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FINAL AMPLIFIER DESIGN AND MERCURY

Evan Rose and David Hanson

University of California, Los Ahmos National Laboratory
P. O. Box 1463, Los Alamos, New Mexico 87S45

The final amplKer for the Mercury KrF mimer facility is being designed. The design exercise involves extensive
modeJing to predict amp~er performance. Models of the pulsed-power system, including a Chfld-Langmuir diode with
closure, electron-beam energy deposition, KrF laser kineti=, amplified spontaneous emikon (ASE), and time-dependent
laser extraction in the presence of ASE are presented as a design package. The design exercise indimtes that the energy
objective of Phase I - ltll joules - will be met.

The Mercuq KrF excimer laser facility is part of the national inertiaI confinement f@on (ICF) program. It is the
sumessor to the Aurora facilityl. An overview of the Mercury facility is given in the paper “Mercury KrF ICF Laser/Design
and Goals, presented at this conference.

The Mercury facility is designed to meet a set of parameters related to experiments in support of the lCF program, A
primary objective of Mercury is to provide a highly reliable laser, obtained at minimal cost. Thus the Mercury facility uses
the same building and much of the equipment of Aurora. The fwst and fourth electron-beam pumped ampli!lers from
Aurora will be modilkd to provide two amplifiers for Mercury, Phase I. The final amplilicr will be operated at reduced
stress to improve reliability.

Phase 1 has a goal of 100 jouks in twenty-four XXI-papulses. It will demonstrate reliable operation and achieve critical
system performance parameters. A kilojoule system (Phase 11) is planned tier the successful demonstration of Phase 1,

A upgrade of the fwst amplifier u planned, ThK amplMer has a 12-cm x 12-cm aperture and a l-m length, pumped
single-sided. The diode foil will be moved 5 cm closer to the extracted volume and x guide magnetic field will be applied.
These changes will increase tlhe pumping of the extracted laser volume and provide higher energy pulses to the final
amplifier.

The fourth Aurora amplifier had a 100 .1x l(Wm aperture and a 2.m length, pumped double-sided, This amplifier
produced 1.3 k.1 on target2 (36 out of% bm ., during the Aurora project and produced 10,7 kJ in 650 ns as an unstable
resonator, The aperture wil! be reduced to 3, cm x 40 cm through mcdi!ication of a surplus iaser chamber from one of the
eliminated Aurora amplifiers. The diode em tter height will bc reduced from 1 m to 35 cm, and pumping will bc single.
sided, The pulse-forming lines will be reduce J in length by one quarter, from 10.8 m (640 ns) to 8,0 m (475 ns), Electron
energy will be reduced from 700 kV to 550 kV. These changes WWreduce elcctriul stress and parts count, leading to higher
reliability at minimal cost,

Systcm performance will also be enhanced by reducing the electron drift length in the diode, increasing the
transparency of the foil-support struc[urc (hibachi), and improving the laser-gas optical quality through a gas recirculation
system.

btser modeling was performed over a parameter range, The specific pump power for the first amplifier was derived
from previous cxperimenta! results. Pulsed-power modeling was performed for the modified final amplifier and the rcsuhs
matched with the laser modeling to predict energy delivered to targc!,

Flgurc 1 shows the diode and Iasct regions of the modified final amplifier,
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The circuit model for the final amplifier was modified from an Aurora Lsrgc Aperture Module (LAM) model, which

produced good agrccmcnt with cxpcrimcntal pulsed-power parameters. The model was run with the MicroCAP II program
from Spectrum Software, Modifications from the LAM model include 1) reduction of (hc Icngth of the pulse-forrning Iincs
from 10,8 m 108,0 m, 2) reduction of the cathode area from 2 mz 100,7 mz, 3) rcduc[ion of the A.K gap from 7,5 rm 10
5,0 cm, nnd 4) rc-optimi?atimr of the output-switch closing time, The load was modeled M a Child-Langmuir diode with n
3.cm/ps closure rtilc,



.

The circuit model is shown in figure 2. Diode performance is shown in Figure 3. The effect of diode closure is to
reduce the voltage and increase the current with time. Delivered power, however, is relatively cons:rmt.

Not all of the current produced in the diode arrives at the foil. Diode transport and hibachi losses reduce the current.
40% transmission was measured on the PA ampliier in the Aurora facility. That amp~ler had a 20-cm x 290-cm cathode
emitter with 94% geometric hibachi transparency. 3WZ0transmission was measured on the LAM amplifier, which had a l-m
x 2-m emitter with 8270 geometric transparency. The Mercury final ampliflei4 is expected to perform like the Aurora PA, at
40% transm~lono

The low observed hibachi transmissions are not understood at present. Modeling with the ISIS code predicts
transmtilons close to geometrical with magnetic guide fields and open hibachi structures as was the case for the Aurora
PA. Improved transmission effkiencies maybe possible.

rtrv De-
The spatial power deposition in the laser medium due to the electron beam is calculated using either a one- or three-

dimensional (Cartesian) Monte-Carlo electron scattering mode~. Individual electron trajectories are tracked from the
diode side of the foil, through the laser gas, until electrons are either absorbed by a wall or fall below a few keV. A shielded
Coulomb form of the scattering cross section is used with a shielding angle specified by Moliere’s formula. To specify the
energy Iosi the straggling distribution follows Landau’s theory, with the mean loss rate normakd to Bethe’s formula. If the
gas m~ pressure, foi and inadent electron energy are spetiled, this model relates the specMc pump power at any point in
the ampltier to the current density at the foil.

For the laser dimensions and aspect ratios considered here, it was found from comparisons with the 3-D model that the
1-D model provided adequate accuracy. To control computer cost$ the 1-D model was used exclusively,

Fiie 4 shows the electron-beam energy-deposition profde for 550-kV electrons.

of e-B~ ● We use a Monte-Carlo energy partitioning model due to Kushne# to
relate the specific pump power to the primary ionization and excitation reactions, which ultimately produce the KrF*
molecule. For a specific gas mix and electron density, the model calculates the electron energy distribution function. This
distribution function, when convolved with energy-dependent excitation or ionization cross sections, yields the W-value (the
energy investment in the plasma required to produce a single excitation or ioniution event).

A To compute the ~mall-signal gain, absorptio~ and saturation intensity as a function of gas mk
pressure, and pump power, a time-dependent kinetics mode16 is used. It solves the coupled set of approximately 70 nrm-
linear reaction equations for the 22 molecular species as a function of time. For this exercise, the values of gai~ absorption,
and sat~ratio!~ intensity were taken at approximately 1(XIns into a constant pump pulse.

Figure 5 shows the small-signal gain over a range of specific pump powers,

The 3-D ASE codc7 provides a steedy-state solution to the problem of energy extraction in KrF amplifiers in the
piesencc of amplified spontaneous emission (ASE), An iterative algorithm is used which considers ASE photon transport
throughout the active mzdium, either by direct paths or by diffuse reflection from the side walls, Specular reflection in the
end mirror is also included.

Integration over frequency is performed to account for the non-monochromatic nature of the ASE, A Lorentzian
frequency depende~,ce is assumed for the spontaneous tmd stimulated emission cross sections, In addition to the frequcncy-
dcpendcnt gain coefficient, transport of ASE photons Jwough the medium includes a frequency-independent ahsorp[ion
coefficient. A portion of the coefficient is assumed to saturate in a manner identical to the saturation of the gain coefficient,
Side-wal! reflection is modeled bv returning a fraction of all incident photons to the medium with a Lambcrtian cosine-law
Iirigdai distribution, Wall [Vwall transport is also included,

Kinetics of the medium arc rcprcscntcd via three parameters: the gain coc~cicnt in the absence of ASE or extracting
beam ~, the upper sta[c Iifc [imc us dct crmincd hy spontaneous cmis..ions and quenching collisinnsr”, and the spontmwus
emission I;fc timer .

The 3-D nun,r%cid simulation npplr(mimotcs the active medium by an array ~~fcubical cells, Walls arc approximutccl by
square area clcmcn[s, Inlcgrals over frequency arc via tahlc look up, Typically, the medium is divided into 25(N)CCIISand
iteration is con’. inucd until changes in tivcrmgc ASH cffccls arc Icss thtin IWOpctccnt, Increasing the cdl count Aovc 2.’$W
has Iittlc effect on the rcsul[s,



Fiic 6 shows the ASE over a range of gains. WaU reflectance is assumed to be X% for diode foils and 2% far other
(blackened) surfaces.
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Laser performance was dculatcd using a time-dependent, one-dimensional propagation cude. The right- and left-
moving coherent photon fluxes and the medium gain were considered at approximately 200 discrete points along the
propagation dimension in the two double-pass amptiliers.

For this exercise, a train of 10 pulses (0.2 ns FWHM Gaussian) spaced every 5 ns were propagated through the two
laser amplifiers. The small-signal gain, gain-to-loss ratio, and saturation intensity for each amp~ler ware obtained from the
kinetics model cxmsistent with the gas mx pressure, and pump power.

The ASE flux was treated in an approximate time-dependent. manner by using a quadratic formula to relate the
volume-averaged ASE ilux to the volume-averaged (but time-dependent) gain. This formula was obtained from a least
squares fit to a series of calculations made with the 3-D ASE de, in which the input extracting flux and small-signal gain
were varied. Typically, the volume-averaged ASE flux was less than 0.4 MW cm-2 at the point-design pump rate.

TIM actual output energies reported in this work were obtained by multiplying the energy in the seventh or eighth beam
in the train by 24 (the rmmber of beams in the Mercury Phase I design) and the expected energy transmission factor to
target (0.58).

Figure 7 shows predicted energy to target over a range of diode current densities at 550 kV diode voltage. The case for
a constant, f~ed gain-to-loss ratio of 10 is showq as well as the case for a ratio calculated from the kinetics code. The larger
g@ from the kinetics code leads to higher energies particularly at high pump powers. ASE limits performance. The short-
pulse extraction of the amp~ler prevents effective suppressim of the ASE by the laser beams.

Diode performance is transformed into specific pump power by reference to a set of electron-beam energy-deposition
cu.rws. The average specific pump power over the extracted volume was calculated as a function of electron energy. The
diode voltage and current curves yield the temporally resolved spedc pump power, when current loam to the hihachi ~-e
included.

Predicted pump powers are shown in Figures 8 and 9 for 40$Z0 and 60% hibachi transmission, 40% transmission is
expect~ but 60% curves are presented for rmmparisow to show the effect of arfieving enhanwl hibachi transmission.

The energy extraction curves of Figure 7 wers used to translate the pump~wer Y-axis of Figures 8 and 9 (left side)
into predicted energy on target (right side), F@rc 8 shows the cxpectd energy delivered to target (above 150 J) with ~/a
derived from the kmetiw code. Figure 9 shows delivered energy (above 100 J) for a ~ixed, um.stant g@ u 10, Rapid
saturation of the absorption coefficient a is responsible for the higher energy predictions of F~re 8.

An integrated package of modeling codes has been applied to the design of the final amplifier for ‘Mercury. The
predicted performance of the pulsed-power s~tem is translated into specific pump power through an electron energy
deposition code. A hwer kinetics code translates the pump power into gain, absorption, and saturation intensity. ASE levels
arc predicted for these calculated I?scr parameters and specific Iascr geometry. The time-dependent energy extraction code
predicts energy on target in the presence of ASE.

Given conservative parameters - a demonstrated 4WX hibachi transmission and a fmcd C@ = 10 - this excrcisc
predicts approximately 140 joules on target, which is above the 100-joule goal of Phase 1.
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Spontaneous Emissio~ and Time-dependent Ener Extraction - predict final amplifier performance. Specific

r)pump power is shown as a timction of time cft axis . Energy delivered to ttqet is shown for the
corresponding constant pump-power level. With gain-to- oss determined by the kinetms code and for 4070
hibachi transmission%the delivered energy is in excessof 150 J,
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