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ABSTRALCT
The small signal gain and absurption coefficients of a high unifurmity,
X-ray preionized Xe-Cf laser have been measured. Their time evolution and
wavelength dependence have been stnultaneously detecied with high resolution.,
Two distinct estimates of the saturation intensity were obtained by means

uf a Rigrod-type analysis of the intracavily intensity and by using saturated gain

neasurellienls,

RIASSUNTO

I coefficienti di guadagno a piccolu segnale  di assorbiinento di un laser
Xenon Cloride, preionizzato a raggi X, sonu stati misurati, sia in funzione del
tempo sia della lunghezza d'cnda.

Inoltre sono stati ottenuti due valori per l'intensita di saturazione usando
due diversi tipi di analisi di Rigrod.
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LINTRODUCTION

We present the results of a detailed experimental study of the gain
characteristics of a high uniformity, X-ray preionized, self sustained discharge
Xe-{¢laser, entirely realized at the ENEA center of Frascati.

The laser system, described in Ref, Il,Zl, consisls of a laser cell with an
active volume of aboul 1 liter {(dimensions 3,5x3,5x60 ij), filled with a gas
mixture of HC# Xe/Ne (1:6,7:2019) at a tutal pressure of 4 atm. The active
medium is unifurmly preionized by X-rays using 2 3 kA, 50 ns pulsed plasma
cathode and a resonantly charged tungsten target anode. Using a plano-plano
cavity a highly uniform and relatively low divergence (< 2 mrad} laser
output-beam was achieved, with a pulse energy of more than 3 joule and a
150 ns pulsewidth., At an energy leve! of 1.5 J/pulse, the total and intrinsic
efficiencies were 2,0% and 3,6% respectively [2,3].

In order to gain a deeper insight into the physical characteristics of this
device, the time and spectral dependence of the small signal gain and absorption
coefficients tugether with the saturation inlensity have been i.nv‘esligated. Due
to the intrinsic nonsaturable absc.'rptiun, the extraction efficiency of excimer
lasers depends on the paramelers g € and y=g /u, where g, is the small signal
gain coeflicient, u is the non-saturable absorption coefficient and # is the active
medium length, It is therefore necessary to know the temporal evolution of
these paramelers in order to predict and to optimize the performance of any
Rare Gas Halide laser.

The time and spectraliy resolved gain and absouption measurements were
performed using the frequency doubled output of a long pulse, flash puinped dye
laser to prube the active medium in the wavelength range around the main laser
transition lines. Thus the high resolution (A4 = 0,5 A) spectral profile of the gain
and the time evolution (resolution AT = 5 ns) of both the gain on the Four B-X

transitions and the absorption coefficients have been obtained.



Finally, twu ditferent measurements were performed 1o obtain an
estimate of the saturation intensity. Both make use of a Rigrod analysis of the
intracavily intensity at diflerent reflectivities of the output r..'oupler, but with
the difference that in the first measurement (he saturation intensity was
calculated directly from the measyred vutput intensity by solving lhe'resulting
transcendental equation, while in the second easurewnent the saturation
intensity was ubtained from the mean intracavity intensity and the measured
gain uf a probe beam.

Must of the measurements of g, and « were  pecformed al an energy
deposition rate of 200 kW/cm3, but sowme were done at 250 kW/cm3 and 350
kW/cm3. These pumping rate density values were obtained ‘from a numerical
simulation of the dEchgrge circuit and checked by means of a more direct
methed which uses the pressure jump in the laser cell during discharge (4]. All
measureinenis of the saturation intensity refer to an energy deposition rate of
350 kW/cm3.

The paper is organized as follows: in sect Il we describe the experimmental
setup and give the results relative to the absorption and gain coefficient
measurements, while sect Il is devoted to the measurements of the saturation

intensity. Final conclusions are drawn in sect IV,

Il. MEASUREMENT OF THE ABSORPTION COEFFICIENT AND THE SMALL SIGNAL
GAIN COEFFICIENT

Experimental setup
The intensity [; of a probe laser beam at the exit of an amplifying medium
can be expressed in terms uf the input intensity 1) by

Iy = 1, explig,-al €] (2.1}

where ¢ b o tunclion of boll the waveleogth and thne, while o s supposed to
b only Lnne dependent in the operating wavelength region; ¢ is the active
medivm lenglh. The expression {2.1) holds unly fur steady stale amplification

and if the vowdition fur the probe beaw intensity

[ [PARCNEN LIS 4 {22

15 satisiled. The saturation intensity [ 15 a characleristic parameter of the
aclive medidin and in our case was of the order of | MW/c me. Befure every set
of measuremcuts, the tulfillment of condition (2.2) was checked through the
linearity ol 1, versus 1;.

The experimental setup is drawn in Fig. 1. The Phase-R DL 1100
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Fig. 1 lixperimentlal layout lfor small signsl gain and absorption
coelficients measurement, where

L.} foeal length = 20 ¢in P = pholodiode

lig Tocal lengih = 15 ¢ OF = optical fiber

L3 foeal length = 10 ¢m BS = beam spliller

l.q4 focul lenglh = 15 ¢ F = UG Schott lilter

Py = pinbole d =4 mm NF = neutral density filters
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flash- puinped dye laser used in the experiment has a pulse duration which can
range from 100 to 250 ns, by changing the net gain of the active medium, A
lypical output pulse shape is shown in Fig. 2, The optical resonator of the dye
laser includes a couple of quartz prisms to reduce the spectral width of the
fundamental wavelength emission to 0.5 A alter frequency doubling, as shown in
Fig. 3. Using a 5x1073 mol/f ethanalic solution of Rhodamine B as active
medium and an ADP second harmonic crystal, the UG11 Schott filter selected
output wavelength could easily be varied between 3075 A and 3140 A. .

“The small signal gain coelficient has been measured in the wavelength
intervai 3075 A - 3085 A, while the absorption coefficient has been measured
only for 4> 3085 A. As a matter of fact, for wavelengths shorter than the
emission peak (< 3080 A), there is a lung [luorescence tail (5], primarily due to
transitions originating from +' > | vibrational levels in the B electronic state,
which do not permit absorption measurement,

The maximum secowd harmonic output energy ranged from 0.5 to 2.0 mJ,

depending on the operating wavelength. After the spatial filter P) (see Fig. 1), a

Fig, 2 Dye luser pulse temporal evolution

Alau}

o5

L

3072 3078 3084 3092
WAVELENGTH I A)

¥ig. 3 Second harmonie dye laser single puise spectrum

collimated laser beam with a 4 mm spot diameter was available for the
measurements. The probe laser beam power and wavelength were monitored by
means of an ITT FW114A photodiode and an optical spectrum analyzer (OSA)
respectively. The OSA was used in conjunction with a 0,75 m spectrometer with
a 3600 rows/mm grating, (overall spectral resolution: 44=0.12 A) and an optical
fiber allowed the beam handling (see Fig. 1}, Neutral density filters were
inserted at the entrance of the Xe-C# medium in order to limit the probe beam
intensity and thus ensuring the gain linearity. An optical filtering system behind
the Xe-Cf target, composed 6[ a lens and a pinhole, increased the signal to
noise ratio, where the background noise derived essentially from the Xe-C¢
[luorescence. Finally the amplified beam was monitored by means of a second
ITT photodiode after attenuation to ensure that the delector working point was

far away from saturation.



Datu uequisition and elaboration

The hardware of Lhe data acquisition consisted of a PDP 11/60 calculator,
with standard Camac and a {EEE 488 Interfaces (see Fig. 4). The latter allowed
the use of a dual channel digitizer Tektronix 7612D to record both the probe
and reference pulses with a resolution of 5 us.With the same waveform digitizer
it was possible to observe the sustainer vollage, so that the delay between the

discharge breskdown and the dye laser pulse could be determined. The Camac

oisk | Lok | |ermten CONSOLE | | VIDEOGRAPHIC
- TERMINAL TERMINAL
PDP 11/60
CAMAC INTERFACE l IEEE-488 INTERFACE
CAMAC
WO
COUNTER | WR ] TDC
EVENT # Ep Vg LP 1P LR Vs Ig F

Fig. 4 Dala acquisition system:

Ep = energy transferred o the gas during the

discharge
¥, = discharge vollage
Ig = discharge current
F = fluorescence

LP = dye laser probe pulse from IPD2

LR = dye laser reference pulse from PDI
WD = dual channel digiter Tektronix 7612 D
WR = fust pressure transducer BHL 4101-00
TLC = time-to-digital converier

1

allowed the measureinent of the transient pressure increase in the active
wediumn (by means of a BHL 4101-00 Beil-Howell fast pressure transducer)
which can be related to the pumping energy transferred to the gas [‘4].

In writing the software fur data storage and elaboration special attention
was devuted to the problemn of the time correlation between the reference and
the probe pulses. We decided tu adopt the following method for the absorption
coefficient. First the mixture withoul discharge was prubed. In this case,
neglecting any absorption by the Ne-Xe-HC? mixture, the ratio R, channel for
channel, between the probe pulse and the reference pulse shuuld be constant. R}
and its error bar {due to instrument noise and digitalization) were found shifting
the pulses until a least square fit of the various ratios gave the smallest
variation with respect to a constant. Next, the mixture with a discharge was
probed, and the shilling procedure was repeated, looking now for the smallest
variation with an arbitrary straight line. In this way the time dependent ratio
R,ft) and its corresponding error bars were obtained. Indeed, the assumption
that the overall absorption coefficient changes almost linearly over the 150 ns
time duration of the prube pulse seems to be reasonably correct. The time
dependent absurption coefficient o was then calculated from Eq. {2.1) by the
formula aft) = dl(Rz(l)/Rl)/(.

Essentially the same scheme was used to calculate the time dependent
small signal gain coefficient go around the main laser transition lines, The only
difference was that, due to the nonlinear behavior of g, over the time duration
of the prube pulse, the correlativo between the prube and reference pulse in the
case of discharge was determined by using the measured delay between the

pulses without discharge.
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The shsorption coefficieat o

The measured time dependence of the absorption coefficient for three
different wavelengths A = 3110 A, 3125 A and 3140 A is reported in Figs 5, 6, 7
respectively,

The first was chusen because of the expected negligible gain at on this
wavelength [6]. Corkum and Taylor [7} assume that the absorption coefficients
at 311 nin and 308 nm are the same due to the broad band absorption spectra of
the species (e.g. Xe*z , C#&, Xe,Ce, Ne“) which are thought to be important in

Vlhe Ne based XeC/# laser mixture during discharge [8]. However, we preferred to
use the measurement results on wavelength 1=312,5 nm, because the ahsorption
measurement on 311 nm seems 10 be rather disturbed leading to an unlikely high
value for the ratio gJu > 50 on the laser transition line. This choice is also
supported by the sinall dilference between the absorption curves on 312,5 nm
and 114,0 nm, as can be seen frow lhe.figures, which seems to confirm the

broad band absurption around the laser transition lines.
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Fig. 7 Absorplion coeflicient « vs time for A= 3140 A

A time interval of about 500 ns was covered varying the delay between the
discharge breakdown and the probe pulse. No larger times were considered
because it has been ubserved that the measurements would be seriously

.

disturbed because of the Tormation of inhownogeneities in the refractive index of
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the mixture after about 500 ns, correspunding to the base width duration of the
current pulse (7).

As a result of these measurements, we calculated a peak value of the
absorption coefficient « = 0,27 £ 0,01%/cm at wavelength A = 312,5 nin and with
a power depusition rate of 200 kW/clu}.

As evident frum the Figs (5-7) the absorption reaches a maximuim value
after the peak power depusitiun, in a similar way as in previously published
absorption measurewnents using e-beam excitation [9] and UV preionization [7),
both at a much higher power deposition level (~ 3 GW/#. In particular, the
two-component behavior of the absorption (see Figs 6 and 7) may be due,
according to Ref. 7, to Xe‘z in the high E/P region and to Xe‘z in the
afterglow. This conjecture is supporied by the different formation onset times

of the two mentioned species [10].

‘Fhe siall sigaal gain coefficient g,
Figures 8, 9, 10 and 11 show the measurement resulis of the time behavior

after the discharge of the net gain coefficient go - o for different wavelengths
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in the inlerval 3075 - 3085 A around the laser Lransition lines, at a pumping rate
deposition of 200 kW/cm3. A maximum value of g, = 4.7%/cm was obtained for
1 = 3079.6 A {corresponding to the main laser transition line) and for a
delay time of about 230 ns, Using the measured peak value of the
absorption coulficient, we calculate a gain to loss ratic gyfu = 181 at the peak

of the gain,
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The gain and absorplion coefficients measurement was repeated at an
higher pumping rate density of 250 lecm3, in order to check the pumping
dependence of the coeflicient y = g, /u. Figure 12 and 13 show the time histories
of the small signal gain at the main transition line and of the absorption

coefficient at 123125 A respectively, Both time behaviors resemble that of the
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Fig. 13 Absorption coefficient a vs time at } = 3125 Atora
pumping rate density of 250 kW/em

corresponding ones at lower deposition rate (Figs 6 and 9} and the resulting
factor y = gofe = 2012 is the same (within the error bars) with respect to the
above reported y value at 200 kwlcm3‘ This seems to be in agreement with the
experimental results reported in Ref. 9.

Figure 14 shows the net small signal gain coefficient as a function of the
wavelength for a fixed time delay of 230 ns. The corresponding measured XeCf
emission spectra! profile reported in Fig. 15 is a type of multimaximum having
peaks at 307.6 nm, 307.9 nm, 308.2 nm and 308.4 nin, confirming that the XeC#
laser takes place in the form of the bound-bound transition, as expected
theoretically [11]. To our knowledge it is the first time that the gain profile of
all four B-X transition lines have been clearly resolved for the Ne bhased XeC?¢
laser mixiure {(for He/Xe/CP see Ref. 12). It should be mentionred that no
attempt has been made to correct this gain curve for the finite bandwidth of the
probe beam, which would probably result in more pronounced difference

between the minima and maxima (cfr Figs 14 and 15).
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Finally, in Fig. 16 we show the peak small signal gain coctficient for

different energy deposition rales in the laser cell.

. MEASUREMENTS OF THE SATURATION INTENSITY
To oblain an estimate of the saturation inlensity of the mixlure, two
ditferent experimental measurements were perforined. Fhe first makes use of a
Rigrod type analysis of the laser output intensity of a planu-planu cavity, as a

function of the wirror reflectivities and the saturalivn intensity [13]. Strictly
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speaking this method is only valid under stationary conditions, but one can show
(see Appendix A) that for our experimental conditions the steady state
approximation is well salislied. Using a geometrical approximation one may

write for the right and left travelling intensities [, {z) and I {2)

oo K o

sz e g 3.1
|‘ e 1 1 | I P an

with the houndary conditions
Pl =1 (L Ry 'I'I’
=1 1k T}

Ry and R; are the reflectivities of the back and Llhe output mirror respectively,
and Tf the transmittance df the quartz-windows in the gas chamber. Egquation
(3.1} may be integrated to obtain a transcemdental equation in the variable
d=1, 1_]]52. Solving this equation for b as a function of the parameters R\, R;,
Ty g, and a, one may calculate the saturation intensity from the measured
intensity 1, at the exit of mirror My. To determine the peak output intensity,
both the laser pulse shape and the lotal pulse energy were measured.

The values of the parameters used were

Ry = 98%

Ty = 99%

g, 8.9¢ 0.2%/cm

a = 1.44%0.3%/cm

21

TABLE I Results of first saturation intensily measurement

Ro(%) | 1o (Mw/em?) | I (Mw/em?) | <1 >(Mw/em?)

23 1.0 t 0.2 0.5 0.5

jﬂu
84 0.26 + 0.06 |qg.8

while fur R, three values were taken, namely, R,=10%, 23%, and 84%. The
higher value ol the peak small signal gain coefficient with respect to the earlier
measured g, is due Lo the higher pumping rale deposition in this case {350
kW/cm3), This hiplies a correspondingly higher ahsurption coeflicient assuming
a constant rativ g fa [9]. The value of the elfective absorption coefficient was
obtained by taking the sum of the intrinsic absorption coefficient (8.5 *
0.1%/cm) and the estimated loss due to diffraction (0.9 £ 0.2%/cm).

From these measurements three values for the saturation inlensity were

calculated (see Table I) with a mean value of

L]
<l »>=0.5 MWfl.:m2 (33

~ -2
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‘I'he error bars were cakculated by finding the maximum and minimun values of
Iy, varying the parameters o, g, and lg within their error bars.

The second method uses the intracavily intensity dependence uf the gain
of a probe heam. Indeed, for the propagation of the probe beam with a

sufficiently low intensity [ (i.e. 1 <+ [} we may write:

B
"—I=( - u 3.4)
de MU+ i
iY
The intracavity intensity I.(z) depends on the longitudinal ¢oordinate z.
However, il can be shuwn (see Appendix B) that the error made in Eq. (3.4) by
taking its mean value over the cavity length is small, and hence the equation
may be integrated to give for the ampliflied probe beam the following

expression}

g
(_A_"_ - u): I =1, expigd) (3.5)

where g is the net gain coefficient of the probe beam. Using a modified Rigrod
analysis [14] one may express the mean intracavity intensity <[> in terms of the

intensitiy I, at the output coupling mirror My:

b=V VR 2 VR,
<I>:—( " f)( |_ z).| a6
) =R T,V I VR AT

In this way, by measuring the amplified probe beam inlensity lpyt and the laser

inlensily 1, al the exit uf mirror M3, one may calculate the saturation intensity,

23

TABLE II: Results of second satutalion intensity measuiement

iy (%} lg (Mwlcmz) g%/ em) Is(Mwlcmz) ds)(Mwlcmz)
(fﬂ.?
10 .0t 0.2 4.9 t 0.3 1.4 <
1*0.5
10.7 +0.6
23 L0 + 0.2 3.7 0t 04 1.2 1.2
-0.4 u.4
+0.5
B4 U.26 + 006 | 2,23 £ 005 |13 .
-4
L

Of cuurse, this methud depends heavily un the technical pussibility of
separating the amplified probe beam from the much larger overall background
laser intensity. This has been achieved elegantly by weans of the Brewster angle
quartz windows W) and W.

The experimental set up is scheinatically drawn in Fig. 17. The probe beam
was taken [ram a Lamixla Physik EVMUSU HeCf buser with 17 us (FWHM) pulse
duration, which was attenuated {filter A), recollimated (lenses Ly and L) and
spatially filtered (pinhole PH} before eutering the laser cell. The other
experimental conditions {mirrurs reflectivity, pumping rale, etc.) were left
unchanged with respect 1o the first measurement.

Due to the ditferent polarizations induced by W) and W, the probe beam
and the intracavity e.mn. field are split at window W,, after which the gain is
measured by photudicde PD1.

The results of the measurements are shown in Table {I and we calculated a

g™
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Fig. 1
1

spatial filter

Ph =
J

reflectivity 99%

le meter Gentee ED-1000

jou

cavity front mirror

M2=
M

A

PD;= reference photodiode ITT,

mirror

3=

FW-114A
PDgy= signal photodiode ITT,

mirror

4:

neutral density filters

FW-114A

= lens {f=50 em)

Ly

25

mean value of the saturation intensily of

+ 1.6
<l = =12 MW/em? (3.7

-4

Again, the error bars were calculated by finding the maximum variation in I

changing the parameters within their range.

V. CONCLUSIONS

The absorption coefficient u and the small signal gain coefficient gy have
been measured, both as a function of the tiine elapsed afler discharge
breakdown, and gy as a function of the wavelength, It should be noted that the
tinie dependence of the absurption is rather similar to thal of the small signal

gain coeflicient g, {width, onset time, peak time) leading to an approximately

constant ratio g /e with time,

Two different measurements of the saturation intensity were performed
leading to the values 0.5 Mw/emé and 1.2 Mw/cme respectively. However,
taking into account the rather large error bars (see 3.3 and 3.7) these resulis are
not really in contradiction bul rather reflect the considerable difficulty in
weasuring this quantity. These consideratiuns are, on lhe other hand, fargely
stated by the wide range of saturation intensity measured values, also for

apparently similar experimental conditions |7, 9, 15, 16].
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APPENDIX A

We will show the validity of the steady slate approximalion under the
experiinental condilions in the first measurement of the saturation intlensity,

Let us bepin with an estimate of the spontancous emission power density

_ LI
1,= Hu‘n";:"‘ 161 Wiem (AL
where ¢~ 80 cw is the active medium length, ¢ = {discharge cross sectiun)/{zz
581071 is a gevmeltrical factor, g, -8.9% e and 1.,=0.5 MW/cm? are the
values relative to the fiest measurement ol the saturation intensity.

The active medium length L needed to saturate the laser intensity can

then be calculated from the equation

= explig —artd (A2)

which gives, {using the measured values of gyt and I, =0.5 MW/cmZ), L=107
cm, corresponding to ~ 1.3 passes in the active medium, With a mirror spacing of
150 cw, saturation is reached after about 7 ns. The measured [luorescence

halfwidth was about 100 ns, so that saturation is obtained well before the

fluorescence peak.
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APPENDIX B

We will calculate the currection term for the saturation intensity if the

inlracavity intensity, nstead ot heing approximated by its mean value, is taken
1o be linearly varying with the lougitudinal coordinate in Ey. (3.4).

Thus taking 1:{z) of the furm

I‘u,iA'H—tirl‘. ezm.m. (.1
and inserting this in the RHS of Eq. (3.4), une may integrate the equation to give

fur the gain g of the prube beam

g x ( 28 (H2)
= —— 14 —)
& & xt|l-8

28
where x=13/lc. The parameters lc and & may be calculated in terms of the
reflectivities R) and R2, the transmittance Tf, and the measured laser intensity
ley, by fitting the nearly expuneu'*ial intracavity intensily with a straight line.
Using Eq. (B.2) we may write a series expansion of x (and thus i) in the (small}
parameter 8;

| = gtu _gtu 624 =10 (3.3)
e Ta

" g, (gral € Zg“
where g is the net gain coetficient of the probe beam. Inserting the values of
the parameters in the second Measurement of ls, the correction term was less

than 2% and thus the mean intracavity inlensity is the significant parameter.
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