! aL11533~2

DO LLICOA L. D107

\/\D 96I ‘E??Q rol/ UoJUTr UlLUJO
BACKGROUND OF THE | NVENTI ON The present invention relates generally t oFfes
pulse power sources and nore particularly, e
provi di ng hi gh voltage pulse power and ener

and ot her pul se ers. 2. WoRE} A
shere, ol w«@fm@w e B

lifeti resm Rt Qe § Ons, magnet i(n}nmmmmﬁnmﬂwts |nW09m5778

conjuncthmmggﬁnsolld state sw tcheg AlRgv_recent | been utlllzed to suppl

pul se Jower because of the reliabilify 4/} ess e Rl P

conpregsion circui ts and solid St@t%ﬁ%%%‘qgs S%gh ma (ﬁiﬁr%g %giib?QUAz

ci rcui t| @lateragtianal Appligation Nomber; )| PETIU D"‘g"‘m Bc.mnn. Y. O T O, 2, czwnxn} ey
D

(22) Internations] Filing Date: 26 January 1996 (26.01.96) DE, DE {Utility model), DK, DK (Utility model), EE, EE
(Utility model), ES, FI, FI (Utility model), GB, GE, HU, IS,

: JP, KE, KOG, KP, KR, KZ, LK, LR, LS, LT, LU, LV, MD

{30) Priority Data: MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO, RU, $D
08/390,706 17 February 1995 (170295) US SE, 1,-SK, SK (Utility model), TJ, ™, TR, TT, UA,

UG, 'UZ, VN, ARIPO patent (KE, LS, MW, 8D, §Z, UG),

Eurasian patent (AZ, BY, KG, KZ, RU, TJ, TM), European

(71) Applicants: CYMER LASER TECHNOLOGIES [US/US]; paient (AT, BE, CH, DE, DK, ES, FR, GB, GR. IE, IT, LU,

16275 Technology Drive, San Diego, CA 92127-1815 (US). MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM,
ADVANCED PULSE POWER TECHNOCLOGIES, INC, GA, OGN, ML, MR, NE, SN, TB, TG). )
[US/USY; 3300 Crismore Lane, Oakley, CA 94561 (US).

(72) Inventors: BIRX, Daniel, L.; 3300 Crismoare Lane, Route-2 | Published
175-D, Oakley, CA 94581 (US). DAS, Palash, P.; 2029 With international search report. .
Paseoc ds Anza, Vista, CA 52084 (US). FOMENKOV, With amended claims. .
Igor, V.; 7831 Camino Glorits, San Diego, CA 92122 (US),

PARTLO, William, N.; Apartment 108, 12055 Alta Carmel
Court, San Diego, CA 92128 (US). WATSON, Tom, A; REPLACED SHEETS SG
4427 sﬂx’m DI'IVG. C&ﬂMC& 92008 (Us). D Descriplion : pﬂged ....... to pnged L

76 Ascats v W, Ir. ot al; Blakely, Sokolof, Claim(s)  :paged.. .. (o paged .33,
gmw &Cmm 7th floor, 12400 Wilshire Boulevard, Los [J Drawing(s) :paged ........ to paged ...
Angeles, CA 90025-1026 (US). ] Abstract : paged ........ to paged

DATE OF RECEIPT

..................
.................

(54) Title: PULSE POWER GENERATING CIRCUIT WITH ENERGY RECOVERY

fﬂ\
78
IBIAS. //\ !m‘
2 Veo 'Lm Ve,
4 T S »ng Lo Ly Le
5 —
.L Lgr
Icu Den 77 c Ca

-_— 3 — -
- » * hd

(57) Abstract

A!nghvnlugepuhepowerymﬁngmm(lﬁ)capabhofpmvﬁhgmgym is disclosed. The energy efficient pulse
genentmgcmmmmamwwmmxamt(qwkpeﬁwmﬂlydmmimoacompmsorcmmt(m)
An energy recovery circuit coupied to the compressor circuit reverses the polatity of the energy dissipated by the pulse power generating
circuit (10) and transfers the waste energy back to the power saurce (12). hamfamdunbo&mﬂzpuinmgcm:gcxmn
(10} of the present invention utifizes ap SCR switch for periodically discharging the charge storing element (C). This embodiment of the
present invention provides puises consismatly and will not provide evenasinglemissedpulse
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stage LC network to provide the power conpression. Various techniques exi st
for increasing the power output of such devices, including the use of :
conplicated pul se generating networks such as that described in U S. Patent
No. 5,138,622 to Friede et al. and the use of nulti-stage magnetic
nodul ators to achieve a high packing factor. These techni ques, however, are
conpl ex and expensive to inplenent and their use provide |long term
unreliability. Specifically, they are energy inefficient and pronote short
| aser component life-tinmes. For exanple, after the | aser discharges, energy
left in the circuits is dissipated in the |aser resulting in reduced
el ectrode life. WO 96/ 25778
PCT/ US96/ 01033 - 2-
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In addition, the cost of. conventional thyratron-based pul se power |asers is
high, while the lifetjnggpf. the thyratron is limted by cathode and anode
erosi.on. The nn§f’serro‘ “ﬂcr‘Uf—Cathode—erosrOﬁ—rs—&—deefease—+ﬂ———~*-~
thyratron swtching eff ¢y. Wth age, high operating voltages are
required_to drive the 't ron, which further- stresses the thyratron,

unti | eVEWR%%FmﬁeplacenE 4:s necessary. Furthernore, arRSEUSSHMOWSHN in
conventional thyratron-§ ’J,pulse powdr | asers severely reduces the
thyratron's high voltage d- off ability. This causes the thyratron to
exhi bit occasi onal -pr.ef Ll .which results in a premature and weak | aser
pul se. In applications: vy Ie thh precision is required, such as the

manuf acture of silicon preflrlng can result in the conplete
rejection and di sposgh { WaTREN expensive
undertaki ng. Accordi ngl'y ey ¢ - Mol ogy to provide an
appar at us and met hod of O ef ficiency of magnetic

1.

The pr ention relates generally to pulse power sources
and more pa » 10 an apparatus and method for providing high
voltage pulse po d energy recovery for use in excimer and other
pulsed lasers.

2.

In applicatig -pulsed lasers are operated for extended
petiods of time, h sed for energy efficiency, long term
reliability and high jurt lifetimes. In these applications,
magnetic compres ts in conjunction with solid state switches
have recently been § o &t
reliability and use
solid state switches.

Such magne . :
stage LC network tipiovidé the power compression. Various
technigues exist for fic -",:_j'g the power output of such devices,
includiﬁg ﬂ'te use of icated pulse generatmg networks such as

These techniques,- '

_ : _ ,are complex and expengive to implement
and their use provid

i term unreliability. Speslfically, they are

energy inefficient as fipte short laser compongnt life-times. For
example, after the la: yges, energy left in the circuits is

dissipated in the las
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conpression circuits which is easy to inplenent, which does not exhibit
prefire behavior and which also m nim zes el ectrode erosion. BRI EF SUMVARY
GF THE | NVENTI ON A hi gh vol tage pul se power generating circuit capable of
provi di ng ene ery is disclosed. The energy efficient puy

generati ng C|HgéP@§§ﬁ%prlses a high voltage charge storing elg éﬁﬁm&ﬂ?éh S
periodically discharged into a conpressor ci¥cuit. An energy recovery
circuit coupled to the conpressor circuit reverses the polarity of energy
recovered fromthe |aser by the pul se power generating circuit and
transfers the what woul d have been waste energy back to the power source.
In a preferred embodi néntadditien,the sestpsfreanventiondstthy @tfdrf-ﬁ&beﬁ isé he

present invention S el ng the
charge storing eI tlt lé‘s"'%sqé‘h%o@ ?,'Ig lifgglﬁ‘% CIfrtie)‘getﬁr’?lj % lﬁt ‘%FXW des
pul ses consi st ent IC?ﬂ}ﬁﬁ’G and anods e’iﬁ‘ﬁm dEhepest éﬁl’!ﬂ%gﬁ éeamés@thoéqlewmn

is a decrease in thyratron switching efficiency. With age, high

‘operating voltages are required to drive the thyratron, which further

stresses the thyratron, until eventual replacement is necessary. -

Furthermore, anode erosion in conventional thyratron-based
puilse power lasers severely reduces the thyratron’s high voltage hold- -
off ability. This causes the thyratron to exhibit occasional prefiring, '
which results in a premature and weak laser pulse. In applications
where high precision is required, such as the manufacture of silicon
wafers, prefiring can result in the complete rejection and disposal of
the silicon wafers, which is an expensive undertaking.

Accordingly, there is a need in the technology to provide an
apparatus and method of increasing the energy efficiency of magnetic
compression circuits which is easy to implement, which does not
exhibit prefire behavior and which also minimizes electrode erosion.

BRIEF SUMMARY OF THE INVENTION

A high voltage pulse power generating circuit capable of
providing energy recovery is disclosed. The energy efficient pulse
power generating circuit comprises a high voltage charge storing
element which is periodically discharged into a compressor circuit. An
energy recovery circuit coupled to the compressor circuit reverses the
polarity of energy recovered from the laser by the pulse power
generating circuit and transfers the what would have been waste
energy back to the power source. In a preferred embodiment, the pulse
power generating circuit of the present invention utilizes an SCR
switch for periodically discharging the charge storing element. This
embodiment of the present invention provides pulses consistently and
will not provide even a single missed pulse.
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BRI EF_DESCRI PTI ON_OF THE DRAWNGS Figure 1 is a schematic di agram of a

preferred enbodi ment of the pulse power generati ng circuit of The present
invention. Figure 2 is a schematic diagram of an alternate enbodi nent of

t he pul se pomer eneratlng circuit of the present invention. Figure 3 is a

gr aphi cal re %tion of the relationshi p between the fl RETASHMI033 and
field strength in a typical saturable core3-nductor. Figures 4A - 4E are
timng diagrans illustrating the energy transfer and recovery cycles in the

pul se power generating circuit of the present invention.

ERIEF DESCRIPTION OF THE DRAWINGS

Figure 1 isa schematic diagram of a preferred embodiment of
the pulse power generating circuit of the present invention.

Figure 2 is a schematic diagram of an alternate embodiment of
the pulse power generating circuit of the present invention.

Figure 3 is a graphical representation of the relationship between
the flux density and field strength in a typical saturable core inductor.

Figures 4A - 4E are timing diagrams illustrating the energy _
transfer and recovery cycles in the pulse power generating circuit of the
present invention.

Figure 5 is a perspective view of a laser system utilizing the
pulse power generating circuit of the present invention.

The present invention relates to a pulse power generating circuit
which is capable of recovering energy that otherwise would be wasted
in a system through a transfer of the dissipated energy back into the
power source of the system.

Figure 1 is a schematic diagram of a preferred embodiment of
the pulse power generating circuit 10 of the present invention. The
pulse power generating circuit 10 comprises a high voltage DC power
supply 12, an energy storage capacitor Cp, an inverting circuit 14, a solid
state switch S and a pulse compressor circuit 16 for compressing the
duration and increasing the voltage of pulses applied. The pulse
power source is coupled to a load 18, typically a pulse discharge load
such as an excimer laser.

Figure 2 is a schematic diagram of an alternate embodiment of
the pulse power generating circuit 10 illustrated in Figure 1. In this
alternate embodiment, a step up transformer 20 is coupled to the



Figure 5 is a perspect

Ive view of a |laser systemutilizing the pul se power

generating circuit of the present invention. DETAILED DESCRI PTI ON OF THE

| NVENTI ON The present

i nvention relates to a pul se power generating circuit

whi ch i s capabl e of

syst em t hr ough Y@

recovering energy that otherw se would be wasted in a
er of the dissipated energy back into tFfeF 33

source of the system Figure 1 is a schematid-di agram of a preferred
enbodi ment of the pul se power generating circuit 10 of the present

i nvention. The pul se power generating circuit 10 conprises a high voltage
DC power supply 12, an energy storage capacitor Cerr], an inverting

circuit 14, a soli utpat 6f thel éoihipressibl circhitl 2 ARBRIAEBVENR thel trnbifdrrdér 301
conpressing the duration araglael ncrgg‘?l nglthe vol t age,. of fouI.Feé %‘?&I ed. The
pul se power source B¢ BEIAGDF CHRIET £ (1€ BOWET BFRERRHNS SITHF ako har ge

| oad such as an exseveral hades (for example, nodes 1, 2, ...n} in the pulse compressor

circuit 16, depending on design requirements. A transformer 20
coupled to the circuit 10 at a node closer to the power supply 12 will
subject downstream components of the pulse compressor circuit 16 to a
higher voltage but lower current than the embodiment of Figure 2, and
of course will effect the design of such components because of the
different impedance and other operating conditions they will be
subjected to. Conversely, a transformer 20 coupled to the circuit 10 at
a node closer to the load 18 will allow use of low voltage but high-
current components supplying the transformer. Further the
transformer itself can be somewhat different, depending on its
placement, as stepping the voltage up to the desired high level before
the final pulse compressor reduces the required peak current
capabilities of the transformer.

In a preferred embodiment, the power supply 12 is a 0-1 K volt
D.C. power supply, with the pulse power supply providing an energy
per pulse of 2 Joules in a pulse width of 100 nanoseconds at
approximately a 1 Khz pulse rate. The D.C. supply 12 is used to charge
capacitor Cg, shown as a single capacitor, though typically comprising a
bank of parallel connected capacitors. For instance, to obtain a 16
microfarad capacitance for capacitor Cg, 160 0.1 microfarad, 1000 volt
capacitors may be connected in parallel.

The switch S may be a silicon controlled rectifier (SCR), an
insulated-gate bipolai’ transistor (IGBT), a metal-oxide semiconductor
field-effect transistor (MOSFET), a MOSFET controlled thyristor (MCT),
or any other suitable switching element as known in the technology.
The pulse power generating circuit 10 preferably comprises a diode Ds
connected in series with the switch S. The inclusion of Ds in the
circuit 10 ensures that the circuit 10 is nonconductive with respect to
reverse current, as will be described in detail in the section below. In
another preferred embodiment, the pulse power source 10 further
comprises an inductor Lg selected in conjunction with C; to provide a



Figure 2 is a schematic diagramof an alternate enbodi nent of the pul se
power generating circuit 10 illustrated in Figure 1. In this alternate

' ; sf orrer—26- | s -cotpted—t+o—the—WO-96/254F8—-
PCT/ US96/ 01033 out put of the conpression circuit 16. Alternatively the
transfornmer 20 may instead be coupled to the power generating circuit at
one of uve/28¥718nodes (for exanple, nodes 1, 2, ...n) |IrnPCHEs961032
conpressor circuit 16, depending on design requirenents. A transforner 20
coupled to the circuit 10 at a node closer to the power supply 12 will
subj ect downstream conponents of the pul se conpressor circuit 16 to a
hi gher vol tage but |ower current than the enbodi nent of Figure 2, and of

course W I 1 RS BhshRPoISRE 40 AmBHGHOR WRARRAY e HRY'BGuslp I°

current flow through the switch S so that the switch may become
completely closed prior to high current flow through the switch. This
substantially reduces power dissipation in the switch, conserving
energy and reducing the heating in the switch and peak current
conduction requirement of the switch to reasonably manageable levels.
However, it provides a current pulse through the switch which is too
low in current and too long in duration to itself provide the intended
output for the pulse power source without pulse compressor, provided
by the rest of the circuit.

In a preferred embodiment, the switch S is a solid state switch
such as an SCR switch. The use of an SCR switch in the puise power
generating circuit 10 of the present invention in a laser offers a distinct
advantage. Specifically, it was found that laser systems utilizing the
pulse power generating circuit 10 with an SCR switch generate pulses
consistently. In fact, the pulse power generating circuit 10 utilizing an
SCR switch does not provide even a single missed pulse throughout
the life of the laser. This is because SCR switches do not suffer from
gradual degradation nor exhibit prefire behavior, as will be discussed in
greater detail in the following sections.

The pulse power source 10 also includes bias inducters Lp; and
Lga2. each of which is connected at one end to a current source, Ipras.
and Igas. respectively, and at the other end, to compressor circuit 16.
As shown in Figure 1, a negative current relative to the desired output
pulse is used to bias the compressor circuit 16, as will be discussed in
greater detail below. The bias current is supplied through inductors of
relatively high inductance to provide relatively high time constants in
the bias circuit relative to the pulse rate of the pulse power source to
isolate the bias current source from the pulse power source itself.
Energy recovery is facilitated in part by inverting circuit 14 which
comprises inductor Lgg and energy recovery diode Dggr.

The compressor circuit 16 comprises banks of capacitors C1, Cp,
-..Can-1 and C;, and one or more saturable core inductors Ly, La,..., Ln1




di'fferent inpedance and other operating conditions they will be subjected
to. Conversely, a transformer—20 coupled to the circuit 10 at a node cl oser
to the load 18 will allow use of |ow voltage but high current conponents
supplying the transformer. Further the transforner itself can be sonewhat
different, depewsissgsT® its placement, as stepping the volt age PGEUSSQIAS
desired high level before the final pulse cospsessor reduces the required
peak current capabilities of. the transforner. In a preferred enbodi nment,
the power supply 12 is a 0-1 Kvolt D.C. power supply, with the pul se power
supply providing an energy per pulse of 2 Joules in a pulse width of 100

nanoseconds ‘at approximafely Al  RYbSE S 3. USed
to charge capaci tor%&?{-ﬁsﬁ%‘%\iﬁggg a sliih %%glgoa‘f)%-?l? ';i %‘x?etlﬁ(li}ré%y%a;%dgﬁl y
conprising a bank otorgdndiiter Lt énennwes een 61 and ez 2jspeqnehsatucable opt ai n

a 16 nicrofarad capasielidBGeof D neascidiectan seried Bétwkeh @3 aricbCay.3dnd 000
volt saturable core inductor Ly.] is connected in series between Cp.1 and Cq.

The circuit of Figure 2 is identical to that of Figure 1 with the
exception of the addition of the step up transformer 20 shown between
the output of the pulse power source and the load 18, for the preferred
embodiment an excimer laser, though the step up transformer may be
inserted in circuit at C; or any of the capacitors between C; and Cy,. The
presence and location of the transformer does not effect the function of
the other components of the pulse power supply, though being an
impedance transforming device (transforming voltages and currents),
the values, current capacities and voltage capabilities of the
components from and including the power supply 12 to the primary of
the transformer will differ substantially from the corresponding
components of Figure 1, even though the same will normally be
chosen to have substantially the same time constants as the
embodiment of Figure 1.

The method of operation of the present invention will now be
discussed. Figure 3 is a graphical representation of the relationship '
between the flux density B and magnetizing force per unit length N%

characteristic of the major hysteresis loop of a saturable core inductor,
where N in the number of inductor coil turns on the core, 1 is the
length of the core and i is the current in the inductor.

In addition, the total flux @ in the saturable core is given by the
equatiorn:

& =BA (1)
where B is the flux density and A is the cross-sectional area of the core.

As also known in the technology, the felationships between the
electromotive force (emf) induced in a coil having N turns, the rate of



capacitors may be connected in parallel. The swtch S may be a silicon
controlled rectifier (SCR), .an insulated-gate_bipolar transistor (1GT), a

met al - oxi de semi conductor field-effect transistor (MOSFET), a MOSFET
controlled thyristor (MCT), or any other suitable switching el enent as

known in the?!b ogy. The pul se power generating circuit Wﬁ{:‘ably
conpri ses a di ode err] connected in serigs with the svm'tcfl{ . e

inclusion of Dlerr] in the circuit 10 ensdfes that the circuit 10 is
nonconductive with respect to reverse current, as will be described in
detail in the section below In another preferred enbodi nent, the pul se
power source 10 further conprises an inductor L[err] selected in

conj uncti on w t heh@hge®f fhovindthezcore alymtoshizh A8 coil is wound and the rate of

PCT/ US96/ 01033 change in current in the coil are:

i di
=N =La @

where L is the inductance of the inductor.
Substituting equations (1) into equation (2}, we have

do d(BA)

N—=
a N g @) .
Thus,
di .. dB
L = = NA — 4)
L:NAE ' {5)
di

Thus, the inductance L of a coil is directly proportional to the
rate of change of B with respect to i.

Thus, with reference to Figure 3, the value of %?— and thus the

inductance when the inductor is operating along the line a-b, the line
¢-d and anywhere along the line c-e of the curve is small, since the

gradient of the curve is slight. However, the value of %? is large along

line b-c and line d-a where the gradient of the curve is steep. Thus,
starting at point a (set by the negative bias current Igjas - see Figures 1
and 2), L is relatively small along line a-b. However, once enough
current passes through the inductor coil in the positive direction to
start to substantially change the magnetization of the core, the
inductance L of the inductor suddenly greatly increases, as shown by

the change of %Iti at point b. The inductance remains large until point
¢ is reached, at which time the inductance returns to a low value,

allowing the current through the inductor to rapidly rise.to point e and
beyond, and to later return to point d, all in accordance with the



-5- time constant for the LC conbination to slightly slow the buildup of
current flow through the switch S so that the switch nmay becone conpletely
closed prior to high current flow through the switch. This substantially
reduces power dissipation in the switch, conserving energy and reduc t he
heating in the Wo%a25778&nd peak current conduction requirenent ‘@ﬁb%ch
to reasonably nanageabl e | evels. However, it 48fovides a current pulse
through the switch which is too lowin current and too long in duration to
itself provide the intended output for the pul se power source w thout pulse
conpressor, provided by the rest of the circuit. In a preferred enmbodi nent,

Lhe swi(eh S TS @ Sobie Shabes A HENCRICBARCATpSERM plint ThiSe of an

SCR switch in the pul's eneratin rcu e present
invention in a | asetﬁcbfqt@#@ 1&36?!& F%tﬂ"egﬁjﬁ 88age. Specifically, it was
found that |aser systens utilizing the :

The method of the present invention provides a bias current

from Ipias. and Ipjass through Lp; and Lg2 to the compression circuit
16 to ensure that the saturation inductors Lj, La,...L.1 are biased to
operate along line c-e of the curve as shown in Figure 3. This ensures
that the current passing through saturable inductors L, Ly,...Ln-1 is
conducted in one direction for energy recovery. It also ensures a large’
time constant for each LC stage of the compression circuit 16 so that
sufficient time is provided for full energy transfer from one capacitor
{e.g., C1) to another (e.g., C2) through the inductor (e.g., L;). Atthe end
of a transfer cycle, the inductors Ly, Ly,...Ln-1 are biased to ensure that
their corresponding inductance is reduced to that at point a in Figure 3,
so that proper biasing of the inductors Ly, Ly,...Ln-1 may be
accomplished during the next pulsing cycle. Specifically, the
inductance of the inductors L3, La,...Ln-1 must increase with the
corresponding increase of positive or uni-directional current in the
inductor, as will be discussed in detail below.

The operation of the pulse power generating circuit 10 will be
described with reference to Figure 3 and the timing diagrams
illustrated in Figures 4A-4E. With the D.C. power supply 12 on prior
to the time tg (when switch S is open), capacitor Cg is charged by the
current supplied by the D. C. power supply 12. When fully charged,
the voltage across capacitor Cg is V¢ (see Figure 4A). At tg, the switch
S closes, and the energy stored in capacitor Cg is transferred to C1 (see
Figure 4B) by action of the LC circuit comprising Lo, Cgand C; witha

LGS 1/2
time constant of approximately (‘(‘:‘ﬁ’ C,} C; becoming nearly fully

charged and the current in inductor Ly reducing substantially but still
remaining positive at time t;. Inductor Lg is included in the circuit to
purposely provide a sufficiently large time constant in this energy
transfer to ensure that S is fully switched before high currents are
encountered, and to limit the maximum current through the switch
for a given energy transfer to a value manageable by a solid state switch



pul se power generating circuit 10 with an SCR switch generate pul ses
consistently. In fact, the-pul se power generating circuit 10 utilizing an
SCR switch does not provide even-a single m i
of the laser. This is because SCR switches do not suffer from gradual
degradation nor exhibit prefire behavior, as will be discussed in greater
detail in th@ogﬁ%b%ydng_sections. The pul se power source 10peramsgdmedsudes
bias inductors'Llerr] and LB2, each of whigh is connected at one end to a
current source, I[err]- and I[err] respectfvely, and at the other end, to
conpressor circuit 16. As shown in Figure 1, a negative current relative to
the desired output pulse is used to bias the conpressor circuit 16, as wll
be discussed in greater detail below -The bias current is supplied through
i nduct ors of r ellxt extending the timelof thedsansfer. phocanssitoeigsiapts tp 4‘1‘??31%‘5‘? e
constants in they
t

i Phi@sh SiviteHiSt arldebaPalciBr Cp bepimsiolchergead ering thiberapsfese pover
source to 1solat %etfge%%ﬁ urr ek SOUNSE Wl O DE rBUHRPRNRE RS
‘negative bias current of point a to the low positive current of point b of
Figure 3, at which point the inductance jumps to a relative high value
to limit the rate of further current increase through L.

At time t;, while the current in inductor Lg is low but still
positive, the saturable core of inductor L, saturates, at which time the
inductance of inductor L jumps to a low value, allowing the current
there through to rise to a very high value to transfer the energy from
capacitor C; to capacitor Cz with a time constant approximately equal to

1/2
[-J-—Ig‘i g 5 ) , where L_ is the inductance of the inductor L; with the
1+C3

core in saturation (line c-e in Figure 3). Note that this time constant
e Y2
may be substantially shorter than the time constant (g%—f%] because
1
L, may be made much less than Lo,

In the manner described above, energy is transferred through
each stage of the compressor circuit 16, if more than one stage is used,
compressing the pulse in time in one or more stages as desired, and if
of low voltage originally, being stepped up in voltage where desired.
When Cp.1 is substantially fully charged and the core of inductor Ln-1
saturates, the energy is coupled through the saturated inductor from
Ca-1 to Cyp, in a short time period pulse, with the voltage across Cy being
applied to the laser 18.

At time tL, the voltage across Cp builds to the level required to
initiate discharge in the laser, and the laser 18 fires. Energy stored in Cp
and still being fed to Cp, through the inductor is delivered to the Jaser
discharge in the compressed time period of the pulse power supply (see
Figure 4E). After discharging, Cy, is driven negative. When this
occurs, Ln.1 is already saturated for current flow from Cq1 to Cn. Thus,
instead of having energy ringing in the laser 18, eroding the electrodes,
the saturated state of L. causes the reverse charge on C, to be
transferred resonantly back into Cn.1 as shown in Figure 4D. This



Eﬁergy recovery is facilitated in part by inverting circuit 14 which
conprises inductor LER and-energy recovery diode Djerr]. The conpressor

circuit 16 conprises banks of capacitors (Jerr], (err], ...Cerr] and
Cerr] and one or nore saturable core inductors L[err], L[err]... Igéoer",%]
WD 96/ 25778  WOS6125778 PCT/ USo /3534010

connected in a | adder network. As shown in Frdure 1, a first saturable core
i nductor L[err] is connected between CJerr] and Cerr], a second saturable
core inductor L[err] may be connected in series between CJerr] and
Cerr],..., and a saturable core inductor L[err] is connected in series

between Cerr] and GhLgifel is IrBnfilishid byohefoftifed fortvard dltw ofkufrent hat of
Figure 1 with the e (;_g ti’:ﬂ.o.f tthe addition of the step up transforner 20
shown bet ween &1 tn-1 _.

When energy is transferred back into Cn.1, Cp-1 is driven
negative with respect to Cp.2. This process repeats back up the L-C
ladder network of the pulse compressor circuit until the energy which
would have been destructively dissipated in the load 18, is transferred
from Cp.1 to Cp.2. This transfer process continues until the energy in
Cp is passed to Cp, as shown in Figure 4A. It should be noted that such
reverse energy transfer is possible only if all saturable inductors Ly, . . .
L1 remain forward conducting to operate along curve c-e of Figure 3,
since the voltage of C,, with respect to Cp.1 (and similarly, Cp.1 with
respect to Cp.2, . . . etc.) must be negative for the energy propagation to
be accomplished. Thus, an important factor in the design of the pulse
power generating circuit 10 is that all the coils of all saturable inductors
L1, L2,...Ln.1 must be forwardly conducting to operate in the proper state
for one way current transfer until waste energy is fully recovered.

When the waste energy is propagated back into Cp, Cp is driven
negative with respect to its initially stored charge, and switch S is
‘opened. The inverting circuit 14, comprising an inductor Lgr and a
solid state diode Dgg coupled to ground reverses this polarity through
resonant free wheeling - a half cycle of ringing of the Lgr-Co circuit as
clamped against reversal of the current in inductor Lgg by diode DR,
with the net result that the energy is recovered by the partial
recharging of capacitor Cp, thereby the energy which otherwise would
have contributed to erosion of the laser electrodes and reducing the
supply requirements of the D.C. power supply.

The pulse power generating circuit of the present invention may
be utilized in lasers which operate on the principle of transverse
discharge. These lasers include systems which discharge at high
pressure, such as CO; lasers, copper vapor lasers and excimer lasers
including KrF excimer lasers. Figure 5 illustrates a laser module 20
which may utilize the pulse power generating circuit 10 (enclosed in
chassis 22) of the present invention as a power source. A typical



the output of the pul se power source and the |oad 18, for the preferred
enbodi nent an exciner |aser, though the step up transforner may be inserted
in cL#su+L—aL—€4—eL—any—eL—Lhe capaettors b

presence and | ocation of the transformer does not effect the functlon of

t he ot her conponents of the pul se power supply, though being an inpedance
transform ngygRyseeg (transformng voltages and currents), tFrnvs9boRS3
current capacities and voltage'capabilitLﬁﬁ of the components from and

i ncluding the power supply 12 to the primary of the transformer will differ
substantially fromthe correspondi ng conponents of Figure 1, even though

the same will nornmally be chosen to have substantially the sane tine
constants as the emomﬂ%ﬁ% Fi gu T nmet hod of operation of the
present inventi EX2TPIE O a&F’sE’t‘} thF' -aU& Iaser m hi cal

representation elarifectufddand seld ity OgineediaséhBedhindlogies) asdigndd ofighe
magneti zi ng for%?esoe%'i lﬂ%ﬁn&gngt h [err]

Several advantages exist through the application of the pulse
power generating circuit of the present invention. First, by using the
pulse power generating circuit, the energy efficiency of a laser system is
increased while electrode erosion from after discharge ringing is
minimized, since the waste energy which would otherwise be left
ringing in the laser 18 is effectively removed from the laser 18. The -
energy reflected by the laser chamber due to impedance mismatch no
longer rings back and forth between the pulse power generating circuit
and the laser chamber since this energy is recovered by the pulse power
generating circuit of the present invention. As described, the pulse
power generating circuit is designed to transmit this reflected energy ail
the way back through the pulse forming network into Co. Upon
recovery of this energy onto Cp, the switch turns off, ensuring that this
captured energy remains in Cp. Thus, regardless of the operating
voltage, gas mixture or chamber condition, the voltage waveform
across the laser electrodes exhibits the behavior of a well-trained
system. This performance is maintained over all laser operating
conditions.

As discussed, after-ringing has been found to have a detrimental
impact on the laser chamber’s electrode lifetime. After the main laser
discharge, current flow between the chamber electrodes becomes
nonuniform and breaks up into localized areas of high current density
called streamers. Elimination of this after-ringing by the solid state
pulse power generating circuit starves the streamers of energy and
reduces the amount of electrode damage caused by these streamers.

Secondly, by incorporating an SCR switch in a preferred
embodiment of the pulse power generating circuit of the present
invention, prefiring in the laser system can be eliminated while
predictability and reliability of the laser system can be increased. This is
because SCR switches, unlike conventional thyratron switches, neither



characteristic of the major hysteresis |oop of a saturable core inductor,
where N in the nunber of inductor coil turns on the core, 1 is the length
of_the core and i is the current in the inductor. In addition, the total

flux [err] in the saturable core is given by the equation: [err] .=

(1) where B is MRRFT® density and A is the cross-sectional a?kﬁ"‘%é’%’g
core. As also known in the technol ogy, the rdi2ati onshi ps between the

el ectronotive force (enf) induced in a coil having N turns, the rate of

WO 96/ 25778 _ PCT/ US96/ 01033
-7- change of flux in the core about which the coil is wound and the rate
of suffer from gradual degradation nor exhibit prefire behavior.

Specifically, the use of SCR switches in pulse power generating circuits
has been demonstrated to last for greater than-30 billion pulses under
typical operating conditions without a single missed pulse or failure of
the pulse power generating circuit. In addition, experimental results in
a prototype of the pulse power generating circuit of the present -
invention has thus far accumulated in excess of 6 billion pulses
without a single failure or missed pulse. It has also been determined
experimentally that the pulse power generating circuit of the present .
invention exhibits the same efficiency at 6 billion pulses as it did at 300
million pulses. ! '

Thirdly, the use of the solid state pulse power generating circuit
of the present invention in a laser has increased the useful chamber
life of the laser by 100%, from 3 billion pulses to 6 billion pulses,
without any degradation in performance.

Finally, three other factors are significant in the reduction of cost
of operation in using a solid state pulse power generating circuit
instead of a thyratron-based pulse power system. The most significant
reduction in cost is a ten-fold increase in the expected lifetime of a laser
system using the pulse power generating circuit of the present
invention. The increase in expected lifetime is from 3 billion pulses
for a thyratron pulse power laser system to 30 billion pulses for a solid
state pulse power laser system. The second factor in overall system cost
reduction is the complete elimination of missed laser pulses and thus
the reduction in wafer level rework. The third factor involves a
reduction in downtime for laser service procedure. A thyratron-based
pulse power circuit used on a typical laser system must go through a 10
minute warm-up period to achieve proper thyratron temperature. The
solid state pulse power generating circuit of the present invention
requires no warm-up time, and thus each laser service procedure can
be shortened by approximately 10 minutes.

Although the invention has been described in terms of a certain
preferred embodiment, other embodiments apparent to those skilled



change in current in the coil are: [err] where L is the inductance of the
i nductor. Substituting equations (1) into equation (2), we have [err] Thus,

[err] ; cra f acorl 1S5 directly proportional to the rate
of change of B with respect to i. Thus, with reference to Figure 3, the
value of [err] and thus the inductance when the inductor issgp@%&;oi‘&g al ong
the line a- WOPHITI® ne c-d and anywhere along the line c-e e curve is
smal |, since the gradient of the curve isl&tight. However, the val ue of
[err] is large along line b-c and line d-a where the gradient of the curve
is steep. Thus, starting at point a (set by the negative bias current
I[err] - see Figures 1

in the art are also within the scope of this invention. Accordingly, the

scope of the invention is intended to be defined only by the claims

which follow.



’ . . .

and 2), L is relatively snall along line a-b. However, once enough current
passes through the inductor coil in the positive direction to start to
substantially change the nagnetization of the core, the inductance L of

i nduct or sudden|
poi nt b. The i Y

remains large until point ¢ is reached, a

t he

reatly increases, as shown by the change of P&ﬁﬁ%%ﬁ$3
ag@m t I'C

time the inductance returns to a | ow val ue, 3t owi ng the current through
the inductor to rapidly rise to point e and beyond, and to later return
point d, all in accordance with the WD 96/ 25778

PCT/ US96/ 01033 vol tage across the inductor.
the inductance is again relatively high. TopalMShod of the p
i nvention provides a bias current

What is claimed is: :

1. A pulse power generating circuit comprising:

a capacitor for storing a charge;

a magnetic pulse compressor circuit;

a switch for periodically applying the charge stored in said
capacitor as an input to said compressor circuit, the compressor.
circuit providing an output pulse in response to the input, said
compressor circuit also resonantly providing a reverse charge;

and

an inverting circuit coupled in parallel with said capacitor
for inverting said reverse charge to obtain an inverted charge,
said inverting circuit also providing said inverted charge to said
capacitor. '

2. The circuit of Claim 1, wherein said magnetic pulse
compressor circuit comprises at least one stage, said at least one stage
comprising a capacitor and a saturable inductor.

3. The circuit of Claim 1, further comprising a linear
inductor, said linear inductor being coupled in series with said switch.

4.  The circuit of Claim 1, further comprising a second
capacitor coupled to said capacitor for storing a charge.

5. The circuit of Claim 1, wherein said inverting circuit
comprises an inductor and a diode connected in series.

6. The circuit of Claim 1, further comprising a power source,
said power source providing said charge to said capacitor.

LT
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Bet ween poi nt @mﬁiﬁminmeﬁced




froml[err]- and I[err] through L[err and L err] t? t he corrpressmn
circuit 16 to ensure that the saturat fﬂ'r] L[err] L[err]

are bi’a'SE'd"rU—O'pm—at—e—a'l'ng-‘ﬁne'c—eo shownun Fgure—3-
This ensures that the current passing t | e inductors L[err],
L[err],...L[err] is conducted in one dlrectlon for energy recovery. It also

ensures a | Q86T constant: for each LC stage of the conpPEEESWAINIBr cui t
16 so that sufficient tine is provided fonsfull energy transfer from one
capacitor (e.g., (err]) to another (e.g., Cerr]) through the inductor
(e.g., L[err]). At the end of a transfer cycle, the inductors L[err],
L[err],...L[err] are bi ased to ensure that their correspondl ng |nduct ance
is reduced to that a poi E ng of the

i nductors L[err], L[te7r r], %eac[“lc{hﬁd% glg\zﬁc)%%r&agmcgggao iiehe next

pul si ng cycl e. ssemrﬁ?s,oa|qlr>¢ultt1ﬁéome deaneadof the | nductors L[err] ,

L[err],...L[err] nmust increase with the correspondi ng i ncrease of positive
or uni-directional current in the inductor, as will be discussed in detail
bel ow. 8. The circuit of Claim 7, wherein said load is a laser.

9. The circuit of Claim 8, wherein said laser is operable on a

transverse discharge.

10.  The circuit of Claim 9, wherein said laser is an excimer -
laser. '

11.  The circuit of Claim 8, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to the output of said magnetic
puise compressor circuit and said secondary winding being coupled to
said load.

12.  The circuit of Claim 1, wherein said magneti . pulse
compressor circuit comprises a plurality of stages, each of said stages
comprising a capacitor and a saturable inductor and an output capacitor
coupled to the last stage of said plurality of stages.

13.  The circuit of Claim 12, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to one of said stages and said
secondary winding being coupled to a next stage.

14. A method of generating pulse power, comprising the
steps of:
storing a charge in a capacitor;
periodically applying the charge stored as an input to a
magnetic pulse compressor circuit;

| mlll |l|ll HIII \l \Ill




ior to the tine t[err] (when
swtch Sis opeq?ox%g tor 4 by the current supplie t he
D. C. power supply ) en fully charged, the voltage across c%}g‘ﬁ 33
Cerr] is V[err] (see Figure 4A). At to, the'%ﬁmtch S closes, and the
energy stored in capacitor CJerr] is transferred to (Jerr] (see Fi gure 4B)
by action of the LC circuit conprising Llerr], C(err] and CJerr] with a

time constant of approximately [err], Cerr] becom ng nearly fully charged
and the current in inductor Lpmwiding educulpglt tks)étbtﬁleihp{xi said

remai ning positive at ti in the.circuit
to purposely provide a s%#%&éﬁ?fé@gr&ﬁé%s#e% rgr#tan §r? Tex e Shares)
transfer to ensure that Sis WEGW%FIWI H@Heﬁéfcbﬁgem}gﬁwcmm&nmd myerse
encountered, and to |Im§hd:§@t@‘&l§tdﬁllihciﬁf1éﬂm cmg@ugh;]the switch for a

given energy transfer to a va}l, xcimnasg%gxlv%rt%ﬁ c%azs'goeltlosalé gzgpeac?t\émrt(:h

The operation of the pul semggp%gt}geg@ﬁ dog circuit 10 will be descri bed
with reference to Figure 3 d| agrans illustrated in Figures
A4A-4E. Wth the D. C povver !N

15.  The method of Claim 14, wherein in said periodically
applying step, said magnetic pulse compressor circuit comprises at least
one stage, said at least one stage comprising a capacitor and a saturable
inductor.

16.  The method of Claim 14, wherein said periodicall-y
applying step is conducted by means of a switch.

17.  The method of Claim 16, further comprising a linear
inductor, said linear inductor being coupled to said switch.

18.  The method of Claim 14, wherein in said storing step, said
capacitor is coupled to a second capacitor.

19.  The method of Claim 14, wherein an inverting circuit is
used in said recovery step, said inverting circuit comprising an
inductor and a diode connected in series.

20. The method of Claim 14, further comprising the step of
providing a power source for providing said charge to said capacitor.

21.  The method of Claim 14, further comprising the step of
providing said output pulse to a load coupled to said magnetic pulse
compressor circuit.

22. The method of Claim 21, wherein said load is a laser.

: ~ AR
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-9- by extendlngthetl Re er As capacitor Co starts to
di scharge through swtc or Clerr] begins to charge during
this transfer, the curre of saturable inductor L[err] rapidly

changes from tﬁ&@ggatlve bias current of point a to the I

current of of Figure 3, at which point the inductance Jurrpsgfo a
relative hi gh value to limt the rate of fUrther current increase through
L[err]. At tine t[err], while the current in inductor L[err] is |ow but
still positive, the saturable core of inductor L[err] saturates, at which
time the inductance of inductor L[err] junps to a | ow value, allow ng the
current there througiB.t o The metliodiof Elainh P Hfuviblen eotprisirgnitiecsteplof ener gy

from providing said output pulse to a transformer, said transformer having
a primary winding and a secondary winding, said primary winding
being coupled to the output of said magnetic pulse compressor circuit
and said secondary winding being coupled to said load.

24. The method of Claim 14, wherein said magnetic pulse
compressor circuit comprises a plurality of stages, each of said stages
comprising a capacitor and a saturable inductor and an output capacutor
in parallel with the last stage of said plurality of stages.

25. The method of Claim 24, further comprising a
transformer, said transformer having a primary winding and a
secondary winding, said primary winding being coupled to one of said
stages and said secondary winding being coupled to a next stage.

26. A high-voltage pulse power laser system, comprising:

a power source for supplying a charge;

a capacitor for storing said charge;

a magnetic pulse compressor circuit;

a solid state switch for periodically applying the charge
stored in said capacitor as an input to said compressor circuit, the
compressor circuit providing an output pulse in response to the
input, said compressor circuit also resonantly providing a
reverse charge;

a laser coupled to said magnetic pulse compressor circuit,
said laser receiving said output puise; and

an inverting circuit coupled in parallel with said capacitor
for inverting said reverse charge to obtain an inverted charge,
said inverting circuit also providing said inverted charge to said
capacitor.

27.  The system of Claim 26, further comprising a pair of
current bias terminals coupled to said magnetic pulse compressor

llllllll Illlll IIIlI I\III Il llll
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capacitor Cferr] to capacms@heeq;grge}ﬂ Whi.bga time constant approximately

equal to [err] , where L[ duct ance of the inductor L[err]
with the core in saturatio
constant may be tia

Figure 3). Note that this tine
an_the ti me constant [err| because
L[err] nmay be na e | ess than L[err] In the manner descri s
energy is transferred through.each stage of tWe conpressor circuit 16, if
nore than one stage is used, ~éonpressing the pulse in time in one or nore
stages as desired, and if of |ow voltage originally, being stepped up in
vol t age where desired. Wien Clerr] is substantially fully charged and the

core of inductor L[afdmt,%mwp&tascufﬂaﬁtemert&xninals%a?k@ﬂd il QB ddfent
saturated inductor fr qé]%%rgrt%sj in a short tine period pulse, with
t he vol tage across f&[ %d to the laser 18. At time tlerr],
the voltage across C[err] builds tothe level requiréd to initiate ,
di scharge in the |aser, d | aser fires. Ener stored in Cn

g A Lﬁle system o}%laim Sg, W eremgzJ gaxd magnetic pulse

compressor circuit comprises at least one stage, said at least one stage
comprising a capacitor and a saturable inductor.

29.  The system of Claim 26, further comprising a linear
inductor, said linear inductor being coupled in series with said switch.

30.  The system of Claim 26, further comprising a second
capacitor coupled to said capacitor for storing a charge.

31.  The system of Claim 26, wherein said inverting circuit
comprises an inductor and a diode connected in series.

32.  The system of Claim 26, further comprising a power
source, said power source providing said charge to said capacitor.

33. The system of Claim 26, wherein said laser is operable on
a transverse discharge.

34. The system of Claim 26, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to the output of said magnetic
pulse compressor circuit and said secondary winding being coupled to
said laser.

35. The system of Claim 26, wherein said magnetic pulse
compressor circuit comprises a plurality of stages, each of said stages
comprising a capacitor and a saturable inductor and an output capacitor
coupled to the last stage of said plurality of stages.

A R



and still being fed to Cerr] through the inductor is delivered to the

I"aser discharge in t hefh laged peri od of the pul se power supply

(see-Eigure 4E) After H er+ i s—drven—negatre—Wren—thts——
o]

occurs, L[err] is alrea r current flowfromdCerr] to (Jerr].
Thus, instead of having energy ringing in the |aser 18, eroding the

el ectrodes, Wwhegsatd/rated state of L[err] causes the rever spCTusss®H03an
Cferr] to be transferred resonantly back ijgto Cferr] as shown in Figure 4D
Thi s WD 96/ 25778 PCT/ US96/ 01033
-10- transfer is acconplished by the continued forward fl ow of current
through L[err]. Wien energy is transferred back into (err], (err] is

driven :
36. The system of Claim 35, further comprising a transformer,

said transformer having a primary winding and a secondary winding,
said primary winding being coupled to one of said stages and said
secondary winding being coupled to a next stage.

37. A high voltage pulse power laser system comprising:

a power source;

a pulse compressor circuit having a solid state switch
coupled to said power source; and

a laser coupled to the output of said pulse compressor '
circuit;

said pulse compressor circuit providing compressed
power to said laser in response to power input from said power
source through the solid state switch, said compressor circuit
also recovering energy not used in said laser and returning the
recovered energy to said power source.

38.  The system of Claim 37, wherein said pulse compressor
circuit comprises at least one stage, said at least one stage comprising 2
capacitor and a saturable inductor.

39. The system of Claim 37 wherein said pulse compressor
circuit further comprises a linear inductor coupled in series with said
switch.

40. The system of Claim 37, further comprising a capacitor
coupled to said power source for storing energy.

41.  The system of Claim 37, wherein said pulse compressor 20
circuit further comprises an inverting circuit, said inverting circuit
comprising an inductor and a diode connected in series.
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negative with respect to (Ie TBLs RRsiREESS repeats back up the L-C

| adder network of the pul s%‘sgﬁgetﬂa ' rcuit until the energy which would
have been destructively di SBWK@EBL |l oad 18, is transferred from
Cerr] to CJerr]. This tran ontinues until the ener '

in
Clerr] is passeWO9%2898rr], as shown in Figure 4A. It should b& P10t
such reverse energy transfer is possible onl Y20&f all saturable inductors

L[err],... L[err] remain forward conducting to operate along curve c-e of
Figure 3, since the voltage of CJerr] with respect to CJerr] (and
simlarly, CJerr] with respect to (Jerr], . . . etc.) nust be negative for

the energy propagation tgp be PeCHmERMH YFIClaind BRSwharein BRakiMis bpefdle bA the
design of the pul se power generating circuit 10is that all the coils of
all saturable i nduc?gﬁ‘?sffrg?’.ﬁs,‘gﬁf%ﬁ?r] ,...L[err] nust be.forwardly
conducting to operate in the proper state for one way current transfer
until waste energy is fully recovered. en the ste energy .is propagated
back into Clerr], Co is 4fiverheaptampf Clpioy 42 cyperein s3d; laser i ap; excpmer
stored charge, and gMbt.ch S is

44. The system of Claim 37, further comprising a transformer,
said transformer having a primary winding and a secondary winding, -
said primary winding being coupled to the output of said pulse
compressor circuit and said secondary winding being coupled to said
laser.

45.  The system of Claim 37, wherein said pulse compressor
circuit comprises a plurality of stages, each of said stages comprising a
capacitor and a saturable inductor and an output capacitor coupled to
the last stage of said plurality of stages.

46.  The system of Claim 45, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to one of said stages and said
secondary winding being coupled to a next stage.

47. A method of recovering energy in a laser system,
comprising the steps of:

periodically applying a charge as an input to a pulse
compressor circuit;

providing an output pulse to said laser system in response
to the input, said compressor circuit also resonantly providing a
reverse charge;

recovering said reverse charge by inverting said reverse
charge to obtain an inverted charge; and

providing said inverted charge in a next output pulse.

R, 0



qgrising an i nductor LER and a solid
aced . .
ﬁreqprses this polarity through

opened. The inverting_cjrcui 4, ci

state diode D err] colp elt_t %
resonant free wheeling m l of ringing of the L[err]-Cerr]

circuit as clanped agai f the current in inductor LER by diode
DER, with tgﬁb&iﬁf*ESU|t that the energy is recovered by t bid
rechar.ging of capacitor Cerr], thereby the energy which otherw se would
have contributed to erosion.of the | aser “€l"ectrodes and reduci ng the supply
requi renents of the D.C. power supply. The pul se power generating circuit
of the present invention may be utilized in | asers which operate on the
principle of transverse di scharge. These | asers include systens which

di scharge at high pr4&surEhe metiocof Chiier 47, wheneirsin saig pmriodigadly | asers and
exci nmer | asers Léﬁﬁ |

modul e 20 whi ch % E&%F!gﬁ‘f?ﬂ%éﬁ?@%&mﬁi%&é lab Wesalsf aﬁgs a | aser

! e e power generating circuit 10 (encl osed
in chassis 22) %ﬁag?'r?é“i)?b@moq '%@W&gm@@m@a%f&%i cal

inductor.

49. The method of Claim 47, wherein said periodically
applying step is applied by means of a solid state switch.

_ 50. The method of Claim 49, further comprising a linear
inductor, said linear inductor being coupled to said switch.

51. The method of Claim 47, further comprising the step of
storing said charge in a capacitor prior to said periodically applying
step.

52. The method of Claim 47, wherein an inverting circuit is
used in said recovery step, said inverting circuit comprising an
inductor and a diode connected in series.

53.  The method of Claim 47, further comprising the step of
providing a power source for providing said charge.

54. The method of Claim 47, further comprising the step of
providing said output pulse to a transformer, said transformer having
a primary winding and a secondary winding, said primary winding
being coupled to the output of said pulse compressor circuit and said
secondary winding being coupled to said load.

55. The method of Claim 47, wherein said pulse compressor
circuit comprises a plurality of stages, each of said stages comprising a
capacitor and a saturable inductor and an output capacitor in parallel
with the last stage of said plurality of stages.
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WD 96/ 25778 This Sheet Has Bee PCT/ US96/ 01033
-11- exanple of such a |as *HPL- 100 | aser nodul e manuf act ur ed
and sold by Cyner Laser Tea I’ i gnee of the present invention.
Several advant L5t t i cation of the pul se MR,
generating ci rWhe present invention. FEirst, by using the pu gl%mss
power generating circuit, the energy effici eh%%? of a |laser systemis

i ncreased while electrode ergsion fromafter discharge ringing is

m ni m zed, since the waste energy which would otherwi se be left ringing in

the laser 18 is effectively renoved fromthe | aser 18. The energy reflected
by the | aser chanber due56.0 |Thenethed of Shaitre B5,rfarther comprising a

transformer, said transformer having a primary winding and a
secondary winding, said primary winding beihg coupled to one of said
stages and said secondary winding being coupled to a next stage. '

57. A high voltage pulse power laser system comprising;

a power source;

a pulse compressor circuit having a solid state switch
coupled to said power source; and -

a pulse discharge laser coupled to the output of said pulse
compressor circuit; -

said pulse compressor circuit consistently providing
compressed power to said laser without missed pulses in
response to power input from said power source through the
solid state switch.

58. The system of Claim 57, wherein said compressor circuit
also recovers energy not used in said laser and returns the recovered
energy to said power source.

59.  The system of Claim 57, wherein said laser is a transverse
discharge laser.

60. The system of Claim 57, wherein said laser is an excimer
laser.

61.  The system of Claim 60, wherein said laser is a KrF
excimer laser.

62. The system of Claim 57, wherein said pulse compression
circuit comprises at least one stage, said at least one stage comprising a
capacitor and a saturable inductor.

Ll



| onger rings back and fq&th_be ween the ulse power generating circuit and
the | aser chanber since Gt covered by the pul se power

generating circult of theﬂ tlon "As descri bed, the pulse power
generating circuit is des i mt this reflect-ed energy all the
way back through the pul se fornlng network into Co. Upon recovery of this
energy onto g@?fnsthe swtch turns off, ensuring that thi 5§¥WP&H
energy remains in Cerr]. Thus, regardlessxbf t he operating voltage, gas

m xture or chanber condition, the voltage waveform across the |aser

el ectrodes exhibits the behavior of a wel | -trai ned system This perfornance
i s maintained over all |aser operating conditions. As discussed,

after-ringing has beegs,f ourk éyatdin\of GaiR5y] WhiBkddh sh@a&lge%n{a}@s sig@ser

hanb | ectrad f I t fl
charber = el st e, Lol i o ] Ao SHEERFTGE)

| ocal i zed ar eas eHpahitghand assturablerisdugtor and an output capacitor coupled to
the last stage of said plurality of stages.

64.  The system of Claim 57, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to one of said stages and said
secondary winding being coupled to a next stage.

R AN



a@kj- i ngi ng by the solid state
F streaners of energy and reduces

called streamers. Elininat ™% Hag1#8én Rdpt

pul se power generating circ

t he amount of el ectrode da hese streanmers. Secondly, by

i ncorporating a %a itch in a preferred enbodi ment of the pulsg.Qouer
generating ci rc&f‘? 0 .)t/*ne pr esent invention,gﬁrefi ring in the Iu%ser systs?em

can be elimnated while predietability and réftability of the |aser system
can be increased. This is because SCR swi tches, unlike conventional
thyratron swi tches, neither WD 96/ 25778 ' _

PCT/ US96/ 01033 -12- suffer from gradual degradation nor exhibit prefire
behavior. Specifically, the use of SCR swm b&!ﬂﬁ” se power generating

circuits {received by the International Bureau on 15 July 1996 (15.07.96);
original claxms_ 1,5,14,19,26,31,37,41,47,52 and 57 amended:
remaining claims unchanged (10 pages)]

1. A pulse power generating circuit comprising: h

a capacitor for storing a charge;

a magnetic pulse compressor circuit;

a switch coupled at one end to said capacitor and another.
end to said magnetic pulse compressor circuit, for periodically
applying the charge stored in said capacitor as an input to said
compressor circuit, the compressor circuit providing an output
pulse in response to the input, said compressor circuit also
resonantly providing a reverse charge that is reflected from a
load coupled to said compressor circuit; and

an inverting circuit coupled in parallel with said capacitor
for storing and inverting said reverse charge to obtain an
inverted charge, said inverting circuit also providing said
inverted charge to said capacitor through said switch during a
next pulse.

2. The circuit of Claim 1, wherein said magnetic pulse
compressor circuit comprises at least one stage, said at least one stage
comprising a capacitor and a saturable inductor.

3. The circuit of Claim 1, further comprising a linear
inductor, said linear inductor being coupled in series with said switch.

4. The circuit of Claim 1, further comprising a second
capacitor coupled to said capacitor for storing a charge.

5. The circuit of Claim 1, wherein said inverting circuit
comprises an inductor.

]!llllj 0 00 A

AMENDED SHEET (ARTICLE 19)



has been denpbnstrated to |ast for greater than 30 billion pul ses under

typi cal

oper ati ng condifki§
t he puT‘ge—pra'r—gErre‘at

prot otype of the pul se

g circuit of the present invention

has thus far accunulated in excess of 6 billion pulses without a single
failure or WR8HTHulI se. It has al so been deternined experi RERUSIFRIOP ot
t he pul se power generating circuit of the present invention exhibits the
sanme efficiency at 6 billion pulses as-2b-did at 300 nmillion pulses.

Thirdly,
pr esent

the use of the solid state pul se power generating circuit of the
invention in a | aser has increased the useful chanmber |life of the

| aser by 100% from 3 byld Ipafﬁau{g&rmeyeo Bl § Sonls! AL, anY

degradation in _perfornance. | na

are signi‘ficant

t he reducti onsa¢ Roxeer wr@pmoa'fqhas spid charge teisajd|cpaditont e pul se power
generating circuit

7. The circuit of Claim 1, wherein said magnetic pulse
compressor circuit is coupled to a load.

8. The circuit of Claim 7, wherein said load is a laser.
9. The circuit of Claim 8, wherein said laser is operable on a

transverse discharge.

10.  The circuit of Claim 9, wherein said laser is an excimer
laser.

11.  The circuit of Claim 8, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to the output of said magnetic
pulse compressor circuit and said secohdary winding being coupled to
said load.

12.  The circuit of Claim 1, wherein said magnetic pulse
compressor circuit comprises a plurality of stages, each of said stages
comprising a capacitor and a saturable inductor and an output capacitor
coupled to the last stage of said plurality of stages.

13.  The circuit of Claim 12, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary windin.: being coupled to one of said stages and said
secondary winding : :ng coupled to & next stage.

14. A method of generating pulse power, comprising the

steps of:
storing a charge in a capacitor;

R R U
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instead of a t hyr at r on- based pul se power ;ﬁstem The nost significant

reduction in cost is a tedb °Ph t he expected lifetinme of a

| aser system using the puI S ting circuit of the present

invention. The igg ime is from3 billion a
RiasEnledt

thyratron pul se power aser systemto 30 billion pulses for a so

pul se power |aser system The second factor é n overall system cost
reduction is the conplete elimnation of m ssed | aser pul ses and thus the
reduction in wafer level rewrk. The third factor involves a reduction in
downtinme for |aser service procedure. A thyratron-based pul se power circuit
used on a typical |aser syspa‘iodimﬂly@plyimgahghhargb&tmdmanvmpmwwerl od

to achi eve proper thyrlq‘rt? Eﬁggrég ﬁfsoI lld state pul se power
t pre ent1o

generating circuit of N nreqlires no warmup tinme, and
thus each |aser service prdOUIHBE @BPHBUL RYlsedRESRANSE D th inpite F3id1 0
m nutes. Although the ¢ompressarmcikadt dlee pestmantly pedviding arePergé chagry t ai n

that is reflected from a load coupled to said magnetic pulse
compressor circuit; -
recovering said reverse charge by inverting said reverse
charge to obtain an inverted charge; and
providing said inverted charge to said capacitor during a
next pulse.

15.  The method of Claim 14, wherein in said periodically
applying step, said magnetic pulse compressor circuit comprises at least
one stage, said at least one stage comprising a capacitor and a saturable
inductor.

16.  The method of Claim 14, wherein said periodically
applying step is conducted by means of a switch.

17.  The method of Claim 16, further comprising a linear
inductor, said linear inductor being coupled to said switch.

18.  The method of Claim 14, wherein in said storing step, said
capacitor is coupled to a second capacitor. '

19.  The method of Claim 14, wherein an inverting circuit is
used in said recovery step, said inverting circuit comprising an
inductor.

20. The method of Claim 14, further comprising the step of
providing a power source for providing said charge to said capacitor.
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preferred enbodi nent, other enbodimentsapparent to those skilled WO

96/ 25778 P@ﬁiﬁ%ﬁ&@&ﬁk Redghe art are also within the scope of
t hi s TTvermtTom—Accor d| of- t heT™nventiTomr s tended—tobe
defined only by the cl a W,’E 14 Cains 1. A pul se power
generating circuit conprisi C|tor for storing a charge;

WO 96/25778 PCT/US96/010633

27~

21.  The method of Claim 14, further comprising the step of
providing said output pulse to a load coupled to said magnetic pulse
compressor circuit.

22. The method of Claim 21, wherein said load is a laser.

23.  The method of Claim 22, further comprising the step of
providing said output pulse to a transformer, said transformer having
a primary winding and a secondary winding, said primary winding
being coupled to the output of said magnetic pulse compressor circuit.
and said secondary winding being coupled to said load.

24. The method of Claim 14, wherein said magnetic pulse
compressor circuit comprises a plurality of stages, each of said stages
comprising a capacitor and a saturable inductor and an output capacitor

~ in parallel with the last stage of said plurality of stages.

.25.  The method of Claim 24, further comprising a
transformer, said transformer having a primary winding and a
secondary winding, said primary winding being coupled to one of said
stages and said secondary winding being coupled to a next stage.

26. A high-voltage pulse power laser system, comprising:

a power source for supplying a charge;

a capacitor for storing said charge;

a magnetic pulse compressor circuit;

a solid state switch coupled at one end to said capacitor
and at a second end to said magnetic pulse compression circuit,
for periodically applying the charge stored in said capacitor as an
input to said compressor circuit, the compressor circuit
providing an output pulse in response to the input, said
compressor circuit also resonantly providing a reverse charge
that is reflected from a load coupled to said magnetic pulse
compressor circuit;

R O O A
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a nagnetlc pul se conpressog, CérC b|a5|ng circuit to encourage sai d
nmagneti c pul se conpressor Ci ®verse saturation; a switch

coupl ed at one end 'to sai d E}"ﬂm nother end to said magnetic pul se
conpressor ci rcw& per |ng t he charge stor edl;(’:l?(l ﬂ’:*
capacitor as an I np % sald conpressor circuit, the conpresso Peure
provi ding an output pulse in response to the |nput, sai d conpressor circuit
al so mai ntaining forward conduction in sai-@8eonpressor circuit while

resonantly providing a reverse charge that is reflected froma |oad coupl ed
to said conpressor circuit; and an inverting circuit coupled in parallel

with said capacitor for stqr}am- coplddweddid miagrtid pudseedoiRpeBsirderdu®, Obt ai n

an inverted charge, rovi ding said i nverfed
charge to said capaci to?jd #&%ﬁhﬂgﬁéé&gﬁqtgﬁ{éﬁk?h ‘%a next pulse. 2. The
circuit of Claima1l, wherei gngavertinggizquitcgpled mm?@éw saidoapecitor

conprises at |east on fg éﬂﬁmgsﬂidhrﬁierﬂlﬂgﬁildqfé&eﬁsbmrg@lmbtﬁhﬁ& a capacitor
and a saturabl e induct.or " &I Jcuit of. Cltallm 11'0 grther conpri si ng
a linear inductor, sallﬂvﬂ?u%ﬁﬁ)argﬁﬂiﬂ} JPVerEing firctit also provi

inverted charge to said capacitor through said switch.

27.  The system of Claim 26, further comprising a pair of
current bias terminals coupled to said magnetic pulse compressor
- circuit, said pair of current bias terminals for providing a bias current
to said compressor circuit.

28.  The system of Claim 26, wherein said magnetic pulse
compressor circuit comprises at least one stage, said at least one stage
comprising a capacitor and a saturable inductor.

29.  The system of Claim 26, further comprising a linear
inductor, said linear inductor being coupled in series with said switch.

30. The system of Claim 26, further comprising a second
capacitor coupled to said capacitor for storing a charge.

31. The system of Claim 26, wherein said inverting circuit
comprises an inductor.

32.  The system of Claim 26, further comprising a power
source, said power source providing said charge to said capacitor.

33.  The system of Claim 26, wherein said laser is operable on
a transverse discharge.

34. The system of Claim 26, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
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coupled in series with said switch. 47 The circuit of daim1, further
conprising a second CapiBShdeias BeudMesisted O Ssai d capacitor for storing a

conprises an inductor. uit of Claim1, further conprising a

char ge——5: Fhe—ct rcuHI I wher ei n ~sat-d—HAverti-Rg—e-eui-t
power source, said powe ding said charge to said capacitor.

15 7. Théovepe2sam of C aim-1, wherein said nmagneti c pul spcrrosgsegsssor
circuit is coupled to a | oad: 8. The circuit of daim7, wherein said
load is a | aser. 9. The circuit of Cpgim8, wherein said |aser is
operabl e on a transverse discharge. 10. The circuit of daim9, wherein

said |laser is an exciner |aser.
said primary winding being coupled to the output of said magnetic
pulse compressor circuit and said secondary winding being coupled to
said laser.

35.  The system of Claim 26, wherein said magnetic pulse
compressor circuit comprises a plurality of stages, each of said stages
comprising a capacitor and a saturable inductor and an output capacitor
coupled to the last stage of said plurality of stages.

36.  The system of Claim 35, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to one of said stages and said
secondary winding being coupled to a next stage.

37. A high voltage pulse power laser system comprising:

a pOwer source;

a pulse compressor circuit having a solid state switch
coupled to said power source; and

-a laser coupled to the output of said pulse compressor
circuit;

said pulse compressor circuit providing compressed
power to said laser in response to power input from said power
source through the solid state switch, said compressor circuit
also recovering energy not used in said laser by reversing the
unused energy and returning the recovered energy to said power
source.

38.  The system of Claim 37, wherein said pulse compressor
circuit comprises at least one stage, said at least one stage comprising a
capacitor and a saturable inductor.

39.  The system of Claim 37 wherein said pulse compressor
circuit further comprises a linear inductor coupled in series with said
switch.

S | 1T
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11. The circuit of d a| m 8 N1 %I’Re@{iw@rl sing a transforner, said

transforner having a pri i a secondary w ndi ng, sald primary
wi,ndi ng being coupled to t ald magneti c pul se conpressor
circuit and said secondary coupled to said Ioad

circuit of O amgl® 255 er ei n sald nagnetlc pul se conpressor ci rey

conprises a plural | ty of stages, each of said stages conprising a capacitor
and a saturabl e inductor and .an output cap&adf-tor coupled to the | ast stage
of said plurality of stages. 13. The circuit of Claim12, further
conprising a transforner, said transfornmer having a primary w ndi ng and a

setczlonde(rjy Wi ndijng, Sfiiib prim s‘t&:ﬂ(iliﬂmam'tm,gﬁﬁﬂié?katﬂxﬁrﬁ zcgllicﬁfaaﬁﬁirdt ﬁt Sgefs
and sai d secondary_ w,n next stage met hod o
generating pul se %‘BW&? gﬂgrﬁm Jé g’{é’g"s’“}ﬁe“?ﬁ&u ng a charge in a

capacitor; biasing a magnetic puI se corrpressor to encourage said magnetic .

pul se conpressor circuit tqoward reverse sat | on; per| adical ly applgl ng
the charge stored as &t i npthe s¥stemiod éﬁ’é‘h sepressor 2

circuit further comprises an mvertmg cxrcuit, said inverting circuit
comprising an inductor.

42.  The system of Claim 37, wherein said laser is operable on
a transverse discharge.

43.  The system of Claim 42, wherein said laser is an excimer
laser.

44, The system of Claim 37, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to the output of said pulse
compressor circuit and said secondary winding being coupled to said
laser.

45. The system of Claim 37, wherein said pulse compressor
circuit comprises a plurality of stages, each of said stages comprising a
capacitor and a saturable inductor and an output capacitor coupled to
the last stage of said plurality of stages.

46.  The system of Claim 45, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to one of said stages and said
secondary winding being coupled to a next stage.

47. A method of recovering energy in a laser system,
comprising the steps of:
periodically applying a charge as an input to a pulse
compressor circuit;
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circuit; providing an output pulse in response to the input, said
conpressor circuit al sr M@Bg&@ﬂﬁj{mrd conduction in said conpressor

ci r curt—white Tesomant reversecharge that is reflrecte rom
a load coupled to said WM
said reverse charge by

conpressor circuit; 16 recovering

reverse charge to obtain an inverted
charge; andWOQ®®8WBng said i nverted charge to said capaci t ACHERPE3H next
pul se. 15. The nethod of G-aim 14, wherein in said periodically applying
step, said nagnetic pul se conpressor ci+#3duit conprises at |east on stage,
said at | east one stage conprising a capacitor and a saturable inductor.
16. The nmethod of Claim 14, wherein said periodically applying step is

conduct ed by providing an output pulse to said laser system in response
to the input, said compressor circuit also resonantly providing a
reverse charge that is reflected by said laser system;
recovering said reverse charge by inverting said reverse
charge to obtain an inverted charge; and
providing said inverted charge as part of the input to said
compressor circuit in a next output pulse.

48.  The method of Claim 47, wherein in said periodically
applying step, said pulse compressor circuit comprises at least one
stage, said at least one stage comprising a capacitor and a saturable
inductor.

49. The method of Claim 47, wherein said periodically
applying step is applied by means of a solid state switch.

50. The method of Claim 49, further comprising a linear
inductor, said linear inductor being coupled to said switch.

51. The method of Claim 47, further comprising the step of
storing said charge in a capacﬁor prior to said periodically applying
step.

52. The method of Claim 47, wherein an inverting circuit is
used in said recovery step, said inverting circuit comprising an
inductor. '

53.  The method of Claim 47, further comprising the step of
providing a power source for providing said charge.

54. The method of Claim 47, further comprising the step of
providing said output pulse to a transformer, said transformer having
a primary winding and a secondary winding, said primary winding

_ ' R
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rreans of a switch. 17. The e Iar 16, further conprising a

| i near inductor, said |i near coupl ed to said switch. 18.
The Imaglhod of Claim 14, vvheJ I:(;rl ng step, said capacitor is
coupled to a segon acit thod of Caim 14, Wik
inverting ci rcu&éz”o"l?g ed in sai d recovery step, said inverting ci rﬁgﬁ/ﬁﬂss

conprising an inductor. 20. The net hod of aim 14, further conprising
the step of providing a power source for proViding said charge to said
capaci tor. 21. The met hod .of- Cl aim 14, further conprising the step of
provi ding said output pul se to a |l oad coupled to said magnetic pul se
conpressor circuit b cou d tﬁ&hb@dtpﬂtciﬂmidrpﬁlhe cmbg:resnr giztuit koddalds a

| aser. 23. The neth i ng the step of
provi di ng said out grg%ﬁ(}&ﬂn%lgé%%‘lﬁs#%’ner sal %r ansfornmer having a

primary wi nding and a secondary w nd| ng, said pri mary wi ndi ng bei ng coupl ed

to the output of i d '
put ot sal maS%rjet I'I%epm of Claim® rrgijxl Said p%lse compressor

circuit comprises a plurality of stages, each of said stages comprising a
capacitor and a saturable inductor and an output capacitor in parallel
“with the last stage of said plurality of stages.

56. The method of Claim 55, further comprising a
transformer, said transformer having a primary winding and a .
secondary winding, said primary winding being coupled to one of said
stages and said secondary winding being coupled to a next stage.

57. A high voltage pulse power laser system comprising;

a power source;

a capacitor for storing a charge;

a pulse compressor circuit having a solid state switch
coupled to said power source; and

a pulse discharge laser coupled to the output of said puise
compressor circuit; _

an inverting circuit coupled in paralle]l with said capacitor
for storing and inverting a reverse charge that is reflected by said
puise discharge laser;

said pulse compressor circuit consistently providing
compressed power to said laser without missed pulses in
response to power input from said power source through the
solid state switch.

58. The system of Claim 57, wherein said compressor circuit
also recovers energy not used in said laser and returns the recovered
energy to said power source.

59.  The system of Claim 57, wherein said laser is a transverse
discharge laser.
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sai d secondary w ndi ng bei ng coupl ed to said | oad. 17 24. The net hod

saturabl e i nduct or an citor in parallel with the | ast stage

of said stages : The nethod of Claim?2
conpr|5|négﬁgk$é sf orne said transfornmer having a pr|n§F§ mﬁﬁglng and a
secondary wi ndi ng, sald prlnary mnndlng bei ng coupl ed to one of said stages
and said secondary w ndi ng bei ng coupl™ d"to a next stage. 26. A

hi gh-vol t age pul se power |aser system conprising: a power source for
supplying a charge; a capacitor for storing said charge; a magnetic pul se
conpressor circuitgd, The system of Claim 57, wherein said laser is an excimer

laser.

of _Claim14, wherei nTIB%ﬁhdet | se conpressor _circuit conprises a
plurality of stages, $ % ﬂm ages conprising a capacitor and a
a

61.  The system of Claim 60, wherein said laser is a KrF
excimer laser.

62.  The system of Claim 57, wherein said pulse compression
circuit comprises at least one stage, said at least one stage comprising a
capacitor and a saturable inductor.

63. The system of Claim 57, wherein said pulse compression
circuit comprises a plurality of stages, each of said stages comprising a
capacitor and a saturable inductor and an output capacitor coupled to
the last stage of said plurality of stages.

64. The system of Claim 57, further comprising a transformer,
said transformer having a primary winding and a secondary winding,
said primary winding being coupled to one of said stages and said
secondary winding being coupled to a next stage.

AT
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a biasing circuit to encourage said nmmanetic_pul se conpressor circuit |
toward reverse saturation; a solid state switch coupled at one end to sai d

capacitor and at a second end to said nagnetic pulse conpression circuit,
for periodiggleky¥srappr! Yi ng the: charge stored in said capaci pirnRssdbss nput
to said conpressor circuit, the conpressor circuit providing an output -
pul se in response to the |nput, sai d cgapressor circuit al so maintaining
forward conduction in said conpressor circuit while resonantly providing a
reverse charge that is reflected froma | oad coupled to said magnetic pul se
conpressor circuit; a laser coupled to said nmagnetic pul se conpressor
circuit, said |aser receiving said output pulse; and an inverting circuit
coupled in parallel with said capacitor for storing and inverting said
reverse charge to obtain an inverted charge, said inverting circuit also
providing said inverted charge to said capacitor through said switch. 27.

The system of Claim 26, further conprising a ir curr®nt bias terninals
coupl ed to said nmagnetic pul se conpressor cirggit id pgm™of current
bias termnals for proi ding & bias = I
2 - b -
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current to-saikd eerpresser—ei I Cui-t— 18 28 The system of J aim 26,

wherei-n said magnetic pul se conpressor circuit conprises at |east on stage,
said at | east one stage conprising a capacitor and a saturable inductor.
29. The syoassmstis Cl ai m 26, further conprising a linear igeygdogioiossal d

| i near inductor being coupled in series with said switch. 30. The system
of .Claim 26, further conprising a seco%}q capacitor coupled to said
capacitor for storing a charge. 31. he system of Cl aim 26, wherein said

inverting circuit conprises an inductor. 32. The system of C ai m 26,
further conprising a power source, said power source providing said charge
to said capacitor. 33. The system of Claim 26, wherein said |aser is

operabl e on a transverse di scharge.
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34.

The system of C ai m 26, ,

further conprising a transforner,

sai d

t ranstormer

system of &
conprises a plurality of stages,

conprising a transforner,
secondary w ndi ng,
stages and sai d secondary w ndi ng being coupled to a next stage.

hi gh vol tage pul se power |aser system conprising: a power source;

having a primary w nding and a secondary w ndi ng,
wi ,ndi ng bei ng coupled to the output of said nagnetic pul se conpressor
circuit and said secondary w nding being coupled to said

wherein said nmagnetic pul se conpressor

ASfibeogd

sald primry

The

each of said stages conprising a capacitor
and a saturabl e inductor and an out pud/&apacitor coupled to the |ast stage
of said plurality of stages.

36.

The system of O ai m 35,
said transforner having a primary wi nding and a
said primary w ndi ng being coupled to one end of said

further

37. A
a pul se

conpressor circuit having a solid state switch coupl €d to said power

sour ce;
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19 a biasing circuit to encourage said pul se conpressor circuit toward

reverse saturation; and a lFaser coupled to the output of said pul se
cenpressor circuit; said pulse conpressor circuit providing conpressed
power to sabggbgﬁﬁg in response to power input fromsaid Pe™ b&e
through the solid state switch, said conpressor circuit al SO mal ntarl ning
forward conduction in said conpressor circuit while recovering energy not
used in said | aser by reversing the uéilsed energy and returning the
recovered energy to said power source. 38. The system of C ai m 37,
wherein said pul se conpressor circuit conprises at |east one stage, said at
| east one stage conprising a capacitor and a saturable inductor. 39. The
system of Claim 37 wherein said pul se conpressor circuit further conprises
a linear inductor coupled in series with said switch. 40. The system of
Claim 37, further conprising a capacitor coupled to said power source
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4 4L11533-2. Tres
f.or steging energy. 41. The system of C aim 37, wherein said pul se
conpressor 20*circuit further conprises an inverting circuit, said
i.-nverting circuit conprising an inductor. 42. The systemof Caim37, .
wherein said | aser is operable on a transverse ¢rseharge—43.._The system
of Caim42, wherein said |laser in an a#ciner | ngr;’:\’-"-'-’-Zl%(-_'gih?fi-’?N@ Sy BEm ofsi:
Caim37, further conprising a transforner, sail transferereriedhavi.ng:aan~d.....
primary wi nding and a secondary w nding, said p i%ar’y??'v(/is'hdi:r;g;_.;jbfeimgcc_-.czqmed

to the oulapns of said pul se conpressor circuit prid sakigecqnded y. whndchg, |
bei ng coupled to said |aser. 45. The system of J aime37, :whgsei.n t§et1“gcj
pul se conpressor circuit conprises a plurality pf stages, each of said
stages thnpri &ipaise posepgehictating airtuibcamprisigd| e | HQDQTErO?FE@E@ﬁ[ﬂULEZ_HE/;

capaci t '

br coupled to the [ast stage of said pluratit StHages-
zP capacitor for stonngacharge(‘:;] P 7 7

a magnetic pulse compressor circuit;

a biasing circuit to encourage said magnetic pulse compressor circuit toward reverse
saturation;

a switch coupled at one end to said capacitor and another end to said magnetic pulse
compressor circuit, for periodically applying the charge stored in said capacitor as an input to
N said compressor circuit, the compressor circuit providing an output pulse in response to the
input, said compressor circuit also maintaining forward conduction in said compressor circuit
while resonantly providing a reverse charge that is reflected from a load coupled to said
compressor circuit; and

an inverting circuit coupled in parallel with said capacitor for storing and inverting

said reverse charge to obtain an inverted charge, said inverting circuit also providing said

inverted charge to said capacitor through said switch during a next pulse.

2. The circuit of Claim 1, wherein said magnetic pulse compressor circuit comprises at

least on stage, said at least one stage comprising a capacitor and a saturable inductor.

v 3 The circuit of Claim 1, further comprising a linear inductor, said linear inductor being

coupled in series with said switch.

4. The circuit of Claim 1, further comprising a second capacitor coupled to said

capacitor for storing a charge.

5. The circuit of Claim 1, wherein said inverting circuit comprises an inductor.
6. The circuit of Claim 1, further comprising a power source, said power source

providing said charge to said capacitor.
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46. ° The systemof Caim45, further conprising a transforner, said
transfornmer having a primary wi nding and a secondary wi nding, said primary
wi ndi ng being coupled to one of said stages and said secondary w ndi ng

bei ng coupled to a next stage. 47. A nmet hod of recovering energy in a

| aser system conprising the steps of:i%iasing to encourage a pul se
conpressor circuit toward reverse saturation; periodically applying a
charge as an input to said pul se conpressor circuit; providing an output
pul se t d-sai dheairevit of/€lagmi| wherespaitsmagretic ipelse ngupressmcdcmbmmoapbdlto a
circuit alsso maintaining forward conduction in said conpressor circuit

whi | e ré (Sihantly providing a reverse charge that is reflected by said | aser
system recovering said reverse charge by inverting said reverse charge to
obtain an inverted charge; _and providing said inverted charge as part of
the inp&t told Slcﬁc%lbﬁ%@géfégrwh‘f—rp’é’tﬁa% d load & adaser- out put pul se. 48.  The

nmet hod of Claim47, wherein in said periodically applying step, said pul se
conpressor circuit conprises at |east one stage, said at |east one stage
conpri s9ng aThapixcuit of Claim 8, wherein said laser is operable on a transverse discharge.

10.  The circuit of Claim 9, wherein said laser is an excimer laser.

o 11.  The circuit of Claim 8, further comprising a transformer, said transformer having a
primary winding and a secondary winding, said primary winding being coupled to the output
of said magnetic pulse compressor circuit and said secondary winding being coupled to said
load.

12.  The circuit of Claim 1, wherein said magnetic pulse compressor circuit comprises a
plurality of stages, each of said stages comprising a capacitor and a saturable inductor and an

output capacitor coupled to the last stage of said plurality of stages.

13.  The circuit of Claim 12, further comprising a transformer, said transformer having a
primary winding and a secondary winding, said primary winding being coupled to one of said
N stages and said secondary winding being coupled to a next stage.

14. A method of generating pulse power, comprising the steps of:

storing a charge in a capacitor;

biasing a magnetic pulse compressor to encourage said magnetic pulse compressor
circuit toward reverse saturation;

periodically applying the charge stored as an input to said magnetic pulse compressor
circuit;

providing an output pulse in response to the input, said compressor circuit also

maintaining forward conduction in said compressor circuit while resonantly providing a

reverse charge that is reflected from a load coupled to said magnetic pulse compressor circuit;
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and a saturabl e-i nductor. 49. The nethod of C aim47, wherein said
periodical ly applying step is applied by neans of a solid state switch. 50.
-The nethod of Caim49, further conprising a linear inductor, said |inear

i nductor being coupled to said switch. 51. The net hod of C aim 47,
further conprising the step of storingésaid charge in a capacitor prior to
said periodically applying step. 52. The nmethod of Claim47, wherein an
inverting circuit is used in said recovery step, said inverting circuit
conprilsi ng &RCaveHng said reverse gharge by invErtingnseidwedersé ch@rgd tmobfin b idvested
conpriq%ggﬁfgﬁlstep of providing a power source for providing said charge.

providing said inverted charge to said capacitor during a next pulse.

15.  The method of Claim 14, wherein in said periodically applying step, said magnetic
pulse compressor circuit comprises at least on stage, said at least one stage comprising a

capacitor and a saturable inductor.

16.  The method of Claim 14, wherein said periodically applying step is conducted by

means of a switch.

17.  The method of claim 16, further comprising a linear inductor, said linear inductor

being coupled to said switch.

18.  The method of Claim 14, wherein in said storing step, said capacitor is coupled to a

second capacitor.

19.  The method of Claim 14, wherein an inverting circuit is used in said recovery step,

said inverting circuit comprising an inductor.

N~ 20.  The method of Claim 14, further comprising the step of providing a power source for
providing said charge to said capacitor.

21.  The method of Claim 14, further comprising the step of providing said output pulse to

a load coupled to said magnetic pulse compressor circuit.

22.  The method of Claim 21, wherein said load is a laser.

23.  The method of Claim 22, further comprising the step of providing said output pulse to
a transformer, said transformer having a primary winding and a secondary winding, said

primary winding being coupled to the output of said magnetic pulse compressor circuit and

said secondary winding being coupled to said load.
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54.  The nethod-of O aim 47, further conprising the step of providing said
output pulse to a transforner, said transformer having a primry w nding
and a secondary wi nding, said-primary w nding being coupled to the output
of the said pulse conpressor circuit and said secondary w nding being
coupled to said | oad. 55. The net hod1®df C aim47, wherein said conpressor
circuit conprises a plurality of stages, each of said stages conprising a
capacitor and a saturable inductor and an output capacitor in parallel wth
the | ast stage of said plurality of stages. 56. The net hod of C ai m 55,

further jgonprsiNgh sald transformer having .a prinmary wnding
and a sggonqm W n%? ‘%@Q@g?‘%%ﬁ?@%@gmfﬁﬁpggﬁ HPRGEPT SEFutFogaises 2 sai d
st ages @hﬁalstal iof ls@gwmt&rqflsaiﬂmﬁgegcc?ﬂngcm@hei_ Gitbrla@d @ si@¥bleSthai@or aﬁgdan A
hi gh vol t ul.se .powe aser systemconprising: a power source, _
capaci t8}1%?%?%??%%1&@&@1@@@@?%%"Efﬁ%%@f%&ﬁﬂ@él%bﬁf%age%ui t having a solid
state switch coupled to said power source; a biasing circuit to encourage

said pul se conpressor circuit toward reverse saturation;
25.  The method of Claim 24, further comprising a transformer, said transformer having a

primary winding and a secondary winding, said primary winding being coupled to one of said
stages and said secondary winding being coupled to a next stage.

! 26. A high-voltage pulse power laser system, comprising:

a power source for supplying a charge;

a capacitor for storing said charge;

a magnetic pulse compressor circuit;

a biasing circuit to encourage said magnetic pulse compressor circuit toward reverse

saturation;

a solid state switch coupled at one end to said capacitor and at a second end to said :
magnetic pulse compression circuit, for periodically applying the charge stored in said
capacitor as an input to said compressor circuit, the compressor circuit providing an output
pulse in response to the input, said compressor circuit also maintaining forward conduction in
said compressor circuit while resonantly providing a reverse charge that is reflected from a
s load coupled to said magnetic pulse compressor circuit;

a laser coupled to said magnetic pulse compressor circuit, said laser receiving said
output pulse; and

an inverting circuit coupled in parallel with said capacitor for storing and inverting
said reverse charge to obtain an inverted charge, said inverting circuit also providing said
inverted charge to said capacitor through said switch.

27.  The system of Claim 26, further comprising a pair of current bias terminals coupled to
said magnetic pulse compressor circuit, said pair of current bias terminals for providing a bias

current to said compressor circuit.
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and a pulse\dﬁscharge | aser coupled to the output of said pulse conpressor
circuit; an inverting circuit coupled in parallel with said capacitor for
storing, while said pulse conpressor circuit maintains forward conduction
in said conpressor circuit, and inverting a reverse charge that is
reflected by said pul se discharge |aserng said pul se conpressor circuit
consistently providing conpressed power to said | aser without m ssed pul ses

in respopse to power input from said power source through the solid state
swit ch. S@%@féﬁh@ﬁ 26 vehenein paidwragnetinpilss conyregsoes st @iniidks al SO

recover : : | i .. and returns the recovered energy to
sai d po%ﬁgg%}rﬁgﬁ]’. aid Sé%sﬂsc&eiﬁgg r‘flé@g‘%‘f‘%ﬁfaﬁa"&)’é% aspturglie indugtogai d | aser
is a transverse discharge | aser.

29.  The system of Claim 26, further comprising a linear inductor, said linear inductor

being coupled in series with said switch.

30.  The system of Claim 26, further comprising a second capacitor coupled to said
capacitor for storing a charge.

- 31. The system of Claim 26, wherein said inverting circuit comprises an inductor.

32.  The system of Claim 26, further comprising a power source, said power source

providing said charge to said capacitor.
33.  The system of Claim 26, wherein said laser is operable on a transverse discharge.

34.  The system of Claim 26,, further comprising a transformer, said transformer having a
primary winding and a secondary winding, said primary winding being coupled to the output
of said magnetic pulse compressor circuit and said secondary winding being coupled to said

laser.

35.  The system of Claim 26, wherein said magnetic pulse compressor circuit comprises a
plurality of stages, each of said stages comprising a capacitor and a saturable inductor and an
output capacitor coupled to the last stage of said plurality of stages.

36.  The system of Claim 35, further comprising a transformer, said transformer having a
primary winding and a secondary winding, said primary winding being coupled to one end of
said stages and said secondary winding being coupled to a next stage.

37. A high voltage pulse power laser system comprising:
a power source;

a pulse compressor circuit having a solid state switch coupled to said power source;
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60.  The system.of Caim57, wherein said |aser is an exciner |aser. 61.
The system of "Cl ai m 60, wherein said |laser is a KrF exciner |aser. 62.

The system of C aim57, wherein said pul se conpression circuit conprises at
| east onhe stage, said at |east one stage conprising a capacitor and a

sat urabl e i nductor. 63. The system ofi9Cl ai m 57, wherein said pul se
conpression circuit conprises a plurality of stages, each of said stages
conprising a capacitor and a saturable inductor and an output capacitor
coupl ed] t o t heebipsing cistuiite eoforgagecbajsl prlse dompressostingi sowhd reversEhmtigytidrem of
Claimb5y, further conprising a transforner, said transformer having a
primary g\% ndi ng and a secondary w nding, said primary w ndi ng bei ng coupl ed
to one pf saiflasdragesied@itrths siputETanTRile cdnijRésRe LAY coupl ed to a next

st age. WO 96/ 25778

PCT/ US9b/ 01033id pidse compressor circuit providing compressed power to said laser in response to
power input from said power source through the solid state switch, said compressor circuit
also maintaining forward conduction in said compressor circuit while recovering energy not

used in said laser by reversing the unused energy and returning the recovered energy to said

power source.

- 38.  The system of Claim 37, wherein said pulse compressor circuit comprises at least one

stage, said at least one stage comprising a capacitor and a saturable inductor.

39.  The system of Claim 37 wherein said pulse compressor circuit further comprises a

linear inductor coupled in series with said switch.

40.  The system of Claim 37, further comprising a capacitor coupled to said power source

for storing energy.

41.  The system of Claim 37, wherein said pulse compressor 20 circuit further comprises

an inverting circuit, said inverting circuit comprising an inductor.
42.  The system of Claim 37, wherein said laser is operable on a transverse discharge.
43,  The system of Claim 42, wherein said laser in an excimer laser.

44.  The system of Claim 37, further comprising a transformer, said transformer having a
primary winding and a secondary winding, said primary winding being coupled to the output

of said pulse compressor circuit and said secondary winding being coupled to said laser.

45.  The system of Claim 37, wherein said pulse compressor circuit comprises a plurality
of stages, each of said stages comprising a capacitor and a saturable inductor and an output

capacitor coupled to the last stage of said plurality of stages.
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63. _ The system of Claim57, wherein said pul se conpression circuit
conprises a plurality of stages, each of said stages conprising a capacitor
and-a saturabl e inductor and an output capacitor coupled to the | ast stage
of said plurality of stages. 64. The system of O aim57, further
conprising a transforner, said transf@&0mer having a primary w nding and a
secondary wi nding, said primary w ndi ng being coupled to one of said stages
and said secondary wi ndi ng being coupled to a next stage.

46. The system of Claim 45, further comprising a transformer, said transformer having a
primary winding and a secondary winding, said primary winding being coupled to one of said

stages and said secondary winding being coupled to a next stage.

47. A method of recovering energy in a laser system, comprising the steps of:
biasing to encourage épulse compressor circuit toward reverse saturation;
periodically applying a charge as an input to said pulse compressor circuit;
providing an output pulse to said laser system in response to the input, said
A compressor circuit also maintaining forward conduction in said compressor circuit while
resonantly providing a reverse charge that is reflected by said laser system;
recovering said reverse charge by inverting said reverse charge to obtain an inverted
charge; and

providing said inverted charge as part of the input to said compressor circuit in a next

output pulse.

48.  The method of Claim 47, wherein in said periodically applying step, said pulse
compressor circuit comprises at least one stage, said at least one stage comprising a capacitor

and a saturable inductor.

\~ 49,  The method of Claim 47, wherein said periodically applying step is applied by means

of a solid state switch.

50.  The method of Claim 49, further comprising a linear inductor, said linear inductor

being coupled to said switch.

51.  The method of Claim 47, further comprising the step of storing said charge in a
capacitor prior to said periodically applying step.

52.  The method of Claim 47, wherein an inverting circuit is used in said recovery step,

said inverting circuit comprising an inductor.
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53.  The method of Claim 47, further comprising the step of providing a power source for
providing said charge.

54.  The method of Claim 47, further comprising the step of providing said output pulse to
a transformer, said transformer having a primary winding and a secondary winding, said -
primary winding being coupled to the output of the said pulse compressor circuit and said
secondary winding being coupled to said load.

55.  The method of Claim 47, wherein said compressor circuit comprises a plurality of
stages, each of said stages comprising a capacitor and a saturable inductor and an output

capacitor in parallel with the last stage of said plurality of stages.

56.  The method of Claim 55, further comprising a transformer, said transformer having a
primary winding and a secondary winding, said primary winding being coupled to one of said
stages and said secondary winding being coupled to a next stage.

57.  Ahigh voltage pulse power laser system comprising:

a power source;

a capacitor for storing a charge; _

a pulse compressor circuit having a solid state switch coupled to said power source;

a biasing circuit to encourage said pulse compressor circuit toward reverse saturation;
and

a pulse discharge laser coupled to the output of said pulse compressor circuit;

an inverting circuit coupled in parallel with said capacitor for storing, while said pulse
compressor circuit maintains forward conduction in said compressor circuit, and inverting a
reverse charge that is reflected by said pulse discharge laser;

said pulse compressor circuit consistently providing compressed power to said laser
without missed pulses in response to power input from said power source through the solid

state switch.

58.  The system of Claim 57, wherein said compressor circuit also recovers energy not

used in said laser and returns the recovered energy to said power source.
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59.

60.

61.

62.
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The system of Claim 57, wherein said laser is a transverse discharge laser.

The system of Claim 57, wherein said laser is an excimer laser.

The system of Claim 60, wherein said laser is a KrF excimer laser.

The system of Claim 57, wherein said pulse compression circuit comprises at least

one stage, said at least one stage comprising a capacitor and a saturable inductor.

63.

The system of Claim 57, wherein said pulse compression circuit comprises a plurality

of stages, each of said stages comprising a capacitor and a saturable inductor and an output
capacitor coupled to the last stage of said plurality of stages.

64.

The system of Claim 57, further comprising a transformer, said transformer having a

primary winding and a secondary winding, said primary winding being coupled to one of said
stages and said secondary winding being coupled to a next stage.
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