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ABSTRACT, A parametric optimization IIlcthod is proposcd to obtain the average vallles for the
nonmeasurablc qualltitics of in<lllctancc and rcsistancc in thC' la.<.;C'rgas dischargc and in the spark
gap of a r\2 Ia."cr excited with a lllulIIIC'ill circuit. The applicatioll of this method r('quire onl)" the
knowledge of the \'oltage wa\'c form apl)('arillg OH the Ia."f'r f'lectrodes and can he applied to an)'
laser exdted with a lllurnlein drcllit.

RESUME!\'. En este trabajo se propone el uso de un método de optimización paramétrica para
determinar los valores promedio de la.'>in<illctancia y resistencia 110 lineales de la descarga láser y
tIel interruptor de chispa en un láser ele Nz excitado COIl1111 circuito lllumleill. La. aplicación de
este método requiere sólo del conocimiento de la forma de olida del voltaje entre los electrodos de
láser y puede ser aplicado a cualquier Iá.ser excitado COIl 1111 circuito tipo lllumlein,

PACS: 42.55

l. INTHODUCTION

In recent years elforts have heen made to explain t he <'1ectrical b"havior of t he circuits
used to excite N2 lasers [1-8], becanse they control the laser emission. The kllo\\'ledge of
the electrieal hehavior of the these ('ircnils is also important becanse they are \\'idely used
to excite Il1allY other la~('rs like excimers. CO2• Xc. etc. For many years \'oltagp measure-
ments have lH'en reported, \\'1"'H' tI", high voltage prolH' Tektronix PGOl5 alld ('apacitative
dividers are wide1y llsed [4,5,7,9], I3('cause in 11105tN2 iase[ configuratioIls flat capacitors
and conductor are llsed f.o minilllize inc1uctanrcs, good ClllTeJlt IIH'aSUrCIIH'llts arl' achicvcd
with linear coils [8]. It has lll'ell sho\\'lI, \\'hell the spark gap alld the laser head in a ;'\2
laser are reprcs('lIted by a cOllstaJlt. resistance and a COllstant illdurtallc(' ('oIllH'cted in
series, that tlle difft'rcntial equatioll of aH voltages é\nd ('UlTl'llts in the circuit is the samc.
bnt with diff"rellt initial cOllditioI!s [2]. lt has lll'l'll shO\\'Il also thal the solntioll of this
differential rql1atioll is given hy tile l"llprrpositioll of two 1I1l<ierdampt'd oscil1ations \\'ith
different amplitudes, damping paralll('tprs, freqlH'Ilcips and phases !2]. So, tlH' st udy of 0111y

011Coí thc mcasuH'd voltagcs 01' CUlTPllts in the laspr shollld be enongh lo ('vaiuate tll(~
amplitudes, dalllping paramet.ers, fn'<plPllcies alld phast's of t.he solutioll of its equivalellt
circuit and to give t}¡r ('orrespolldillg average resist anc(' ami indnC'tance of t he spark gap
"'"r1 t h"" 1,,""•..••.
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FIGURE 1. (a) Schematic diagram of the Blumleill circuito (b) Experimentally obtained laser
voltage V(t) and radiation emissioll at 60 hPa N, and H.V. = 8 kV.

2. TIIEORETICAL CONSIDERATIOI'S

Figure la shows a schematic diagram of the nlumlein circuito The circuit is composed of
a spark gap (S.G.) as a fast switch, the laser head and two capacitors. When high voltage
is applied, both capacitors are equally charged until the breakdown voltage acrass S.G.
is reached. At this potential, the S.G. /ires and C2 begins to discharge thraugh S.G. As
capacitor C2 discharges, a very fast rising high voltage di!ference appears acrass the laser
head until the laser breakdown voltage is reached and the discharge takes place. Figure
lb shows the voltages and radiation emission waveforms appearing in the system. The
mechanical constrnction of the laser is reported elsewhere [~.

The voltages VC¡ and VC2 were measured with two equal high voltages probes (Tek-
tronix P6015, rise-time < 4.5 ns) combined with a 300 MHz bandwidth oscilloscope (Tek-
tronix 2440). The voltage in the laser head (Fig. lb) is the voltage di!ference VC¡ - VC2,
which was automatically given by the oscilloscope and is the average of 16 discharges.
Stable operation of the laser was achieved at voltages ranging from 6 to 12 kV, pressures
between 60 amI 130 hPa and frequencies up to 20 IIz. The pulse-to-pulse f!uctuations of
the laser head voltage \Vere less than 5%.

To analyze the circuit, each discharge taking place in the circuit is simulated by an
inductance ami a resistance connected in series (see Fig. 2). R¡ and £¡ stand for the
inductance ami resistan ce associated \Vith the laser head loop, respectively, ami R2 and £2
stand for the analogous parameters of the laser loop. The di!ferential equation governing
the performance of the voltages after the breakdown of the laser head is given by the
relation [4]

(1)
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where

V(t) = VC, (t) - VC,(t),

1 1 1 Rz R¡I<z - -- + -- + -- + --
- LZC2 L¡C2 L¡C¡ L2 L¡'

I<3= R2 _1_ + R2 _1_ + R¡_l_,
L2 L¡C¡ L2 L¡C2 L¡ L2C2

1
I<4 = ----

L¡L2C¡C2

(2)

(3)

The solution of Eq. (1) when R1, R2, L¡, L2 are considered to be constants is obtained
in Ref. [7]:

V(t) = Ae-O¡' cos(W¡t) + Be-o" COS(W2t + 1»,

where

O'¡ = HI<¡ + ve:;-),
0'2 = HJ{I - ve:;-),

w¡ = (Cl{ + VCB _ J{¡ veA
V 2 2 4 2 '

w2 = ¡_Cl{ _ VCB + J{¡ veA
V 2 2 4 2 '

and

CA = J{f - 4J{2 + 4X"

CB = X; - 4J{4,

where X, is a real root of the cubic equation

(4)

(5)

(6)

(7)



IOENTIFICATION OF TIIE ELECTIlICAL PARAMETERS OF A DLUMLEIN CIRCUIT, ,. 825

FIGURE 2. Equivalent circuito

3. PAIIA~IETIIIC IDEI'TIFICATION

Thc paramctric idcntification is accomplishcd through a comparison of thc valucs in the
rcal process and the theoretical mode!. To do that is neccssary to consider n experimental
voltagc \'alucs \1;(t;) for i = 1, 2",., n, satisfying Eg. (4), so we can writc

(9)

To simplify lhe mathematical description, we make the following substitutions:

In this way, Eg. (9) bccomes

Aa; + Db; cos(c; + 1» = \1;

or

filA, D,1» - Vi = O,

for i = 1. 2 ..... n. where

JitA, D, 1» = Aa; + Db; COS(Ci + 1»,

So. we are looking fOI"A. n. 1> val "e, lo salisfy

Vi E {I, 2 .... , n}, j;(A, n, 1» - V; = O.

(10)

(1 1)

( 12)

( 13)

( 14)
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Actually we can onJy obtain approximate vaJues for these parameters. So, Eq. (14) should
be written as

f;(A, D, <p) - Vi = fi, (15 )

where fi is an approximation error.
In this way the parametric identification problem becomes an optimization problem,

where we require the A, D, <P values for which f; has a minimum, in accordance with the
established optimization indexo We choose in this case the index

n

J = ¿U;(A, D,<p) - Vi)2,
i=l

so that the probJem is reduced to the minimization of

n

min ¿Ui(A, D, <p)- Vi)2.
A,B,,p

i=l

(16)

(17)

To use Eq. (17) we need the values of R¡, R2, L¡, L2, C¡, C2. The last ones are established
by design, but R¡, R2, L1, L2 are the non-measurable, non linear resistance ami inductance
of the Jaser and spark gap, respectiveJy. Here we consider them as constants. So, we are
looking for the values of R¡, R2, L1, L2 and A, B, <P,for which

I/i E {l,2, ... ,n},f;(R¡,R2,L¡,L2,A,B,<p) - Vi = O,

where

and

C
RL _ "RLt.i - ""'2 t.

Herc ofL, afL, wfn, w!jL are valucs dcpcnding OH RI1 R21 £1, L2-
In this way, Eq. (16) becomes

n

J = ¿Ui(R¡, R2, L¡, L2, A, B, <p)- Vi)2
i=l

(18)

(1 a)

(20)

(21 )
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And so, the determination of aH parameters is redueed to tbe problem of obtaining

(22)

4. PROPOSED ALGOHITII~I

Tbe foHo\Ving methods are among the most commonly used in parametrie identifieation:
eyclical ehange of tbe parameter values or eoordinate deseent method or Gauss-Seidel
method; fastest gradient method; faslest start melhod; shot or Ne\Vlon-Raphson method;
stoehastie ehange of the parameter values.

\Ve have used an algoritlun hased on tbe Gauss-Seidel method [1O,IIJ, \Vhieh eousists
of ehanging tbe value of only one parameter, holding the other ones as constants, until
the minimal value of the optimization index for this parameter is obtained. The ehanges
in the para meter values are earried out using an inereasing or deereasing eonstant. AH
the other parameters are treated similarly until a first eycle is eompleted. A seeond or
more cycles cauId be done, always with smallcr incrcasillg DI' decreasing constallt. uutil
the inereasing or decH'asing constant is 10\Verthan a miuima! predetermined value. This
minimal predetermi" •.d constant giws Ihe accmaey of the calculated values. Appeudix A
sho\Vs the algorithm used.

The algorithm \Vas \Vritten in FORTRAN aud a PC48GDX2 (GG Mllz) \Vas used. The
SOl11tioll took frolll a fpw minutes to a maxilllal 30 miuutrs lo obtaill, depending OIl
the initial ,'alues of the declared parameters. To obtain a graphical representation of
the \'Oltage \Ve ha,'e us<'d an additional FORTRA" program and the lIarvard Graphies
soft\\"arc.

5. R ESULTS A:"D CO:"CLUSIO:"S

From the experillH'utal voltage (see Fig. lb) \Vechose Iü values for ealeulation (see Table !).
After pro('Pssing \vith \~, t.i, fOf i, 2, ... 1 lG, \Ve obtained thc parameters values ShOWIl in
Table 11. FinaHy, Fig. 3 sho\Vs the voltage hehavior ohtaiued \Vitb Ihe parameters from
Table 11 and Eq. (9). \Vhen the laser discharge is a glo\V discbarge (the first pulse in
Fig. 1h and Fig. 3), a comparison het",een Fig. 3 and Fig. 1b sbo\Vs a good fit taking
¡nto cOllsidcratioll that a linear mathematical lIIodcl \Vas tlscd to siIlllllate a nonlincar
process. 1t is \Vorthy to note that \Vhen the experimental voltage rises from zero (t = O)
lO its maximum value, in the laser head does not !l0\V any current at aH, but only in the
100Jl formed by C2• L2 and R2. The breakdo\Vn in the laser head takes place \Vhen the
voltage H'achcs its m<lximulI1 valuc. Frolll tltis time alld OH tlle process can be reprcscntcd
by Ihe l'quivalent "ireuit of Fig. 2. !lere, \v" have considl'red the eqnivalent circuit of
Fig. 2 ~larlillg £1'011I tillle t = O. After laser ellli~sion thc lascr disehargc changcs iuto an
are dischargc. ehanging the inductauce and rcsistance drastically. Brcause this discharge
period of lillle is not illtcresting for Jaser elllission it has lIot bern analyzrd.
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TABLEI. Data from the experimental valtage curve, for Cl = C2 = 3 uF.

Paint number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Time [ns]

O
5.48
10.95
16.425
22.67
23.44
24.21
28.45
31.92
35.38
39.405
39.96
40.52
43.57
46.07
48.56

Valtage [V]

O
3143
9143
6286
-857
-1715
-1200
2571
1429
857

-153
-571
-153
1143
250
857

TABLE n. Results oí parametric optimization.

Parametcr Vallle

-10994.07
13006.05
5.5982 [rd]
3.068 [ni
1.43 [n]
19.09 [nH]
8.65 [IlH]

Papadopoulous, et al. [41 have calculated values of R¡ = 0.55 \1, R2 = 0.44 \1, L1 =
17 nH, and L2 = 16.7 nH in a similar experimental arrangement, using some approxi-
mations in the circuit equations. I3ecause of the use of a pulse triggered spark gap and
preionization conditions in the laser chamber in the Papadopoulous, et al. experiment,
they obtain lower R¡ and R2 values than liS, however, the laser inductance is similar.
So, the proposed parametric optimization method is useful to obtain the average values
of inductance and resistan ce in the laser gas discharge and in the spark gap of a N2

laser.
A parametrie optimization method has been developed to obtain the average values of

the inductance and resistance in the 1001'S of a N2 laser excited with a I31umlein circuito
The method could be used in the analysis of other discharge circuits and only needs
the knowledge of the general fonn of their analytical solution and the measured laser
voltage.
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FIGURE 3. Simulation voltage V(t).

The same parametric optimization algorithll1, when the parall1eter values have been
identified, can be used to optimize the capacitance CI and C2 if the appropriated laser
efficiency index is detenninated. This wil! be the subject of future investigations.

A I'PENDIX A

Figure 4 shows the proposed algorithm based on the Gauss-Seidel method, where:
bt, et, mi, mt: smal! numbers selected by the user which determine the caleulation

aCCUfac)',
dl: parametric optimization index value in the present iterative step,
d: parametric optimization index value in the preceding iterative step,
dlp, dI': dI ami d valnes beginning the calenlation (declared by the user),
dI: paranlCter inCfease or decrease ahsolute valllc in thc prcscnt it.crativc stcp,
dio: parameter increase or decrease absolute value beginning a cycle of the parameter

change,
dle: parameter increase or decrease absolute value beginning the caleulations (declared

by the user),
N: prescnt changctl paramctcr llumher,
Nl: nnmber of the parall1eters for optill1ization (declared by tbe nser),
N2: uumber of the first parameter for chauge beginning the caleulations (declared by

the nser),
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Read: dlc, N2, NI, qpp(I) ..qpp(NI}, dp, mi,P, el, bt, mI, ql

r
l-O,S=O,for n'" I, .. ,NI do q(n)_qp(n)_qpo(n)=qpp(n),N:N2,d=dp,dl=dlo=dlc

N (1 dI <mi ~~ 'dio' <el) y

•
Matbc:matical model ~olutioD using q(1) ....q(NI)

N Termination conditioD of the model solution ill nol
~ salisCicd and Ihe mode! stability condition is satisric:d

v
I Priol: gra(1), ..,qpO(NI)!

~
Calculalion of di

I Prinl: N, di, qp(l), 00' qp(Nl), se1ected model ...¡"¡bles 7
N ~_V_~ _

I~P~n-"-"-d~.-qp-o-(-I)-,-..,-qp-o-(-N-I)~I ¡frío.: dI, qp(I), .. ,qp(NI)/ I
I qpo(l)"'qp(l), ..,qpo(Nl)-qp(NI) 1

--- .,
N N < d.dl!<bt o(ldl <mt) __ V

N ~-y
. ¡s;;n 1 I~ y qp(N):=qp(N).dl

IS=l,x:=Ullls=olldl:=dIlP,S=11

'.Iqp(N)-qp(N)+d11

Nl (d>dl),V
Id=du

r - - .

~
Idl=dlol

--~

1'=0"=0 I

N .• y
-(d<dl)"-----
I ¡qp(N)=qpn(N)1

•
1'( N=NJ)Y

11'=1'+11 IN=I!
~
N(N=N2) V

----
ldlo: =dlo.P 1I dlo:=dIO/qll

N V
-~

N-----Y N~--_ Yr <"~2or dl>O) <1~2Ol dl<O)
•
IIqp(N)=qpn(N>!

Idlo=.dq

I
L

q( 1)= qp( I ) ....q(NI) = qp(NI)

FIGURE 4. Para me trie optimizatiou algorithm.

P: inleger number (for example P=2), divisor or rnultiplier used for decrease or in-
crease of the paramrter illcrement or decrement absolute value during a cycle of the
parameter changes (d"elar"d by the us"r),

ql: number greater than 2N 12 * P, divisor use,1 for decrease of the param"ter increment
or decrement absolute value finishing a ('yele of the paranwter changes (deelared by
the user),

q("'): N-number paramel"r value during the so!ution of t h" mat Ii"matiral model,

qp(N): initial value of the N-number parameter beginning a iterative cyele of tlie pa-
rameter changes,

qpo(N): optimal vah,,' of t he N-number parallleter.

qpp(N): initial value of tli,> "'-numb"r param"ter b"ginning tli" ('a!cu!ation (d"elared
by t he user),

5, x: paramf'tric optimizatioll algorit htII f1ap;s.
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