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Abstract

A high-current electron-beam accelerator for pumping of a Xe, lamp was developed. It is intended for injection of an
electron beam into cylindrical gas cavity (diameter of 400 mm, length of 1600 mm, and the absolute pressure up to 3
bars). Two electron diodes in parallel are used in the accelerator. Each diode is connected to a linear transformer driver
with vacuum insulation of a secondary turn. The next parameters of the accelerator have been obtained: diode
voltage — 550-600 kV, diode current — 276-230 kA, current rise time — 160 ns, maximum power of the electron
beam — 130 GW, pulse width on half maximum — 160 ns, electron beam energy at power level not less than half of
maximum value — 20 kJ. The total energy of electrons, which pass through a 40 um Ti foil into the Xe cell, is 8-9 kJ
in the 150-160 ns pulse (full width at half maximum) mean specific power of energy input into gas cavity is about
330 kW /cm?®. Design of the accelerator and test results are presented and discussed in this paper.
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INTRODUCTION

High-current, large-area electron beams are used to energize
large gas lasers for inertial fusion research and other appli-
cations. The electron beam is usually generated from an ex-
plosive emission cold cathode and extracted into a lasing
gas through a thin metallic foil. Detailed investigation of sev-
eral types of passive and active cathodes (metal ceramic,
velvet, carbon fiber, multicapillary and multislot cathodes,
and active ferroelectric and hollow anodes plasma sources)
was reported by Krasik ez al. (2009). The cathodes are typi-
cally driven by pulsed power generators of 500-700 kV vol-
tage and of hundreds of kiloamperes, with pulse duration up
to 1 ps. Maximizing the electron-beam energy deposited into
the gas (assuming that it is below saturation level) is required
to maximize the pump efficiency, as well as minimizing the
electron-beam energy deposited in foils, and anode ribs to
ensure the survivability of the foils and to minimize the
heat dissipation requirements. Two powerful KrF lasers,
Electra and Nike were developed for inertial fusion energy
research at the United States Naval Research Laboratory.
Electra is a high average power laser, which employs two
counter-propagating electron beams for pumping of a laser
cell, each beam of a 500 KeV, 100 kA, 150 ns, and area
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30 % 100 cm? at repetition rate of 5 Hz (Sethian er al,
2000; Myers et al., 2004). The Nike laser amplifier produces
opposing 750 kV, 500 kA, 240 ns, 60 x200 cm? electron
beams (Sethian et al., 1997; Karasik et al., 2010). In both
these installations (Electra and Nike), each electron beam is
produced by its own Marx generator and pulse forming
line system.

Linear transformer driver (LTD) technology is actively
developed since 1997 at the Institute of High Current Elec-
tronics in Tomsk, Russia (Kim et al., 1999; Bastrikov
et al., 2003; Kovalchuk et al., 2009a). The LTD driver is
an induction generator similar to the linear induction accel-
erator (LIA), the inductive voltage adder (IVA), and the
linear pulsed transformer (LPT). Excellent review on induc-
tion generators is given by Smith (2004). All induction gen-
erators are based on Faraday’s law, which states that the
time-varying magnetic flux B(¢) penetrating a loop generates
at the ends of this loop a voltage difference U(r) equal to
U(t) = SdB/dt where S is the cross-section of the loop. In
an induction generator, normally the loop is realized as a
pillbox-shaped toroid, which is usually called “induction
cavity.” This toroid has a continuous azimuthal gap, and
the voltage U(r) appears across this gap. Historically, the
first devices utilizing Faraday’s law were called “transfor-
mers,” all induction generators can also be considered as
transformers. LIA, IVA, and LPT can be formed by one or
a series of identical induction cavities. In LIA, a central
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bore is threaded by a beam of propagating particles, which
gets accelerated as they drift through each of the cavity
gaps. IVA is also formed by a series of identical induction
cavities, but unlike in LIA, its bore is threaded by a center
conductor that together with the cylindrical surface of the
bore forms an output line that connects to the load.

Similar to IVA and LPT, the LTD driver consists of several
induction cavities called “LTD stages” plus the center elec-
trode threading through the axis of the cavities. The main
difference from LIA, IVA, and LPT induction cavities is
that the LTD stage encloses the primary capacitive energy
storage. Simplified schematics of the LTD assembly are pre-
sented in Figure 1. One can see in Figure 1 that capacitors
(C), switches (S), and ferromagnetic cores (F) are directly
incorporated into the LTD stages to generate a fast output vol-
tage pulse, which is added along a vacuum coaxial line. So,
the LTD technique allows one to eliminate intermediate pulse
forming elements and could be quite competitive with other
types of generators on the same output voltage. Another
advantage is that body of the LTD cavity keeps ground
potential during the shot and it allows assembling them in
series or in parallel depending on load requirements. Pulse
length and current amplitude of a LTD assembly are defined
mainly by parameters of one stage, and output voltage is
directly proportional to the number of stages.

Recent development of high voltage low inductance
capacitors and low inductance switches enabled to achieve
about 100 ns rise time of the LTD output pulse (Kim et al.,
2009). High-current accelerator, based on linear transformer
driver technology, for pumping of the 200-L excimer laser
was developed at the Institute of High Current Electronics,
providing electron energy of 550 keV, a diode current of
320 kA, and an e-beam current of 250 kA (Kovalchuk
et al., 2003). The present paper describes a new electron ac-
celerator, driven by two generators, each of them consisting
of 12 LTD stages. Implementation of new technology en-
abled us to increase rate of the diode power rise from 0.5
GW /ns in (Kovalchuk ef al., 2003) to 1 GW/ns in the de-
scribed generator at almost the same level of the output
power. This accelerator is intended for pumping of the Xe,
lamp for hybrid femtosecond XeF (C-A) laser system.
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Fig. 1. Principal schematics of the LTD assembly.
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A photochemically driven XeF(C-A) gain medium is now
considered as an alternative to existing solid state active
media for femtosecond pulse amplifiers (Tcheremiskine
et al., 2002; Zvorykin et al., 2008).

DESIGN OF THE ACCELERATOR

Block scheme of the generator is given in Figure 2. At com-
mand from a control computer capacitor blocks of 12 stages
of two linear transformers are charged from a high voltage
(HV) power supply up to 90-100 kV. The same power
supply charges a capacitor block of the triggering generator.
Capacitors of the Marx generator are charged up to 20 kV
from a thyratron generator. A delay block forms signal for
triggering of a premagnetization generator. At about 100 ps
after triggering (at maximum of the premagnetization cur-
rent) signal from the delay block triggers the thyratron gen-
erator, which in turn triggers the Marx generator. Voltage
from the Marx generator output is delivered for triggering
of the capacitor block switch of the triggering generator. Vol-
tage from the triggering generator output fires switches of the
capacitor blocks of the linear transformer stages. Voltage
from the linear transformer outputs is delivered to the cath-
odes of a vacuum diode, placed on both sides of a gas
cavity. Electrons beams, generated in two diodes, are injected
into the gas volume through Ti foil, fixed on the anode ribs,
and pump a working gas.

Assembling drawing of the electron accelerator is given in
Figure 3. Two HV pulse generators, made on scheme of a
linear transformer with vacuum electric insulation of a sec-
ondary turn, are used to drive the electron diode. Each gen-
erator consists of 12 LTD stages, with 8 capacitor
GA35426 (100 kV, 40 nF) in each stage. HV pulse genera-
tors are placed on both sides of the vacuum chamber (4),
where the vacuum electron diode and pumped gas volume
are installed. Transformer stages are connected in series
and hermetically sealed in between through the acryl insula-
tors (3). Central conductor (6), placed inside the stages,
serves as part of a secondary turn for all 12 LTD stages.
One end of this conductor is connected with the cathode of
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Fig. 2. Block scheme of the installation.
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Fig. 3. Assembling drawing of the ac-

celerator: (1) central conductor, (2)
| basement, S1-S12 — 12 LTD stages,

F = ferromagnetic cores, (3) acryl insula-

tors, (4) body of the vacuum chamber, (5)
cathode, (6) Xe volume, (7) CaF, win-

the electron diode, the other one is fixed on a flange of the
first stage of the linear transformer. Central conductor (6)
is made as cylinder with variable diameter of 160/
140 mm. In Figure 3, there are 12 LTD stages-primary
turns (S1-S12). These primary turns are air insulated (electri-
cally). Secondary turn is formed in Figure 3 by central con-
ductor (6), electron diode and inner conductor of the stages
housing. High voltage is localized here in vacuum coaxial,
and vacuum insulation of a secondary turn directly means
that electric field strength on the central conductor (6) is
below vacuum breakdown level and magnetic insulation is
not necessary. Synchronization and triggering systems pro-
vide synchronous firing of all 24 LTD stages of the
accelerator.

DESIGN OF THE TRANSFORMER STAGE

Capacitor block is a main structural element of the transfor-
mer stage. Design of the capacitor block is given in Figure 4.
It incorporates two capacitors GA 35426 (40 nF, 100 kV) and
multichannel multigap gas switch. Body (1) of the block is
founded from epoxy compound. A cavity for a switch place-
ment (Fig. 4c) is formed in the block body during casting.
Capacitors (2) are sealed within epoxy in the block body per-
manently. Epoxy sealing enhances external electric insula-
tion of the capacitors and provides possibility of operation
at 100 kV charging voltage in atmospheric air. Inner capaci-
tors terminals are connected with the switch HV electrode
4. A multichannel gas switch was developed for use in the
capacitor block. It is plane geometry switch with seven
gaps in one channel and six channels in parallel. The
switch (Fig. 4b) is assembled on the epoxy slab 3. The
switch contains 36 ball electrodes (ball bearings steel,
22.3 mm in diameter). Voltage divider 9, assembled from
film resistors on 68 M), provides voltage distribution
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between rows of electrodes. Triggering pulse is supplied to
the second row of ball electrodes through capacitive coupling
between the triggering cable 7 and ball electrodes. At arrival
of a triggering pulse with polarity, opposite to the main pulse,
homogeneous voltage distribution is distorted and gaps break
down sequentially. Detailed description of the capacitor
block and its tests are given in (Zherlitsyn ez al. 2009; Koval-
chuk et al. 2009D).

Module of the transformer stage is assembled from two
capacitor blocks, connected in parallel. Blocks are placed
on basement from a steel profile (position 5, Fig. 5) and
fixed by plate (4) through (3) polyamide bolts (6). Charging
voltage is supplied to the top block in the module through the
transition insulator. Transition insulator is also installed be-
tween blocks for transferring of charging voltage to the
other block.

Three-dimensional view of the transformer stage is given
in Figure 5. The stage consists of two modules (M1 and M2),
connected in parallel on a primary turn of the linear transfor-
mer, and inductor (F). The modules are placed on a mounting
plate (1) symmetrically relatively to the plate center and fixed
to the plate from low voltage side. High voltage terminals of
the capacitor blocks are connected with combined current
frame (3) through spring contacts. Acryl insulator sheet (2)
is placed between modules and mounting plate. It is impor-
tant in this design that each module of the whole LTD assem-
bly can be taken out separately in need of repair. Stage
overall dimensions are 750 X 1510 x 132 mm?.

Inductor of the transformer stage (F) is installed outside of
outer conductor of a vacuum coaxial line. The inductor con-
sists of three cores, assembled in polyethylene body. Each
core is winded up by 18 mm strip from transformer steel
ET 3425 (saturation field Bs =1.9 T, reset or residual field
Br= 14T, electrical resistivity 0.5 x10° Qm) with insula-
tion by 10 um Mylar tape between turns. Length of the
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Fig. 4. (Color online) (a) Cross-section drawing of the capacitor block, (b)
electrodes system assembly, (c) three-dimensional model cut view. Here
shown: 1 = epoxy body, 2 = capacitors GA 35426, 3 = switch plate, 4 =
HV electrode, 5 = ball switch electrodes, 6 = low voltage electrode, 7 =
triggering cable, 8 = conductive cord, 9 = divider resistors, 10 = special
screws for the balls mounting.

inductor middle core line is about 1 m; cross-section area of
steel in the inductor three cores is about 40 cm?, saturation
value of a voltage-time product for the inductor about
13 mVs. Premagnetization is required because following

F

6

Fig. 5. (Color online) Three-dimensional view of a transformer stage: M1 and
M2 = modules of the stage, C1-C4 = capacitor blocks of the modules, F = in-
ductor, 1 = mounting plate, 2 = acryl insulator, 3 = central combined current
frame, 4 = module fixing plate, 5 = module basement, 6 = caprolon rods.
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Fig. 6. Anode-cathode block: (1) vacuum chamber, (2) cathode, (3) Hibachi
structure, (4) 9 sets of the CaF, windows along the laser cell, (5) anode, (6)
vacuum pump, (7) horizontal alignment rails, (8) side flange.

main voltage pulse the ferromagnetic cores of stages have
magnetic flux equal to +Br. The core must be reset to —Br
before the next pulse; otherwise, the stage will be short-
circuited soon after the voltage is applied. Reverse biasing
of the core is accomplished with a premagnetization circuit.
The premagnetization circuit must have the following charac-
teristics: (1) the circuit can generate an inverse voltage-time
product greater than (Bs + Br) S where S is cross-section of
the inductor. (2) It can supply a unidirectional reverse current
through the core axis of magnitude Is > nd X Hs where d is
outer diameter of the inductor and Hs is magnetizing force
of the core material.

Time-dependent response of ferromagnetic materials is
considered in detail in book (Humphries, 1986).

DIODE DESIGN

Assembling drawing of the anode-cathode block is shown in
Figure 6. Drawing of the vacuum chamber is given in
Figure 7. The vacuum chamber is made as cylindrical
vessel with inner diameter of 740 mm and length of
1440 mm. Two vertical stiffening plates, welded to the
chamber wall at the top and bottom, hold the anode block.
These plates also work as return current bus of the diode.
Diameter of side flanges is 780 mm. System of the electron
beam output from the diode into a gas cavity consists of a cy-
lindrical framework (diameter of 440 mm, length 1400 mm,
welded from stainless steel) with six windows 1210 X
160 mm? and six replaceable frames with Ti foil. The re-
placeable frame is made as perforated plate (stainless steel,
1210 x230%x 3 mm3), bent as a cylindrical surface with
radius of 228 mm, and covered by the 40 um Ti foil. Working
area of the frame (1145 x 160 mm?) is made as set of slots
with width of 13 mm and step of 18 mm (usually it is
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Fig. 7. (Color online) (1) Vacuum chamber, (2) cathodes, (3) anode, (4)
113 cm long hexahedral laser cell laser cell, (5) six rows of CaF, windows,
(6) Xe chamber, (7) return current plate.

called as “hibachi” structure). The slots with length of 30 and
65 mm are cross-placed. Such structure provides high geo-
metric transparency about 80% (very high value indeed)
and high mechanical strength of the frame. Tests of the
system were done at static pressure of 3 bars (absolute).

The hibachi must be as transparent as possible to the elec-
tron beam in order to maximize the electron deposition into
the gas. It must also be able to withstand the static gas
pressure and the cyclic hydrodynamic shocks induced as
the electron beam deposits its energy into the gas. The foil
must have a low enough area density to allow the electron
beam to pass through efficiently. The foil itself must be
damage resistant to electrons, X-rays, and ultraviolet light.
Two common materials that meet these constraints are tita-
nium and stainless steel.

The cathode structure is shown in Figure 8. The cathode
holder of each diode is made as cylindrical panel from

Fig. 8. (Color online) Cathode structure: (1) safety frame, (2) cylindrical
panel, (3) dielectric emitting surfaces.
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stainless steel with a curvature radius of 284 mm. Edges of
the cathode panel are enclosed in a rectangular protecting
frame with dimensions 620 x 1200 mm?. There are three rec-
tangular emitting surfaces on the cathode, flocked by dielec-
tric with height of about 1-2 mm. The area of each emitting
surface is 100 x 1180 mm?. Optimal value of the vacuum
diode gap (distance between the cathode active surface and
anode) is about 50-55 mm. The vacuum diode forms six
100 cm long X 12 cm wide e-beams that are injected through
a 40 um Ti foil into the Xe converter. The 8 cm distance be-
tween Ti foil and CaF, windows was chosen to assure that
the electrons will be stopped in the gas cavity at the xenon
operating pressure of 3 bars.

EXPERIMENTAL RESULTS

Diagnostics

Active voltage dividers were used for the voltage measure-
ment on the primary turn of each stage. Diode voltage is cal-
culated taking into account inductances between each of the
stages and the diode. The load and inductor currents were
measured by inductive probes, installed in the last stage on
both sides of the generator. Probe signals were acquired by
Tektronix TDS 3054 digital oscilloscope (500 MHz, 4 chan-
nels, 5 Gs/s on each channel). Diode power, diode energy,
diode impedance, dissipated energy in the inductor cores
have been calculated from the measured signals. Set of ca-
lorimeters was used for estimation of the total beam energy
and for control of the electron beam uniformity.

The local energy deposition rate in the gas can be deter-
mined by adding the contributions that appear as radiation
and as heat, with the latter component manifested as a
pressure rise. In a constant volume region, this pressure rise
AP is related to the energy deposited as heat as Eg, =
AP XV ./(y — 1) where vy is the ratio of the specific heat
at constant pressure to that at constant volume and V. is
the volume of the gas cell. The pressure rise in each exper-
iment was measured using a 6MDX-3B transducer (it is
vacuum tube with a moving electrode, where output current
depends on displacement of the electrode and respevtively on
the pressure applied). According to the data presented in
Eckstrom et al. (1988), ideal fluorescence efficiency of the
e-beam pumped xenon is equal to 43%. In our geometry,
VUV coupling efficiency, which is the product of CaF, win-
dows transmission and the solid angle factor, can be esti-
mated as about 15%. It means that most of the radiation,
which did not pass to the laser cell, is converted also to the
heat finally. So, we can consider this e-gas value as lower
limit for the electron beam energy with accuracy about
20%, which corresponds to the difference between measure-
ments by pressure transducer and calorimeters.

Figure 9a shows typical diode voltage and current wave-
forms at 95 kV charging voltage. Figure 9b shows calculated
waveforms for the diode power and energy. One can see in
Figure 9 that there are some oscillations at the beginning of
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Fig. 9. (Color online) (a) Waveforms of the diode voltage U, diode current /,
and one-dimensional space charge limited current Icl at 95 kV charging vol-
tage; (b) calculated traces of the diode power P and energy W.

a voltage pulse. These oscillations arise due to fact that diode
voltage is recalculated through measured voltages on stages,
measured current (at output of last stage) and inductances be-
tween the each stage and the diode. This calculation method
provides correct results for settled regime only and nod valid
for transition regime at the pulse beginning (actually the term
“diode voltage” is valid only to the settled regime) but this
initial part does not contribute to energetic balance. This
initial noise on voltage is due to some jitter in stages firing
and voltage reflections.

In Figure 9, one can see that that amplitude of the diode
current is close to one-dimensional space charge limited cur-
rent (SCL current) given by Langmuir-Blodgett law for coax-
ial diodes (Langmuir & Blodgett, 1923). It means that anode
plasma effects are negligible for this diode due to low current
density of the electron beam (less than 40 A/ cmz).

Although a numerical solution is easily attainable, at pre-
sent no analytical form exists for the single-species SCL
current in cylindrical diodes in the relativistic regime.
Approximate generalization of the Langmuir-Blodgett law
for the relativistic regime is given in Zhang et al. (2009).
Electron beam generation studies were carried out by Roy
et al. (2009) in high power cylindrical diode in order to
investigate the effect of the accelerating gap and diode vol-
tage on the electron beam current. The diode voltage has
been varied in Roy et al. (2009) from 130 to 356 kV, whereas
the current density has been varied from 87 to 391 A/cm?
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Table 1. Generator and electron beam parameters depending on
charging voltage

Peak diode Diode
Voltage/ power/ Firing
Charging current, kV/ energy Generator delay/
voltage, kV kA GW/kJ Energy, kJ Jitter, ns
85 520/195 90/18 27.8 60/6
90 560/215 110/21 31.1 55/4
95 600/230 125/23 34.6 50/4

with 100 ns pulse duration. It was shown in Roy et al
(2009) that diode voltage and current do not follow the bipo-
lar space-charge limited flow and beam current is not en-
hanced by a factor of 1.86 even though there is some
formation of anode plasma. It agrees well with our exper-
iments. Cylindrical diode with radially converging electron
beam has been also employed in Divall et al. (1996) for
pumping of Titania KrF laser module.

The charged-particle flow in a self-magnetically insulated
cylindrical diode has been studied in Swanekamp et al.
(2000) through the combination of simulation and analytic
techniques. It was shown there that the I-V characteristics
of the diode can be divided into three regimes of operation:
the SCL regime, a magnetically limited regime where the
electron flow is strongly pinched, and a transition regime
where the electron flow is weakly pinched. The investigated
diode in our experiments can be considered as operating in
weakly pinched regime. Deviation of the electron trajectories
by self magnetic field does is small.

Electron beam energies, measured by calorimeters and by
a pressure jump, were about 8 and 7 kJ, respectively, at 95 kV
charging voltage. Homogeneity of the electron beam has
been estimated at level of 20% by set of calorimeters and
by beam imprint on a radiachromic film placed behind the
anode foil. At charging voltage of 95 kV the initial stored
energy in the generator is equal to 34.6 kJ. Electron beam
energy is about 23 kJ, dissipated energy in the stages cores
is about 4 kJ energy losses in the switches and on active
resistances of the capacitors is 8.6 kJ. Diode parameters in
dependence on charging voltage are summarized in
Table 1. One can see from Table 1 that the diode voltage
and current depend almost linearly on the charging voltage
with deviation less than 4%. It proves stable and reliable
operation of all generator elements.

SUMMARY

We have successfully designed and built a multikilojoule
electron beam generator on base of new LTD technique
that definitely can be considered as the most advanced
LTD installation in the world up to now. Intense electron
beam generation studies were carried out in a high power cy-
lindrical diode. The measured electron beam current follows
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mainly the unipolar SCL flow model. No erosion of the
anode material has been observed even after a large
number of shots (about 2000 shots at 90-95 kV charging vol-
tage). It is common for us to fire the generator an average of
about 10-20 shots per day for several weeks during an exper-
imental run. The generator is reliable, it has been fully incor-
porated into the hybrid femtosecond XeF (C-A) laser facility,
and is routinely used now for the laser research.
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