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Abstract

Two of the key issues of a krypton fluorid&rF) laser driver for inertial fusion energy are the development of long life,
high transparency pressure faits isolate vacuum in the electron beam diode from a working gas in the laser chamber

and the development of durable, stable, optical windows. Both of
e-beam-pumped KrF laser installation GARPUN. We have meas
100 ns, 10x 100 cm through aluminum-beryllium and titanium foil
calculations. It was shown that 50m thickness Al-Be and 2@sm Ti fo

these problems have been studied on the single-pulse
ured the transport of electror3dakey, 50 kA,

s and compared them with Monte Carlo numerical

ils had equal transmittance. However, in contrast

to Ti foil, whose surface was strongly etched by fluorine, no surface modification nor fatal damages were observed for
Al-Be foils after ~1000 laser shots and protracted fluorine exposure. We also measured the 8% reduction in the
transmission of CafFwindows under irradiation by scattered electrons when they were set at 8.5 cm apart from the

e-beam-pumped region. However an applied magnetic field @fL

T significantly reduced electron scattering both

across and along the laser cell at typical pumping conditions with 1.5 atm pressure working gas. Thus the e-beam-

induced absorption of laser radiation in optical windows might be
magnetic field guiding.

fully eliminated in an e-beam-pumping scheme with

Keywords: Aluminum-beryllium foil transmittance and stability; E-beam-induced absorption in optical windows;

E-beam-pumped high-power KrF laser

1. INTRODUCTION

Electron-beam-pumped krypton fluoriérF) lasers might
be the best approach for inertial fusion enef(fyE). Nu-

merous investigations, which have been carried out in the
fields of both laser physics and laser—plasma interactior?
through the past two decades, were performed with single-

pulse lasers of 100—10,000 J output energy: RAPI&RIn-
gle et al., 1981, AURORA (Rosochaet al, 1986, 1987;
Turneret al., 1990; Harriset al., 1993, NIKE (Obenschain
et al, 1996; Pawleyet al, 1997, SPRITE and TITANIA
(Shawetal, 1982,1991, 1993; Divadital, 1996, ASHURA
(Owadancetal,, 1989, 1993, 1996GARPUN(Basowet al.,,
1991, 1993; Zvorykin & Lebo, 1999These have shown the
main advantages of KrF lasers: high intringie12%) and

Address correspondence and reprint requests to: Dr. Vladimir D. Zvo
rykin, Russian Academy of Sciences, P.N. Lebedev Physical Institute

wall-plug efficiencieg~2%) were achieved for this type of
laser. Short fundamental wavelendth = 248 nm and a
broad bandwidtiAv =~ 3 THz) are favorable for a high
absorption of laser radiation in plasma, as well as for sup-
ression of plasma instabilities and small target preheat by
st electrons. A design studyrfa 1 GWe IFEpower plant,
called SOMBRERO, has been carried @8wiatoslavsky

et al, 1992; Von Rosenberg, 1992The total laser energy
was defined to be 3.4 MJ. This system should operate at
5 Hz, and have an overall system efficiency of 6.5%. To be
economically warranted, laser drivers should cost no more
than $180 per Joule, and have a durability between major
maintenances 2 10° shots. To obtain the desired laser
energies in single pulses, it should be possible to extend the
existing KrF laser technologies. In fact, there are several
conceptual designs for large electron-beam-pumped KrF

a

modules with output energies of 50-500 KJowenthal
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1986; Sullivan, 1987; Ueda & Takuma, 1988; Sasztial., absorption of e-beam. Some benefits of Al-Be foil windows
1989; Sullivaret al,, 1993, McGeoclet al, 1997). In addi-  have been discussed earli@rigorev & Stepanov, 1990
tion, it should be noted that successive integration of e-bearfihis paper presents the first comprehensive investigation of
pumping with gas flow and acoustic technology and anAl-Be foil carried out with an e-beam-pumped large-aperture
optical extraction technique has been demonstrated earliemplifier and preamplifier modules of the GARPUN KrF
at EMRLD XeF laser, which produced multi-kW average laser installatioriBasovet al., 1991, 1993. Direct compar-
power at 100 Hz repetition raigep-rate during short 1-s ison of the transparency of 50m thickness Al-Be foil man-
bursts(Smiley, 1990. ufactured by Russian industry and a convenieniu@0-Ti

A newly developed e-beam-pumped repetition-rate KrFfoil has been done using the Faraday cup technique. Dura-
laser system ELECTRAIs being built at the Naval Researcltbility of both foils was determined in a prolonged run of
Laboratory(NRL). ELECTRA will establish the key tech- single-pulse experiments lasting up to 1000 shots. Statistics
nologies that will produce an efficient and reliable KrF la- and morphology of typical damages of the foil and its resis-
ser. It will operate at 5 Hz with output energy up to 700 Jtance to fluorine etching were investigated. In addition, a
and average power of a few kilowat{Sethianet al, Monte Carlo numerical code has been developed to calcu-
1998, 1999. The key problems to be solved are as fol- late e-beam transport through different foil materials, with
lows: (1) durable and efficient high-voltage pulsed power the results compared with the experiments.
supply for e-beam accelerator®) large-area cathodes to  The other issue we investigated was the effect of beam
emit uniform 110 kA, 500 kV, 100 ns e-beam$) long  electrons on the UV transmission of the windows in a KrF
lifetime and transparent pressure foil support structure foamplifier cell. In addition to intense UV laser light, the
the injection of e-beams from accelerators into a laser cawindows are exposed to etching by fluorine, and irradiation
ity; (4) circulation loop to make working gas cool and quiet by bremsstrahlung X rays and scattered energetic electrons.
between subsequent shofS) reliable repetition-rate pre- Fastelectrons could induce additional transient and residual
amplifier; and(6) long lifetime large-size optical windows. absorption of laser radiatidBarabanoetal,, 1992; Amosov
The new technologies that are developed forthe 700 J ELEGet al, 1993; Barabanov & Sergeev, 1995; Elisesval,
TRA laser will be scalable to higher laser energies level 0f1996), which, of course, would decrease the efficiency and
30-100 kJ, which is necessary for the laser beam line of adurability of a KrF laser. Besides fused silica, which is
IFE laser driver. commonly used in KrF lasefalthough it has been known to

In this paper, we discuss two issues for rep-rate laserslegrade in the fluoringcalcium fluoride(CaF,) is the most
transport of high-current relativistic e-beams through differ-promising material for optical windows. Cals resistant to
ent foil materials and the influence of scattered electrons ofluorine; it is relatively cheap and might be manufactured at
the transparency and durability of optical windows. In KrF a large size. But the data concerning Gattluced absorp-
lasers, e-beams of a large area are passed through foil wition of UV laser radiation are rather inconsistent. In exper-
dows from vacuum diodes into a laser cell. This foil win- iments with UV illumination at 200300 Hz rep-rate by
dow, with its associated foil-support structdusually called  an industrial-grade discharge KrF lagap e-beam and no
a “hibachi”) should have a transmittance of about 90%, beX rays) it was demonstrated that there was no degradation
able to withstand the steady pressure difference between thie CaFk, windows after 7.5« 107 pulses at 0.32/&m? flu-
diode and laser gas, and be able to survive the suddeence. This was in direct contrast to fused silica windows, in
repetitive pressure impulse caused by the e-beam depositinvghich transmission decreased by 4% after the same expo-
its energy into the gas. In addition, the hibachi must be ableure (Krajnovich et al, 1992. On the other hand, after
conduct heat due to absorbed electrons, and be resistantgeveral months of operation as windows of a single-pulse
chemical attack from the fluorine, and hydrofluoric acid e-beam-pumped KrF amplifier, Cawindows reduced their
(HF). Titanium foils or Kaptor{polyimide) films have been transmission significantlyDivall & Hirst, 1993). The re-
typically used in single-pulse large KrF laser installationssidual absorption was believed to arise due to color centers
(Sethianet al, 1997a, 1997h But these have a limited formation,induced by the UV, X-ray aridr scattered e-beam
lifetime, which have been measured from several tens oirradiation.
hundreds of shots to 1000-10,000 sH@#&vall et al., 1995 The distributions of energy fluence of e-beams and scat-
in dependence on the design and operation conditions. Akered electrons have been measured at various pumping
though the failure mechanism for the Ti foils is unknown, it conditions in the middle of the laser chamber and away
may be due to low heat conductivity and a tendency forfrom the injected e-beams region at different distances
allotropic transformation at elevated temperatures. An iroralong laser cell axis. We correlate this distribution with
alloy HOVAR foil was chosen for tests at a rep-rate KrF induced absorption measurements in £aBmples. The
laser facility(Takahashet al,, 1999, but a foil composed of influence of applied magnetic field 0f0.1 T on e-beam
an aluminum-beryllium(Al-Be) alloy might be the best scattering was investigated. The Monte Carlo numerical
choice due to its high strengtbompared with Tji, excellent  code was used to calculate the distribution of scattered
heat conductivity, and very low densitWebster & London, electrons inside the laser cell. These were verified in the
1979. The latter is important because it determines thepresent experiments with the GARPUN laser of4&8 X
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100 cm active volume, then the code was applied to caleffect and to insure uniform electron emissidtosocha &
culate the e-beam scattering and electron escape onto oRiep, 1987; Bakaeet al, 1994. It was placed at 3-cm
tical windows in the NRL repetition-rate 39 30X 100 cm  distance from the anode grid). The foil (5) was set 3 cm
ELECTRA laser. Transient and residual e-beam-inducedbehind the grid and was supported by the hibachi structure
absorption in CafFwindows has been determined in typi- (6). The hibachi ribs are 3 mm wide and 6 mm thick. The
cal pumping conditions for large-scale KrF lasers. open areas between the ribs are 27 mm wide and 100 mm
high. This would correspond to a geometric transparence of
90%, if one supposes that electrons have no velocity com-
ponent transverse to the accelerating electric field. To pre-
vent the e-beam from pinching due to its self-magnetic field,

The experiments with two laser modules of the GARPUNa”d to diminish the losses of electrons in a vacuum diode
installation have been performed to investigate e-beam tran&nd scattered in a foil, an external pulsed magnetic field was
portation throughout Al-Be foil and to determine its stability @PPlied collinearly to the electric field. It was produced by a

in comparison with Ti foil. The Al-Be foil was manufactured S0leénoid(7) and reached maximum value of 0.065 T at
by means of multistage hot rolling and annealing of the40 ms. The magnetic field was altered in experiments by

heterogeneous alloy. The alloy consisted of 50% weight@'ying the voltage at the capacitor bank of the solenoid's
amount of aluminum and 50% of beryllium, and had anPower supply. The e-beam current transmitted through the
average density of 2.2/gm?. To make the foil safe to han- foil and foil support structure has been measured by means
dle, both its sides were overcoated with a.@ aluminum  ©f @ Faraday cu8) set 1.7 cm behind the foil inside the
layer, which was placed on the alloy surface before théas_ezr chamber. The Faraday cup was evacuated down to
rolling. The total thickness of the Al-Be foil was 0m. 10" Torr. The graphite receiving plate of the Faraday cup

The preamplifier laser module BERDYCH of 3010 X with dimensions of 9.3 23 cm was slightly less than the

100 cm active volume was adjusted for transmittance medl€ight of the chamber. The stf) with variable gap was
surements of different foils. It was pumped with a single-“sed to measure the electron beam distribution in the verti-

side e-beam 0f 900 J total energy antio0 ns pulse duration. &l (Perpendicular to the cathode axdrection. The Fara-

The high-voltage power supply of the electron acceleratofi@ €UP was placed in different positions along the cathode

consists of a 7-stage Marx generator with 3.0 kJ energ}o verify that the electron beam current was uniform. Addi-

storage at 400 kV pulsed voltage and a water-filled B|um_tional Tifoils (10) were added in front of the Faraday cup to

lein forming line of 7.60 wave impedance, which produced the measure attenuated e-beam current and to determine the
pulses of~350 kV voltage. The layout of laser chamiggy ~ €Nergy distribution of electrons. A Rogowski cdill), which

and vacuum diod€) equipped for e-beam transport exper- enveloped a high-voltage bushifitp) With a conductor to_
iments is shown schematically in Figure 1. The cath(gle the cathode, measured the total current in the vacuum diode

of 100-cm length and 8-cm width had a convex-shaped emitdUrng all measurements.

ting surface formed by a graphite fabric to prevent a “halo” "€ main GARPUN module was arranged to measure the
distribution of scattered electrons in conditions typical for a
large-aperture e-beam-pumped KrF laser and to investigate
transient and residual e-beam-induced absorption in, CaF
samples. The stability of the Al-Be foil was determined
simultaneously. The layout of these experiments is shown
schematically in Figure 2a,b. The GARPUN module has a
laser chambe(l) with dimensions of 1% 22x 140 cm and
output aperture of 16K 18 cm. Two counterpropagating
e-beams of an area X100 cm and with current density 50
A/cm? were generated in vacuum diodé3 and coupled

into the chamber from opposite sides. The pressure {jils
were either 2Qum thickness Ti or 5Q=m thickness Al-Be.
They were supported by the hibachi struct{#ehaving ribs

of 2 mm width, 10 mm thickness, and 8 mm interrib gaps.
The e-beams were stabilized usually by a pulsed magnetic
field of inductanceB ~ 0.1 T, generated by a pair of sole-
noids (6) in a direction along the beams. The experiments
have also been performed without magnetic field in order to

. . understand its influence on e-beam scattering. The pulses of
Fig. 1. Cross section of BERYCH laser module arranged fore-beam trans: 50 KV accelerating voltage and 120 ns duration were de-
port measurements. 1: Laser chamber; 2: vacuum diode; 3: cathodg, . . .
4: anode grid; 5: foil; 6: hibachi; 7: solenoid; 8: Faraday cup; 9: stops;livered to a pair of cathode) in each vacuum diode by
10: additional foil; 11: Rogowski coil; 12: bushing. four water-filled Blumlein forming lines with 7.6) wave

2. LASER FACILITIES AND EXPERIMENTAL
PROCEDURE
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Fig. 2. (a) Cross section of GARPUN laser module arranged for e-beam scattering measurements. 1: Laser chamber; 2: vacuum diode;
3: foil, 4: hibachi; 5: anode grid; 6: solenoid; 7: cathode; 8: bushing; 9: output window; 10, 11, 12: calorirfl@t€ss section of
GARPUN laser module arranged for e-beam-induced absorption measurements. 1: Laser chamber; 2: vacuum diode; 3: foil; 4: hibachi;
5: anode grid; 6: solenoid; 7: cathode; 8: brushing; 9: output window; 10, 11, 12: testeds@aples; 13: mirror; 14, 15, 16:
photodiodes; 17: beam-splitter.

impedance. The lines were charged by a 7-stage, 14-kJ Maother. This neglect of the collective effects was justified by
generator. the fact that the external magnetic field was 1.5 times as
high as the intrinsic magnetic field. The second require-
ment, suppression of the plasma instabilities, was also sat-
isfied, since at typical gas densities, the frequency of
The most accurate and universal description of the proeollisions of the plasma electrons with neutral particles was
cesses of electron transport in a medium is provided by thaigher than the instability growth rate. Under these condi-
Monte Carlo method, which has been used earlier in calcutions the main interactions between the e-beam and the me-
lations of the e-beam pumping of the GARPUN la&&r- dium were pair collisions of electrons with foil and gas
lantsevet al, 1994. Its main advantage is that the real atoms. These resulted in the excitation or ionization of at-
geometry and the structural features of the apparatus can lmns and elastic scattering of electrons. Radiative energy
modeled. We used the “single-particle” approximation, ig-losses in elastic collisions could be ignored at the electron
noring the interaction of the beam electrons with one anenergies under consideration.

3. MONTE CARLO NUMERICAL MODELING
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The algorithm used to solve the problem included a cal4ron; 8 = v/c; T is the electron energy in units of,c?; Zis
culation of the paths of individual electrons in the beam inthe nuclear charge of an atom.
the intervals between successive collisions, and modeling of Elastic collisions of electrons with atoms were consid-
the energy loss and scattering processes in collisions bered as the scattering of electrons in the field of a nucleus
tween electrons and atoms. We also studied the deceleratigereened by the atomic electrons. The differential cross sec-
of high-energy secondary electrons, which were created btion of such scattering was described by the Rutherford
the ionization of atoms and were capable in turn of generatexpression with a correction for the screeniBgthe, 1953
ing an avalanche of secondary electrons. The modeling be-
gan with selection of the initial energy of an electron, its doy r2
coordinates, and direction of injection into the investigated daa z B2p2(1+ 27 — cosh)?’
region. Then the coordinates of the point of interaction of an
electron with an atom were found by solving the equationsyhere d) is a solid-angle elemenf, is the relativistic

©)

of motion: momentum of an electron in units of.c; 7 is the screening
. . parametery is the scattering angle. In the Thomas—Fermi
dpP _, _, Mel ds i i :
P o uxB, P- el S model of an atom, the screening parametéBisthe, 1953;
dt 1-v?c? dt Zerby & Keller, 1967:

where the patistraveled by an electron was calculated by ( zv3 )2 1.1+ 3.76(Z/1303(T+ ¥ T(T+ 2)
n= .

solving the equation: 137x 0.885 AT(T+2) ®
fde(S’)eXp{—j Q(S”)ds”} =¢. (2 The following relationships were used in the above
° ° expression:

Here,Q = No is a product of the density of the scattering
particles and the total collision cross sectigris a random
number distributed uniformly in the intervéd, 1). For a
homogeneous mediurQ is a constant and E@2) can be
transformed to the simple expression

p2=T(T+2), B2=(v/c)>=T(T+2)/(T+1)>2

The total energy losses were normalized in accordance
with the Bethe—Bloch equation:

P _ aT pZ
S=-Q"In(1-¢). ©) i O.SOSGW {In[
The equations of motioril) were solved numerically. @)
When the point of collision was inside the selected region,
the type of the collision was picked at random and then thevhereA andp are the atomic weight and the density of the
energy loss and the scattering angle were found. The ne@as, respectively;is the average bond ionization potential,
collision point was then determined and the process rerepresenting the average energy of an electron in an atom;
peated until the particle either left the investigated region ofts values, expressed in units of,c*, were found from
its energy became so low that it could be regarded as havin@bulated data or were calculated from the semiempirical
come to rest. The angle and energy of the electrons escapirfgernheimer expression:
outside the selected region, as well as their total number,
were determined. P Z(9.76+ 58.62"+1°)
Inelastic collisions of the beam electrons with atoms were 0.511x 108
considered on the assumption that the interaction could be
treated in the same way as that of free electrons. In the The described Monte Carlo algorithm was applied for the
relativistic case, the differential inelastic scattering crosgnodeling of e-beam transportation from vacuum diodes into

section was described by the Moliere expressgiderby &  laser chamber throughout Al-Be and Ti foils. Figure 3 illus-
Keller, 1967: trates this process for the GARPUN laser by visualizing the

trajectories of 100 individual electrons in a working gas
do, Z[1 1 2T+ 1 1 at 1.5 atm pressure when the external magnetic field with
ds [82 g(1—g) (T+1)2 + (1—¢)? 0.065 T inductance was switched off and(thre scale of the
pictures in longitudinal direction is reduced 3.8 timdsote
N T2 } @ that typically in numerical modeling, the number of elec-
(T+12 ]’ trons reached 25,000-30,000. One could see clearly how
the magnetic field confines the electrons, even though they
where ¢ is the fraction of the energy lost by a primary are scattered during their passage through the foils and the
electron in a collisionr, is the classical radius of an elec- gas. The Larmor radius for the electrons with an average

T2(T+2)] §T2+1—(2T+1)In2}
212 (T+1)2 ’

®
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c-beam e-beam e-beam

P4

Fig. 3. Trajectories of individual electrons in the GARPUN laser chamber filled by 1.5-atm argon gas wigfouand with external
magnetic field of 0.065 Tright). (a): View along laser axigh): View along e-beamgheir initial cross section is shown by dotted line
The scale in the longitudinal direction is reduced 3.8 times.

energye, = 300 keV is equal to, = 3.3 cm. The magnetic geometry of the vacuum diode. Itis also seen in Figure 5 that
field significantly increases the density of electrons, andthe external magnetic field did not significantly influence
hence the specific pumping power in the central region othe electron beam current. This might be explained by the
the laser chamber that corresponds approximately to an infact that the Faraday cup was set close to the foil, and hence
tial cross section of injected e-beams. At the same time, thevould not be affected even with the mean scattering angles
total amount of particles reaching top and bottom walls a©f 20-30 calculated for the expected electron energies of
well as the laser windows is reduced. Thus the applied mage. = 300-500 keV.
netic field controls not only energy losses due to scattered The transparency of the hibachi structure was determined
electrons, but also prevents the laser windows from illumi-by comparing the e-beam current through anode grid only
nation by energetic electrons. (without hibachi or foi) against the current measured through
the anode grid and hibacltwithout foil). It was 83% if
4 E-BEAM TRANSPORT THROUGH Al-Be FOIL compared with 90% of geometric transparency. The differ-
This section presents the main results obtained in compara-
tive studies of 5Qum thickness Al-Be and 2@m Ti foils.
Figure 4 demonstrates typical oscillograms of the current in
the vacuum diode measured by the Rogowski ¢ofiper a
trace and the current in the e-beam as measured by a Fara-
day cup located behind Al-Be fo{lower tracg. Both sig-
nals have approximately the same FWHM of about 100 ns
with the maximum current being reached-a80 ns, but
slightly different rise times. The latter might be caused by
e-beam formation processes in the vacuum diode or lower
electron energies in the beginning of the pulse. The e-beam
current wad, = 10 kA, which corresponded to an average
value of current density,/S. =~ 50 A/cm? where S, =
210 cnt is the full area of the receiving plate of the Faraday b
cup. The e-beam absorption by the graphite was calculated
with the Monte Carlo method to be 94-96% for electron
energies in the range, = 200—-600 keV.

By varying the aperturéstop in the Faraday cup, one can 50 ns
derive the distribution of current density across the width of
the cathodeFig. 5. The maximum value in the center is Fig. 4. Typical oscillograms of the current in vacuum diddeand e-beam
twice as high as the average value. This might be due to theurrent behind the foilb).
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Fig. 5. E-beam currents versus opened gap width.
foil thickness (um)

Fig. 6. Experimental transmittance in dependence on thickness of Ti foils
and numerical calculations for monoenergetic electrons ayith200— 600
V/, e-beams with uniform energy distributiondgg= 250—-350 keV range

k
ence was apparently due to the transverse component gf , input e-beam divergender = 0° (1) or Ac = 45° (2).

electron velocity.

The transport of the initial e-beam generated in vacuum
diode through the foils, either Al-Be or Ti, was found by
directly comparing mgasur_ements of the_elegtron peam cu%. STATISTICS AND MORPHOLOGY OF Al-Be
rent behind the full hibacHii.e., anode grid, hibachi struc- FOIL DAMAGE
ture, and foi} with those obtained with just the grid and
hibachi structure. Within a measurement accuracy of 5%WVe did not achieve the fatal damage of Al-Be foils in either
both Al-Be and Ti foils demonstrated equal transmittance othe preamplifief550 pulsesnor amplifier module$1000
75%. However these measured values are significantly less-beam pulsgsThis is significantly higher than the mean
than the calculated value of 100 to 91% when electron enlifetime of Ti foils. After these series, both types of foils
ergy was varied from 400 down to 200 keV. We suppose thatvere examined visually with an optical microscope. No
this discrepancy might be originating from a wide energynoticeable changes were observed on the Al-Be foil surface
distribution of electrons in the initial e-beam generated inafter a protracted fluorine action, even if the foil sample was
the vacuum diode. If indeed there are low energy electronthen taken into atmospheric air. This is clearly seen in the
that are stopped in the foil, this is undesirable not onlymicroscope pictures of Al-Be foil presented in Figure 7a,b.
because they lower the transmission efficiency, but als@oth sides of the foil, that is, both laser and diode sides, look
because they heat the foil, which may lead to premature foildentical. It would seem that the most likely cause for the
failure in a repetition-rate laser facility. long life behavior is the formation of Alfon the surface of

Experiments have been performed to measure the enerdkie foil, which is stable against further fluorine contamina-
distribution of the electrons at the entrance into laser chamtion. The only visible defects on the Al-Be foil surface were
ber after the e-beam passes throughout the AleB&i) foil. spread with an average density of 1-2 per 10¢ @nd
In this case, the e-beam current was measured as a functidwoked from the vacuum diode siEig. 79 as microcraters
of the total thickness of additional Ti foils set between thewith a nonthrough hole in a center surrounded by a rim of
main foil and the Faraday cup. These results are shown iejected material. They were also accompanied by a halo of
Figure 6 together with the calculated ones. The approxithermal burn. These nonfatal defects might have originated
mately linear decrease in the transmitted current with foilfrom the impacts of charged microparticles of the cathode
thickness cannot be explained by any calculated depermaterial accelerated by an electric field or micropinched
dence for monoenergetic electrons with the energies bedischarges inside vacuum diode. It should be noted that
tweeng, = 200 ande, = 600 keV. On the other hand, good cathodes after prolonged operation also demonstrated ther-
agreement with the data can be achieved if it is assumed thatal burn spots spread casually across their surfaces. But
the electron energies were distributed uniformly in the rangehey had a rather bigger diameter of about a centimeter. The
ge = 250-350 keV(Ae, = 100 keV), having a mean value micropicture of the backside of the same Al-Be foil sample
(ge) = 300 keV. Different angular distributionsa = 0° (1) is shown in Figure 7b. This image has been mirrored using
andAa = 45° (2) of initial electron velocities in the e-beam the same axis that the foil was rotated about. It allows one to
before the foil have been compared and they demonstratedake more precise comparison of both sides of the foil. For
small influence on the transmittance. example, it is clearly seen that the laminating Al layer of
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0.1. mm
| == |

Fig. 7. Microscopic pictures of Al-Be foil after multiple e-beam irradiation in fluorine-containing working gas mixture of KrF laser.
(a): Foil surface from a side of vacuum diod®): The same area from a side of laser ¢alirror-converged image

2-um thickness was spalled exactly opposite the microcraFig. 23. One of them(10) had an open graphite receiving
ters. The spallation effect was apparently caused by a shogiate of 5-cm diameter and directly measured the energy of
wave that was generated in a foil by the microparticle im-the incoming e-beam. Another calorimeter of 2.7-cm diam-
pacts or local energy release in the micropinches. Thereforeter was placed at different positiosl, 12 along the
the initial layered structure of Al-Be foil seems to be more chamber axis outside the e-beam path. Audf-thick alu-
reliable in regard to short-pulse mechanical breakdown thaminized polymer film was placed in front of the calorimeter
monolayer foil. to diminish heat and radiation fluxes due to temperature rise

In marked contrast to the Al-Be, the Ti foils did not sur- and argon fluorescence during e-beam deposition. The cal-
vive so well. The side of the foil facing the laser gas showedorimeter was oriented perpendicular to the e-beam(alosg
afriable material of dark-red, violet, or white color. Tiénd  the laser axisso it measured only the scattered electrons
TiF,4, substances being the most probable in the chemistry diand a small amount of soft X rays that might be absorbed by
Ti and F, are not stable with the temperature and could noits ~200-um-thick copper receiving plateHeat transfer
protect the rest of the foil, consequently. In addition, theyfrom the gas was taken into account by subtracting the suc-
would absorb water vapor from the air. As a result, a largecessive value obtained when the calorimeter was turned in
amount of through holes arose in the Ti foil some time laterthe opposite direction. The indicated energies were then
even after short existence in the air. Apparently, it was due tanultiplied by the coefficient 2.2, which accounted for the
a strong action of HF acid that might be formed betweerfull aperture angle of the calorimeter of Bih assumption
absorbed BO and F. Figure 8 illustrates these outcomes forthat scattered electrons were uniformly distributed in a solid
Ti foil, where serious degradation of the foil surface and aangle of 2r sr. Numerical calculations using the Monte
formation of a typical through hole are clearly observed. Carlo code confirmed this correction procedure.

Figure 9 gives the energy fluence delivered by each of the
two e-beams to the middle point of the laser chamber as a
function of the buffer argon gas pressure and guiding mag-
netic field. It is seen that the magnetic field strongly influ-
The distribution of the energy fluence of e-beams and ofnces the electron beam transport from the vacuum diodes
scattered electrons has been measured by means of caloriinto the laser chamber. In our previous experiments, elec-
eters located throughout the GARPUN laser chanipee  tron beam pinching took place without a magnetic field.

6. DISTRIBUTION OF SCATTERED
ELECTRONS IN LASER CHAMBER

10 m mj

Fig. 8. Microscopic pictures of Ti foils befor&) and after(b) multiple e-beam irradiation in fluorine-containing working gas mixture
of KrF laser.(b): View from a side of the laser cell.
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bled to 17 cm, the energy fluence was significantly lower,
especially at higher gas pressure. As a result, we could not
detectthe scattered electrons in the presence of the magnetic
field at all.

A comparison of the experimental results on e-beam scat-
tering (1) with the numerical modeling2) in Figure 10
reveals a great discrepancy at low argon pressures, if only
e-beam scattering in the foils and in the gas was assumed.
Although a low-pressure range is untypical for KrF laser
pumping conditions, it stimulated us to look for some addi-
tional effects. Multiple passages of electrons from one vac-
uum diode into the laser chamber, then into another vacuum
diode, and then once again in the opposite direction were
considered. This might take place at higher gas pressures,

Fig. 9. Dependence of energy fluence for one e-beam in the middle of thdout only if one makes the electron energy too high in order to
laser chamber on argon pressure with and without a magnetic field. Solignake uniform a specific pumping power across laser cham-

dots: experiments; outlined dots: calculations.

ber. In this multipassage case, a mean scattering angle would
increase and additional significant heat loading of the foils
would appear due to absorption of decelerated electrons. It

This would introduce additional losses and scattering ofs also possible that the scattering might be caused by e-beam

electrongBasovet al., 1993; Bakaeet al., 1994. Such an

interaction with the hibachi structure particularly without

effectis clearly demonstrated in Figure 10, where the energyhagnetic field guiding. Both these effects were taken into
fluence of scattered electrons at 8.5-cm distance from thgccountthe latter by introducing an angular distribution of

electron beam boundary was much higher without the magmitial e-beams with\a = 45°) in the next run of calculations
netic field than with the field. When the distance was dou-(3) that demonstrates good qualitative agreement with ex-
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=
> 40.00 H
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2
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0.00 T T T 1
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perimental result§l) in Figure 10.

The same assumptions have been made to calculate the
distribution of scattered electrons along the axis of the laser
chamber at typical argon pressure of 1.5 éFig. 11). The
distance in this graph is measured from the boundary of the
initial e-beamgcathode edgeThe two experimental points
coincide well with calculated ones. The main conclusion to
be drawn from these investigations is that the external mag-
netic field, besides increasing pumping efficiency and uni-
formity, strongly reduces electron bombardment of the laser
windows.

80.00
o

~
< 60.00
g
o
= i
g
g Without magnetic field
= 40.00
2
: -
>
%" With magnetic field
= 20.00
m

0.00 T T8 ™

0.00 5.00 10.00 15.00 20.00 25.00
Distance from cathode edge, cm

Fig. 10. Energy fluence of scattered electrons in dependence on argofig. 11. Distribution of scattered electrons along the axis of the laser

pressure at 8.5-crftop) and 17-cm distancébotton) from e-beams. 1:

experiments; 2,3: calculations.
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50.00 o . /\
- o- P=18am /\
40.00 — O- P=12am

50 ns

Energy fluence, mJ/cmA2

Fig. 13. Typical oscillograms of input and output probe laser pulsgs
argon fluorescencé), and current in the forming lin).

0.00 2.00 4.00 6.00 8.00 10?00
Distance from cathode edge, cm outside the laser chamber reflected the probe radiation. Thus

in both cases, the radiation twice passed through the tested
plate and was attenuated due to the induced absorption.
Both input and output laser pulses-e£5 ns FWHM dura-
tion were measured with two vacuum photodio¢ks, 15.
They were both recorded on the same oscilloscope channel

The Monte Carlo code has also been applied to simulatgy inserting a small time delay in one of theifig. 133.
analogous distributions for the NRL repetition-rate ELEC-The synchronization of the e-beam pulse with the probe
TRA laser. It has an active volume of 3030 X 100 cm  radiation pulses was established by simultaneous registra-
pumped by two opposite-side 500 keV, 112 kA, 100-nstion of the current pulse in one of the pulse-forming lines as
e-beams stabilized by the magnetic figBethianet al,  measured by a low-inductance shunt. Fluorescence of the
1998, 1999. The calculated distributions of scattered elec-excited argon gas thatfilled the laser chamber was measured
trons along the axis of the laser are shown in Figure 12 fopy the third photodiod€16). Both the current and fluores-
various working gas pressures and magnetic field values. Bence pulses had similar waveforms as shown in Figure 13b,c.
is clearly seen that the amount of scattered electrons falls When the CafFsample was tested at the positidr0) it
down rapidly with increasing magnetic field. Gas pressureyas necessary to account for absorption of probe radiation
being varied in the optimal pumping range does not signifin the excited argon gas in front and behind the plate. The

Fig. 12. Distribution of scattered electrons along the axis of the laser
chamber for NRL repetition-rate ELECTRA laser conditions.

icantly affect the electron scattering. argon pressure was varied up to 1.6 atm, which is a typical
value for large-scale KrF lasers. Figure 14 gives the argon

7 INVESTIGATION OF E-BEAM-INDUCED traqsmittance(for two passe)sas_, a functilon of pressure
ABSORPTION IN CaF , WINDOWS during e-beam pumping both with and without a magnetic

field. Significantly increased e-beam current density under
Both transient and residual e-beam-induced absorption imagnetic field guidingsee Fig. 9 led to higher argon ex-
CaF, samples setinto laser chamber have been investigategitation and correspondingly lowered its transmittance. The
Their initial transmittance was measured by means of aet induced transmittance of the Gablate turned by an
spectrophotometer to be in the range of 91.5-92.3%, which
corresponded very closely to Fresnel reflection by both sides

of the plates. Lo

7.1. Transient induced absorption 0.80

. . . . Without magnetic field
Figure 2b gives the layout of e-beam-induced transient ab-

sorption measurements. The 10-mm-thick Cpkates un-
der investigation were inserted inside the laser chamber at
different positions(10, 11, 12 relative to the incoming
e-beams and were transmitted by a probe radiation Avith .

Transmittance
A

With magnetic field

248-nm wavelength and 0.1 Mm? intensity. The probe 0.20

radiation was generated by a discharge-pumped KrF laser, .

which was synchronized with the e-beams by means of a 0.00 — 1
laser-driven switch in the high-voltage power supply of vac- 000 040 080 120 160 200

uum diodes. Either thin aluminum coating on the back sur- Pressure. atm

face of the sampléll, 12 or an additional mirron13) Fig. 14. Argon transmittance in dependence on gas pressure.
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Fig. 15. Transmittance of CafSample set in the middle of the laser cham- L L N L

oo 200 ac em ace ey
ber in dependence on argon pressure. .
p gonp Power density, MW /cmA2

Fig. 16. Dependence of optical thickness of transient induced absorption
in Cak, on specific power densitienergy fluenceof scattered electrons
angle of 45 to incoming e-beams and probe radiation is (1), or injected e-beams witho(®) and with guiding magnetic fiel@3).

shown in Figure 15. The transmittance increased with the
argon pressure, and was also higher without the magnetic
field. This is as expected, as the e-beams were more alkx = kP, where coefficient of proportionalitk = 90 +
sorbed in a gas at higher pressures and more scattered witks cn?/GW was close to that obtained earli@arabanov &
out a magnetic field. Sergeev, 1995

The tested sample was displaced along the chamber axis
and set in turn at 8.5 cm and 17 cm outside the region th
was directly irradiated by e-beartthat approximately cor-
responded to the emitting area of the cathgdeshat only To measure the residual induced absorption in the,CaF
scattered electrons and X rays could interact with it. In thissamples, they were set at the same positions inside the laser
case, another optical scheme was used for measurements.dleamber as in the transient absorption measurements. A
eliminate absorption of probe radiation in the excited argor20-shot train was carried out with the magnetic field on. In
and thus to increase the sensitivity and accuracy of measuréie case where the samples were turned perpendicular to the
ments, the back surface of the sample was coated by electron beams, the total energy fluence was 16 Jcm?
1-um-thick aluminum layer reflecting probe radiation. We The absolute transmittance of Gafincluding Fresnel re-
did not measure any noticeable induced absorption in thélection) measured by spectrophotometer immediately after
Cak; plate, which was set at 17 cm away from the electronirradiation decreased down to 86%. The sample placed 8.5cm
beam boundary either with a magnetic field or without it. away from the electron-beam boundary, and rotated to look
When the sample was set at a half of this distance, a smaéit just scattered electrons, was exposed to a flueneg-of
drop in Cak transparency was detected only with no mag-0.15 Jcm? and had a residual transmittance of 89%. So the
netic field. At typical argon pressure @f = 1.5 atm, the residual optical density was reduced slower than the elec-
relative transient transmittance averaged over 10 shotgon fluence. This showed that, in the latter case, the residual
wasT = 0.92+ 0.06. It decreased slightly at lower argon absorption might be caused by something else in addition to
pressures. electrons, for example, by X-ray irradiation. It should be

Optical densitiegthickness$ of transient induced absorp- noted that absolute transmittance of Gaktput windows
tion A in CaF, samples are compared with specific power of the GARPUN laser, which were 20 cm far away from
densitied of e-beam irradiation in Figure 16. The variety of e-beams boundary and which have suffered several thou-
experimental results obtained in the middle of the laser chamsands shots during last five years, remain continuously at
ber (sample position 10 in Fig. 2bs completed by two the level of 90%.
measurements for sample position 11. Thealues derived

i [ measurements in Figure 15 ac;
fcrg&tr?(l)arltglr? (;rbalir(]qsun:?;i?ggnce of e-beams and %robe Iase8r' ANALYSIS OF LIMITATIONS DUE TO
L o X-RAY-INDUCED ABSORPTION

radiation onto the sample at the angle of. &&pecific power
densitie = ¢/7, wheres is the energy fluence of electrons, The results discussed above give evidence that proper de-
T = 120-ns pulse duration, were found from the data insign of the laser chamber and applied magnetic field allow
Figures 9 and 10. The variety of experimental dots in Fig-one to avoid difficulties with e-beam-induced absorption in
ure 16 could be approximated by a linear dependencéhe output windows. The distance to the windows should be

a'}.Z. Residual induced absorption
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determined by the compromise between losses of laser r& CONCLUSIONS

diation in the unpumped region of a gas due to molecular

fluorine absorption and electron escape onto the windowsExperiments have been performed with the single-pulse
The last can be reduced significantly in a magnetically conlarge-aperture e-beam-pumped GARPUN KrF laser instal-
fined pumping geometry. In addition to fused silica, GaF lation to investigate high-current e-beam transport through
windows might be used successfully due to their resistancaluminum-beryllium foil, its lifetime for multiple e-beam

to fluorine and low nonlinear absorption coefficient. But irradiation, as well as its reaction to protracted fluorine ac-
even in the absence of scattered electrons, there is some riskn. E-beam scattering in the laser chamber in typical pump-
of transparency degradation for both materials due to bremsng conditions with and without a guiding magnetic field
strahlung X-ray radiation that accompanied deceleration ofvas also investigated. E-beam-induced absorption of laser
energetic electrons when they pass through the foil unit andadiation in calcium fluoride optical windows has been mea-
gas in the laser chamber. In accord with experimental pracsured. Both problems are related to the development of du-
tice and existing theoretical representations, different kindsable and efficient repetition-rate KrF laser drivers for inertial
of ionizing radiation are practically identical in modifica- fusion energy.

tion of optical materials, if they act through the electronic The main results obtained during the present investiga-
subsystenfJoneset al., 1989; Lushchik & Lushchik, 1989; tion are as follows.

Williams, 1989. It manifests in accumulating color centers

during relaxation of electron-hole pairs. The resulting in- 1. A large-aperture GARPUN module with 2618 X
duced absorption in optical materials would be determined 100 cm active volume pumped by two-side counter-
only by the aggregate absorbed dose or by the introduced  propagating e-beams and a middle-aperture BER-

specific power. However, an exposure by e-beam with elec- DYCH module with a single-side-pumped active
tron energy=200 keV, energy densitz1 J/cm?, and with volume of 10X 10 X 100 cm were adjusted for
pulse-width of~100 ns(as in our experimentsnay cause e-beam transport and Al-Be foil lifetime investiga-

an additional mechanism for defects formation, such as tions. Both modules used a magnetic field to guide
knocking out atoms or ions from the sites of the lattice. This e-beams with an average electron energy~&00
would give a large concentration of electronic excitations in keV and a current density 6£50 A/cm? from vac-

the near-surface stratum that might cause nonlinear mecha-  uum diodes into laser chamber.

nisms of defect formation, for example, a recombination of 2. A Monte Carlo numerical code has been developed to
two excitons. Itis not clear yet what mechanism was respon- calculate e-beam transport through different foil ma-
sible for induced absorption in present experiments, and terials and distribution of scattered electrons inside the
therefore, X rays and energetic electrons are equivalent in  laser chamber.

regard to induced absorption at the same exposure doses.3. The transparency of 5@m-thick Al-Be foil and
More investigations are needed to answer these questions. 20-um Ti foil has been compared for 300 keV
They should includen situ measurements of induced ab- e-beams using Faraday cups. Both foils demonstrated
sorption at prolonged X-ray irradiation of samples simulta- equal transmittance of 75%, but this was lower than
neously with an action of intensive laser radiation. The latter calculated. The discrepancy was apparently due to
might increase or decrease a rate of absorbing centers pro- the presence of low-energy electrons in the initial

duction in different ionic crystals if compared with only e-beam.

X-ray irradiation(Sergeev, 1995 The data concerningion- 4. No fatal damages and no surface modification due to
izing radiation resistance of fused silica are availdfieh- fluorine etching were observed for Al-Be foils at GAR-
monet al., 1989, but the simultaneous action of laser and PUN and BERDYCH modules after 1000 and 550
ionizing radiation should be investigated as well. e-beam shots. It had significantly higher lifetime than

Accurate measurements of the X-ray yield from the laser Ti foils in the same conditions.
module also should be done. The scaling formula for energy 5. Distribution of scattered electrons has been measured

fluence of X rays incident onto laser windows was derived by calorimeters for the GARPUN laser. It was shown
earlier(Barabano\et al,, 1992: that an applied magnetic field 6f0.1 T significantly
reduced the energy fluence of scattered electrons that
ex = Cyx(ZESW?), (9) affected the transparency of laser windows.
6. A Monte Carlo code, being tested with the GARPUN
where C, is the coefficient proportionalityZ is the nu- laser, has been applied to simulate e-beam scattering

clear charge of atoms in the matter, which decelerates the  in the NRL repetition-rate ELECTRA laser.
e-beam;E_ is laser energyW is the specific pumping 7. Transient absorption in Cawindows induced by fast

power,s is a coefficient weakly dependent & and the electrons being measured in comparison with distribu-
laser geometryusually it has a value of-1.5). This scal- tion of scattered e-beams revealed linear dependence
ing law should be verified experimentally and coefficient between induced optical thickness and specific power
C, should be determined. density of e-beam irradiation. The residual absorption
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was determined by some additional factors, that iSGriGorev, YV. & STEPANOV, AV. (1990. Separating membranes
X-ray irradiation. for exit windows of electron gunsnstrum. Exper. Techni@®3,

8. Optimization of any e-beam-pumped KrF laser mod- 895.
ule should be done in compromise between absorptioflARRIS, D.B., ALLEN, G.R., BERGGREN, R.R., CARTWRIGHT,

in unpumped region and optical windows. D.C., CzucHLEWSKI, S.J., FIGUEIRA, JF., Hanson, D.E.,
HAUER, A., JONES, J.E., KUrNIT, N.A., LELAND, W.T., MACK,

JM., McpoNALD, T.E., McLEOD, J., RoSE, E.A., SOREM, M.,
SuLLIVAN, JA. & WaTT, R.G. (1993. Strengths and weak-

) ) ) nesses of KrF lasers for inertial confinement fusion applica-
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and to J. Sethian from the Naval Research Laboratory for useful 323_330.
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