 500-700 ns followed by an
extended period of radiation. Efforts to observe the actual
implosion stage have been unsuccessful in this and subse-
quent stages of the program with illumination from the im-
ploding liner not visible with either the streak or framing
camera.

This driver and load arrangement could only deliver 80—
100 kA and 0.1 TA/s current pulses. The implosion time
estimates shown in Fig. 10 would indicate a liner mass of
order 0.1 geg. This high inductance system was not expected
to produce much ultrasoft x rays. Measurements with a My-
lar filtered XRD did indicate some emission above 100 eV,

The annular puff arrangement was subsequently uti-
lized with the lower inductance chamber arrangement [Fig.
6(bj}, and a 5.6-uF bank which could produce current
pulses with 0.3-0.5-TA/s current rises. The majority of the
experiments were carried out at 20 XV with 1.2-kJ stored
energy.

For the initial experiments, 75% transparent screens
were used as the central section for both electrodes. A 10-
mm annular strip was attached to the electrode opposite the
puff device to stagnate the high-speed gas flow. Pinches with
implosicn times up to 500 ns could be obtained. However,
relatively high plenum pressures and long delays were re-
quired (Fig. 15). The ground electrode assembly was subse-
quently modified with a screen in the central 50-mm section
and the region opposing the puff blocked by a solid elec-
trode. Pinches with similar implosion times could be ob-
tained with both lower plenum pressures and shorter delay
time (Fig. 16). The radiation results were greatly improved
with the latter configuration. Typical current and Mylar fil-
tered XRD signals are shown in Fig. 17. The discharge
through the solenoid coil requires 20 gs to ring down, and
thus, with the shorter delay intervals, the triggering of the Z-
pinch discharge occurs while current is still flowing in the
plenum. In this regime, the liner formation is continuously
ionized by the mass injected into the interelectrode gap as
well as the radiation from the plenum plasma. A well-preion-
ized liner is necessary to ensure a uniform breakdown of the
main current discharge, and thus ensure minimum instabil-
ity amplitude during the implosion phase. The solencid gas
puff provides uniform preionization, thus allowing the utili-
zation of relatively low density large initial radius liners.

The injected mass can be controlled by varying the ple-
num pressure and the delay interval to give implosion times
ranging from 200 to 700 ns. However, maximurm emission in
the ultrasoft x-ray region was obtained for 400-ns implosion
times with predominantly UV radiation produced with long-
er times. With short implosion times, relatively high Be fl-
tered p-i-n diode signals were obtained even though there
was miinimum or no uitrasoft emission. With the high ion
kinetic energy, low particle densities inherent in this regime,
there may not be adequate thermalization of the plasma with
most of the radiation produced by current effects in the plas-
ma or on the electrodes.

Experiments were also carried out with the bank
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FIG. 14. Typical results with gas puff system including framing picture sequences with a 500-ns interframe interval for (a) argon, (b} neon, and (¢) krypton
loads with 10X 381 um capiliaries, (d) argon and (e) krypton with a 25-um annular puff, (f) the 47 /dt trace and camera monitor signal (0.5 us/div}, snd
(g) current waveform (70 kA/div, | us/div) aud visible radiation measured with a light sensitive diode, and (It} 5-us streak photograph.
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FIG. 15. The implosion time vs delay interval with a full screen on the op-
posing electrode.

charged to 24, 26, 28, and 30kV. The delay/plenum pressure
conditions for optimum XRD signal are shown in Fig. 18
along with similar results utilizing peaking capacitor circuits
as well as Blumleins. As would be expecied from the analysis
in Sec. I, the rate with which mass is injected into the elec-
trode gap is proporticnal to the initial cold flow rate, and
thus, the initial plenum pressure. Bigher plenum pressures
are needed to supply the higher mass liners required for the
higher current situations. Higher energy radiation is still
maximized with 400-ns implosion times. The zero-dimen-
sional calculations indicate 30-50-cm/us velocities are re-
guired to produce the higher temperature plasmas. Substan-
tially more radiation could be produced with the higher
voltage experiments with a few joules in the ultrasoft region
and 10 mJ in the soft (saran/XRD) region. These are rea-
sonable results as only a relatively small proportion of the
stored energy is coupled to the load with the slug calcula-
tions indicating 1050 J coupled to liner kinetic energy. For
the optimum 400-ns implosions, the current at pinch is limit-
ed to 175 kA. Riordan and Pearlman have shown that the
soft x-ray yields for the usual gas puff devices vary approxi-
mately as I} for experiments ranging from small bench top
systems to large nuclear effects simulators where £, is the
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FIG. 16. The implosion time vs delay interval with a 5.0-cm-diam screen on
the opposing electrode.
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FIG. 17. The current (130 kA/div, 500 ns/div) and Mylar filtered XRD
signal with 0.5 V/div with the 5.6-uF bank charged to 20 kV (a) without
peaking capacitor, (b) with 1.8-uF peaking capacitor.

peak current at implosion.* An extrapolation to lower pinch
currents using

Y =75F% (10)

is shown in Fig. 19. Yields from some of the smalier gas puff
experiments as well as the solencid gas puff are shown. This
analysis indicates that, for krypton, the I-shell emission in-
creases rapidly above 300 kA,

B. Peaking capacitors

A pesking capacitor arrangement using a secondary
2.8-uF capacitor mounted into the transmissicn line
between the switch and the load was tested with the initial
experimental setup. The current was measured at both the
initial dc charged capacitor as well as at the load. Typical

.\\

~ 13 —
w ~.
B CAPACITOR BANK
[ 20 kv
hd o o % 24 kV
W BN, + \o * 36 kY
3 \
@ N BLUMLEINS
lé:.l P, a 9 SINGLES
o 4t ¢ DOUBLES {FS)
- DOUBLES (CS)
O
—

16 2;) 26
DELAY (MICROSECOND)

FIG. 18. The plenum pressure and delay interval operating regime for var-
ious driver configurations.
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results are shown in Figs. 20 and 21. The Z-pinch diode acts
as a secondary switch in this configuration with up to 1-us
delay obtained between the initial current discharge into the
peaking circuit and the current initiation into the load. Both
the peak current and rise are increased with up to 150 kA
and 0.25-TA/s pulses obtained. There was a substantial in-
crease in measured emission in the ultrasoft x-ray region. An
XBD trace is shown in Fig. 21 along with the light diode
signal with approximately 1 J now in the carbon window.
Peaking capacitors were also utilized with the low in-

ductance load arrangement with the 5.6-uF bank charged to
20 kV. The initial tests were with a 1.8-u¥F, 15-nH capacitor
coupled to the load section. With the low inductance load,
minimum delays could be obtained between the triggering of
the main switch and the current in the load, and thus only
small decreases in the current rise time could be obtained.
However, a factor of 3 increase in the ultrasoft radiation was
measured with resulis comparable to those obtained with 30-
kV discharges indicating a marked increase in efficiency.

Circuit analysis indicated that a further enhancement of
the current parameters could be obtained even with minimal
(100-200 ns) delays if the inductance of the peaking circuit
is minimized. Eight Maxwell 0.2-¢F, 20-nH S-type capaci-
tors® were connected in parallel to the load and transmis-
sion lines. Typical current traces are shown in Fig. 20 along
with XRD and p-i-r diode signals. The pulse shape is very
similar to the simulation for zero delay shown in Fig. 8(b)
with an initial low current leading edge and a subsequent
rapid rise to 300-kA peak value at 700 ns with maximum
current rises of 1 TA/s.

The radiation output shows a very strong dependence
on the delay between the triggering of the gas puff and the Z-
pinch discharge. Shorter delay intervals are required with
the peaking capacitor system (Fig. 18). The secondary max-
imum in the radistion curve is obtained with similar delay
intervals as used with the simple capacitor bank circuit.

The peaking capacitor system does enhance the radi-
ation output when coupled with a low inductance capacitor
bank to imploding liner ioads by increasing both the current
rise and the peak currents. However, with low inductance
preionized loads it is difficult to obtain sufficient delay to
maximize the effect of the peaking circuit. Withouwt the utili-
zation of a secondary switch, the system is very difficult to
control with the jitter in the delay interval comparable to the
narrow window which gives maximum radiation output.

C. Blumieins

The initial capacitor bank and peaking capacitor experi-
ments were limited by the amount of energy which could be
efficiently coupled to the dynamic Ioad. These experiments
did show, however, that the basic solencid gas puff could

FIG. 20. Results for the 5.6-uF capacitor bank coupled with 8x0.22 uF
peaking capacitors. The upper trace in each case is the current into the load
with 100 kA/div and 500 ns/div and the lower traces are (a) the Mylar
filtered XRD signal with 0.5 V/div, and (b) p-i-n dicde with 12.5-um Be
filter.
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FIG. 21. The ultrasoft x-ray emission measured with the Mylar filtered
XRD 2.8-uF capacitor bank and 2.8-4F peaking capacitor configuration.
The lower trace is the light diode signal. The time scale is 500 ns/div.
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coupie low mass, large initial radius krypton liners to a Z-
pinch device, and the production of ultrasoft and soft x-ray
emission. The energy coupling to the liner kinetic energy,
and subsequently to radiation is very dependent on both the
peak current and the current rise time. The dc charged
Blumleins were developed to provide the necessary current
pulse. As described in Sec. IV, the Biumleins are packaged as
either single or double lines connected to the same switch
giving modules with 0.85 and 1.7 uF, respectively. Up to
four of these modules can be connected in parallel to the
central load section. Experiments have been carried out with
dual single units, dual double units, as well as two singles and
two doubles combined. With 25-kV operation, these three
configurations give 0.55, 1.1, and 1.7 kJ of stored energy,
respectively.

With the Blumleins, the current through the load is de-
termined by the voltage pulse across the diede inductance.
The high 4L /dr which occurs during the final implosion
phase limits the peak current which can be driven into the
dynamic loads. The initial delay in the initiation of the cur-
rent in the load is governed by the transit time of the voltage
pulse from the switch to the load with no other inherent
delays.

The peak currents (190-kA short circuit and 150 kA
with load) obtained with the dua! single Blumlein configura-
tions are comparable to the capacitor bank drivers, although
the rate of current rise is somewhat higher. The pressure/
delay regime for optimum coupling of this configuration to
radiation output is comparable to the high voltage capacitor
bank results indicating similar loads are imploded. The
Blumlein system, with the shorter current pulse will, how-
ever, produce high liner velocities and thus couple more en-
ergy to the liner kinetic energy with only a fraction of the
stored energy.

The simulation results summarized for the dual double
Blumlein system in Table V indicate that good energy cou-
pling will be obtained with 0.2-C.5-g liners. Initial experi-
ments with the same diode configuration as used for both the
capacitor bank and dual single Blumleins show a similar ple-
num pressure and delay time regime. The simulated currents
assuming 0.2- and 0.3-ug loads are compared with typical
experimental results in Fig. 22 using different delay inter-
vais. Typical radiation measurements with the Mylar and
saran filtered XRDs and a Be filtered p-i-n dicde are shown
in Fig. 23 along with a current trace. Using the nominal
XRD and p-i-n diode sensitivity factors,®>>® ultrasoft and
soft radiation emissions of 1-3 J and 100 mJ are obtained.

TABLE V. Dual double Blumlein implosion dynamics.

Implosion Peak Pinch Kinetic
Mass time current current Velocity energy Efficiency
(g} (ns) {kA) (kA) (m/pus) )} (%)
0.1 306 1752 163.9 L.00 50.0 4.3
0.2 340 208.6 190.3 .81 75.7 6.5
0.3 364 226.2 2015 .72 78.0 8.7
0.4 384 237.5 209.9 0.64 82.2 7.1
0.5 400 245.5 212.6 Q.50 88.8 17
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FIG. 22. Experimental and simulated currents for the dual double Blumlein
configuration with krypton gas loads.

The I}, scaling for the radiation output gives a compar-
able estimate for the pinch currents obtained (Fig. 19).
These resuits, along those previously presented for the ca-
pacitor bank and dual single Blumlein configurations, show
that the ultrafast Z-pinch x-ray sources can be extended to
tower peak current regimes. For krypton, the energy conver-
sion to soft x-ray decreases rapidly for currents less than 300
kA, suggesting that very efficient drivers would be required
if a system is to be operated efficiently in this regime. With
the present double Blumlein arrangement, coupling efficien-
cies of 0.01% are obtained compared to 0.1% with gas puff
systems operating with higher peak currents.* The voltage
pulse applied to the load by the Blumleins is highly depen-
dent on the switch inductance. This is llustrated in Fig. 24
with the voltage estimates for two single Blumleins with 5-,
10-, and 15-nH combined switch inductance. The short-cir-

F1G. 23. Typical results with the dual double Blumleins and 25.4-um annu-
lar puff with (a) current (100kA/div, 200as/div), (b) p-i-z diode with 25-
pm Be filter, (¢) XRD with a saran filter {50 mV/div), and (&) XRD with
Mylar filter (500 mV/div).

Lougheed ef al. 988



s
2 3
o 500000 \a
16 /o' D\ﬂ\
tn) o
le} ¥ A S
~ U/D/+”+ 3§+
> sk m§+ * \o \E\
< ¢ \ N
A 9 AN
[ g ¥ \ 0o %
& \ \\\
T s NN
; 05 NH SHITCH NN
s . " ~eet
g -I0F D 16 NH SKITCH \
+ 18 NH SKITCH \ N l
Hile < RN
2of
\ /|

4] 50 {ey] 50 200 0 00 30 400
TIME (nmsD

F1G. 24. Simulated load voltages for the dual single Blumlein configuration
dc charged to 25 kV assuming 5-, 10-, and 15-nH switch inductance.

cuit current sitnulations indicate a 12-nH inductance for the
high-voltage rail gap switches which are utilized. The vol-
tage and current pulses and thus the energy coupling effi-
ciency can be improved by using Blumlein switches which
are better matched to the lower voltage requirements.

There has been no direct attempt to measure the liner
formation parameters. Some relevant information can be in-
ferred from the implosion experiments. A 9-4s minimum
delay is required to obtain uniform breakdown of the annu-
lar liner. Shorter delays result in either arc formation or
breakdown at the vacuum insulator interface. The minimum
delay is consistent with the plasma transit time from the
pienum to the opposing electrode assuming the sound veloc-
ity for a 3-eV plasma. ,

The liner mass coupled to the Z-pinch implosion is very
independent on the diode structure. The plenum pressure
and delay regime for optimum coperation with the double
Blumlein changed substantially when the screen in the
ground electrode was modified to a coarse wire mesh as
shown in Fig. 18. Both screens are 75% open with only the
wire size and number varying. The exact reason for the
slower mass accumulation with the coarse screen is not
known. A possibility is that the coarser screen results in less
resistance to the escape of the high-temperature gas injected
into the electrode gap. As was noted earlier, the stagnation of
the plasma flow does play an important role in the formation
of sufficiently dense annular shells.

The delay interval between the discharge of the solenoid
and Z-pinch currents is critical. The specific effects are illus-
trated with a sequence of shots using the triple Blumlein
configuration, a fixed plenum pressure, and delays varying
from 15-25 ps. The peak current, implosion time, and peak
Mylar signal are given in Fig. 25. All parameters increase
rapidly for the initial half of the interval with the mass cou-
pled to the liner implosion increasing by 0.1 ug/us. The ac-
cumulation process saturates in the latter half of the time
interval as indicated by the constant implosion times and
peak currents. The ring-down time for the solenoid capaci-
tor is 20 us, thus indicating the mass accumulation in the
interelectrode gap is very dependent on the continued heat-
ing of the plasma in the plenum. The radiation output de-
creases with the longer delays with maximum emission ob-
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tained for the time delay interval at which the implosion time
and peak current saturates. Possible reasons for the decrease
are the expansion of the plasma liner with time as well as the
decrease in preionization from the gas puff discharge.

The use of a coarse screen to extend electrode life with
the double Blumlein configuration resulted in operation in a
high plenum pressure long delay interval regime with mini-
mum radiation output. The annular gap between the gas
plenum and the main chamber was enlarged to 38 from 25
fem, thus increasing the initial cold flow rate for a given ple-
nurm pressure. With the larger gap, the optimum operating
regime returned to the lower pressure shorter delay intervals
required for high-power radiation signals. There is thus an
upper limit for the plenum pressure for maximized mass in-
Jjection into the plenum. For plenum pressures in the 8-10-
Torr range, sufficient energy cannoct be coupled to the plas-
ma to give maximum pressure increases and thus 2 high mass
injection rate. The enlargement of the annular gap does al-
fow for pressure adjustment with higher initial gas flows.
There is thus some flexibility in extending the system to pro-
duce higher mass liners. However, this approach is limited
by the necessity of maintaining a pressure differential with
the pressures in the main chamber below the level at which
the electrical breakdown of the vacuum interface insulator
becomes a problem and the plenum pressure is still above the
Paschen minimum.

The triple Blumlein configuration should be able to im-
plode 0.4-1.0-ug liners with peak currents in the 300-400-
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FIG. 25. Triple Blumlein results for a sequence of shots with the delay inter-
val varied are shown for (a) the peak current and implosion time and {b)
the Mylar filtered XRD output.
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TABLE VI. Triple Blumlein implosion dynamics.

Implosion Peak Pinch Kinetic
Mass time current current Velocity energy Efficiency
(z8) (ns) (kA) (kA)  (m/us) (5 (%)
04 332 316.7 295.3 0.86 148.3 8.6
0.6 354 347.8 318.7 0.77 179.3 10.3
0.8 372 368.7 328.6 0.73 2132 12.3
1.0 386 384.2 328.5 0.67 224.5 12.9

kA range (Table VI). However, experiments with the pres-
ent 38.1-um puff arrangement have only been able to couple
up to 0.6 ug. Typical currents and radiation outputs are
shown in Fig. 26. The simulation currents superimposed on
the experimental traces are assuming 0.4- and 0.6-ug liner
mass, respectively. The peak current is limited by the dy-
namic inductance with the lower mass loads. Peak radiation
measurements with 5-F ultrasoft (Mylar/XRD) and 200-
mJ soft x rays {(12.5-um Be/p-i-n} are obtained.

The soft x-ray emission was also measured using 50-um
Be and 25-um Al filters coupled with p-i-n diodes with ¢!
attenuation at 1.8 and 5.0 keV, respectively. The Al filter
results indicate less than 20% of the radiation is in the higher
energy range. The soft x-ray energy proportion in the higher
energy range increases for short delay low-density implo-
sions. The two Be filter results are comparable for longer
delay intervals. Both signals increase for shorter delays with
higher outputs obtained with the 12.5-um filter. The lower
density implosions also give an increase in the emission in
the 0.9-1.8-keV range. Pinhole images show some radiation
emission from the anode surface which increases with the
lower density implosions. A small intense radiation point is
also observed in the interelectrode region. Images superim-
posing 5-10 shots show minimum shot-to-shot variation in
position. 0.5-mm pinholes with 1:1 magnification have been
used. This suggests a < 0.5-mm source diam including cu-
mulative position scatter.

D. Capiliaries

Experiments were also carried out with the capillary
systems summarized in Table I1. The cold flow conditions
are comparable to the annular system (Figs. 4 and 5). The
eight capillaries in parallel were not able to inject sufficient
mass into the system. Also, with the concentration of the
initial current, electrode erosion became a problem. The six-
teen and thirty-two capillary systems were both able to pro-
duce liners with similar masses to the annular slit system
with 240- and 320-kA peak currents obtained with the dou-
ble and triple Blumlein systems, respectively. Comparable
ultrasoft radiation output could be obtained. However, the
soft x-ray emission is considerably lower with only narrow,
20-50-ns saran/XRD and Be/p-i-n signals produced. These
signals are earlier than the ultrasoft emission rather than at
the same time or slightly later, as found with the anmulus.
Also, the capillary system requires operation in a low-pres-
sure long delay regime to cbtain any soft x-ray output. The
two systems thus have considerably different operating char-
acteristics. The capillary system may require sufficient time
for the plasma to expand and form a more uniform annular
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FIG. 26. The experimental and simulated currents, Mylar filtered XRD,
and p-i-n diode with 12.5-um Be filier are shown for the triple Blumlein
configuration with (a} 18-us and (b) 20-us delay interval.

plasma ring rather than a series of plasma wires before a tight
well-defined pinch can be produced.

Vitl. COMCLUSIONS

The solenoid gas puff system is a unique device for pro-
ducing the initial annular loads for ultrafast Z-pinch implo-
sions. In this device, the gas continuously flows into the
chamber from a gas plenum with the annular plasma liner
formed by increasing the mass flow rate for short time dura-
tions using a discharge in a single turn coil to heat the gas in
the plenum. This approach only increases the gas flow rate
through the narrow opening between the plenum and the Z-
pinch electrodes, but does not increase the overall gas load
significantly on the vacoum pumping system. The dead gas
introduced into the chamber is minimized, and system repe-
tition rate will now be dictated by thermal load problems on
the main electrodes as well as the power supplies.

The annular loads produced by the solenoid gas puff
system are already preionized by the current in the plenum.
This has allowed the production of relatively low mass, low
density, and large initial radius liners with uniform initial
gap breakdown, which minimizes perturbations and thus
minimizes instability growth under implosion.

Experiments have been carried out under a broad range
of operating conditions and a variety of driver systems as
well as puff geometry. These results coupled with the zero-
dimensional model for the Z-pinch implosions have pro-
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TABLE VIL X-ray emission.

X-ray emission

Bank Pinch Pinch
Bank (o vV energy current time 100-288 eV 1.5-2.8 keV
configuration (uF) (kV) (k¥ (kA) {ns) {5 (mJ)
Capacitor 5.6 30 2.5 175 400 3 10
Peaking 5.6 20 1.1 180 235G 3 10
(8x0.22)
Blumlein 3.7 25 i.1 230 320 3 150
Blumlein 5.6 25 1.7 350 350 5 500

duced some understanding of the solenoid gas puff system
and the relevant operating parameter. The more important
resnits as well as limitations are briefly summarized:

(1) The inductive heating of the gas in the plenum with
the solenoid current discharge does produce the expected
factor of 10 increase in mass flow rate, if the plenum pressure
is in the 1-3-Torr range. The energy coupling is not suffi-
cient with the present arrangement for higher pressure re-
gimes. A redesign of the solenoid current generator to opti-
mize energy coupling to the plenum gas may allow for higher
pressure operation.

{2) The sclenoid gas puff arrangement has been abie to
couple large initial radius, low mass liners to the Z-pinch
implosions. With the present arrangement, the mass accu-
mulated is limited to the 0.1-0.5-ug range.

(3) The simulation results indicate high final implosion
velocities can be achieved. The capacitor bank results indi-
cate 2 minimum velocity in the 0.3-0.5-m/us range is re-
guired to obtain measurable soft x-ray emission. The high
velocity (0.5-1.0 m/us) low-density implosions obtained
with the Blumlein system coupled to the large initial radius
system may reslt in poor thermalization of the kinetic ener-
gy and considerable hard x-ray emission due to electron ef-
fects in the gas and on the electrodes.

(4) Pinhole images indicate the predominate radiatiocn
source is localized to a small volume { <0.5 mm diam) in-
cluding shot-to-shot variation.

(5) Implosions can be obtained using a capillary puff
arrangement. A large number of apertures are required to
minimize electrode effects by the localized current. The op-
erating regime is different from that found with the annular
system with long delays required to produce optimum emis-
sion. However, long delays tend to produce more diffuse
pinches with minimum soft x-ray emission.

{6) The solenoid gas puff discharge gives a uniform
preionization of the lner which helps produce a uniform
breakdown with the Z-pinch current. The x-ray emission in
the ultrasoft (150-288 eV) and soft x-ray (1.5-2.8 keV)
regions is summarized in Table VII.

(7) The results with the solenoid gas puff system indi-
cate that the % scaling for the soft x-ray emission from
krypton pinches can be extended to lower pinch currents.
However, these results indicate that a2 minimum of 300-kA
pinch current is required to give substantial soft x-ray emis-
sion. The energy coupling efficiency should also increase as
the system is extended into the higher current regime.
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(8) The dc charged Blumlein systems are able to effi-
ciently drive high peak current pulses into both short-circuit
and dynamic loads with the high dynamic impedance pro-
duced by the liner motion limiting the peak current in the
latter case. The utilization of lower inductance switches
could increase both the peak current and current rise time
and result in improved energy coupling to the load.

The solenoid gas puff system is able to produce low mass
liners formation for Z-pinch implosions. The system can in
principle be extended to produce a repetitive x-ray source.
However, the mass injected using only inductive heating is
timited and restricts the system to large diameters. A new
arrangement which will utilize electromagnetic forces as
well as inductive heating is being tested as a means to further
increase the mass injection rate, and thus obtain increased
radiation output. The results with this new configuration
will be reported in a subseguent paper.
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