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Abstract. A detailed experimental study of an X-ray photo- energiseSk;/RH active media is the preionized transverse
triggeredHF laser, with an active volume @&12cn¥, has discharge between adequately profiled electrodes. Preion-
been performed itNe/SFk;/H, andNe/Sk;/CoHe mixtures.  izers such as semiconductors [12], corona or sliding dis-
Parameters involved have been the storage line capacitanciearges [9-11,13,15-17] (UV photons), or cold-cathode
and the circuit inductance, the capacitors charging voltageliode [14,18—21] (X-rays), have been employed with various
the RH-molecule type and partial pressure, and the X-raydischarge operation techniques. Amongst these techniques,
dose for the preionization. High laser performance has beehe photo-triggering has allowed us to obtain the best per-
achieved withCyHe: an output energy up t®8Jcorresponding formance achieved up to now for the discharge-pumped non-
to a specific energy &1.6 J/I at an efficiency o#.7%, which  chainHF laser, i.e. the highest specific energy at the highest
strengthens the advantage of the photo-triggering techniquedectrical efficiency [13—-15,18]. Using the photo-triggering
to energize high-powetlF lasers. However the optimum per- with UV-corona preionization, and for an active volume of
formance achieved withl,, 5.75 JI and3.5%, are lower. It 1.4 litres Brunet et al. [15] have obtained a laser energy up to
is shown, through a time-resolved study of the electrical dis12 J per pulsewhich gives a specific energy 86 J/I. This
charge and spatial dynamics correlated to laser power arehergy has been achieved at an overall efficien@pafwith
energy measurements, that discharge instabilities are respanthree-component mixture dfe, Sk, andC,Hg. Moreover,
sible for the poor laser performance of the mixture with  with same gases, a specific energy uf1a)| at an efficiency
These instabilities, which lead to arc development, are chahigher thar3% has been reached with a small X-ray preion-
acteristics of the discharge iINe/SFs. It is demonstrated ized laser %0 cn?), named X510 [14]. With the same type of
for the first time that addition of a heavy hydrocarbon, suctpreionization, we have recently reported preliminary results
as C;He, to that mixture induces the discharge stabilizationon a312-cm? laser [18], X525, which strengthen the view that
so that the laser emission arises in a homogeneous actittee active volume can be increased without loss of perform-
medium. This effect allows us to achieve better laser performance:9.6 J/| has been obtained at an efficiencyot%.

ance than withH,. In the photo-triggered scheme, the discharge electrodes
are directly connected to an energy storage unit charged up to
PACS: 42.55.Ks; 52.80.-s a voltageV, in a fewus. Once the desired voltage has been

reached, the preionization is achieved by means of UV pho-
tons or X-rays and initiates the gas breakdown with a variable
Discharge-pumped non-chaltF/DF chemical lasers have time lag. The voltag&®, must be chosen so that the initial re-
been widely studied since 1967 [1-21]. These lasers armduced electric field E/N)o, i.e. the field applied across the
much easier to handle than those uditygF, chain reaction electrodes at the time of the preionization, is higher than the
mixtures, as the rovibrational levels of thH#- molecule are self-sustaining electric field of the discharge in the gas mix-
produced by reaction between a hydrogenated compBtthd ture usedy(E/N), is defined by:(E/N), = V,/(Nd), where
and theF atoms obtained from the dissociation of a chem-N is the total mixture density ardlis the inter-electrode gap.
ically inert molecule. It has been recognized early t88  The photo-triggering has already been proved very efficient
allows us to achieve the highest laser performance, i.e. oufer energizing a gas mixture that contains an important con-
put energy and electrical efficiency, rather than the performeentration of strongly electronegative molecules [13, 18, 21,
ance obtained with other molecules such as fluorocarbons [22]. Indeed, as the initial fielE/N), is higher than the self-

4]. Moreover it is well known, from the work by Voignier sustaining field, the electrons obtained from the preionization
and Gastaud [7], that the most efficient discharge type tare quite rapidly multiplied at an ionization rate higher than
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the loss rate by attachment, which is favourable for the deve
opment of a homogeneous discharge on condition that the in high voltage
tial electron density is high enough. As described above, thi  supply
concept has been successfully applied toHifelaser using
Sk asF-atom donor. However such a success has been o
tained using ethane instead of hydrogen to react wits the
specific energy and the efficiency achieved viRtH = H, are )
lower than withRH = C;Hg. Typically, with hydrogen7 J/I ceramc
at 1.8% is achieved with the X510 laser [14], aBd’5 J/I at capacitors
3.1% with the X525 laser [18].

The improvement of the laser performance as hydroge
is replaced by a heavy hydrocarbon, i.e. with at least tw«
carbon atoms, has been discovered since the first studies
discharge-pumpetiF lasers [2,4]. It has been established insulator
with all discharge devices studied up to now, from pin elec:
trodes [4] to continuous profiled ones [14], but no clear expla
nation for this effect has been proposed. In a recent paper ¢ )
the photo-triggere#iF laser [21], we have demonstrated that ~ discharge
the higher laser performance obtained witiHs, compared
with the performance obtained witly, cannot be explained
in terms of different electrical energy and charge transmit X-rays gun
ted to the plasma, and of differeRtatom production kinet-
ics. However these results hold for a homogeneous activ
medium. A detailed comparison between the discharge sp
tial dynamic in mixtures oSk with H, or Sk with CyHg
using the same discharge device, and the implication for th
laser performance that could be achieved with such mixturesig. 1. Cross-sectional view of the X525 photo-triggered laser
has not been yet reported. Thus we have performed an in-
vestigation of the X-ray photo-triggerddF laser for both
Ne/SFks/H, andNe/Sk;/CyHg mixtures, over a large range capacitors. The inductance between each capacitor stage has
of values of parameters such as the partial pressure of thmen estimated to #&nH, and the one for the discharge cell
RH molecule, or the initial applied voltage. The dependencés 9.25 nH ThusL ranges fronl1.25 nH which corresponds
of the photo-triggered laser behaviour and performance oto C = 72 nFwith two capacitor stages in the lower positions,
the electrical circuit configuration, i.e. the storage line capup to15.25 nH which corresponds t€@ = 144 nFwith a full
acitance and the circuit inductance has been also examinestorage unit.
For this purpose, time-resolved current and voltage measure- The upper electrode, which 80 cmlong and has a flat
ments have been performed together with the measure of tipeofile over2.5 cmwidth, is the cathode. The inter-electrode
laser energy and of the temporal evolution of the laser powegap, 2.5 cm, is controlled with a precision better thdfo,
These diagnostics have been coupled to examination of thehich ensures quite good spatial uniformity of the applied
active medium homogeneity through spatially and temporallglectric field. The preionization is achieved by a shb& 1§9
resolved measurements of the plasma fluorescence intensityray burst generated from a cold-cathode diode powered by
in the inter-electrode space. a low-inductance Marx generator. The X-rays enter the cell

The following part presents the experimental setup and dithrough the flat earthen electrode. The X-ray dose is fixed at
agnostics. The photo-triggerétF laser is characterized for 10 mrad
low storage capacitance and low circuit inductance values in The discharge cell has been filled with neon &t at
Sect. 2. The dependence on the circuit configuration is dighe same concentratidi/1) at a total pressure df18 Torr,
cussed in Sect. 3, through the increase of the capacitance awith addition of hydrogen or ethane at a partial pressqig
of the inductance. Conclusions are given in Sect. 4. ranging from 2 up t@2 Torr. A weak gas flow has been set in

order to eliminate the ground-stdt# molecules in a zeolite
trap between each laser shot. Mixtures withor CoHg will

1 Experimental setup and diagnostics be calledH, mixtures orC,Hg mixtures in the following.
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1.1 General features

1.2 Electrical diagnostics
A cross-sectional view of the experimental structure, called
“X525", is given in Fig. 1. It is a compact design already The voltage across the capacitors has been measured using
used to energize théeCl* (308 nnm) excimer laser [23]. The classical high-impedance probes (Tektronix 6015). On the
energy storage unit is made of ceramic capacitors placed iother hand the current has been measured using a home-made
four-stage symmetric plate holders, with a total capacit&ce linear self-integrated Rogowsky coil, which can be inserted
ranging from72 nFup to144 nk The charging voltag¥, can  between the capacitor bank and the upper discharge electrode
be chosen as high &6 kV. The value of the total circuit in- without increasing the circuit inductance [24]. An example of
ductancel depends on the geometrical configuration of theelectrical measurements is given in Fig. 2@« 144 nF, for
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Fig. 2. Temporal evolutions of the curredotted line) upper voltaggfull
line), and lower voltaggdashed line) together with the X-ray gun volt-
age waveform. Mixture with ethane &b Torrpartial pressureC = 144 nk

Vo =28kV RReigpetiive.yiew B: Frame processing

| TS |
the CoHg mixture at15 Torr of ethane, and fo¥, = 28 kV. LT
The temporal evolution of the voltages at the top of the cap: intensity scale

itor holders,Vop, and across the lowest capacitor stagey, Fig. 3. Setup for the measurement of the plasma fluorescence in the inter-
are shown together with the current. The X-ray gun voltagelectrode space. Upper diagram: top view of the discharge cell. Frame A:
waveform indicates the preionization time. For the operating®!l inside seen by the CCD camera. Frame B: example of processing of
conditions of the photo-triggerddF laser, the time delay be- inenélgrc:rescence intensity in pseudo-colours, for a homogeneous discharge
tween the preionization and the discharge breakdown is very

short. The voltage/ow begins to drop, and the current de-

velops, just at the time of the X-ray generation. The drop oftructure as described in Fig. 3. It measures the plasma flu-
the voltageViy, is delayed owing to the inductance distribu- orescence intensity in the visible wavelength range, and is
tion along the storage line. The discharge is characterized kplaced on a line of sight making a small angle with the opti-
a single current pulse. The current rises to its peak vijue cal cavity axis. The discharge cell inside seen by the camera
in 70 ns and then decreases to zerdbins ForC =72nF,  is shown on the frame A. The cathode, located at the top of
we obtain a symmetric current waveform with a duration ofthe frame, is seen in perspective on more than three quarters
85ns In such cases the energy transmitted to the dischargef its length. Frame B gives an example of intensity meas-

Etrans IS given by: urement, processed in pseudo-colours, for a discharge in pure
neon. The light intensity scale ranges from dark blue, which
E_ Evz B Evz B Evz corresponds to areas where there is no plasma fluorescence, to
trans= 5 Yo T 5 Tres ™ =sto™ 5 Tres red which corresponds to saturation of the detector. The inten-

) o . ) sity can be reduced by neutral attenuators, and the exposure
whereEg,is the initially stored energy andesis the residual  time has been fixed 20 ns Only the discharge space, delim-
voltage after the current pulse. The transmitted ch&@ggss  ited by a white square in frame A, is shown in frame B, as
is given by Quans= C(Vo — Vres). The residual voltage is par- vell as in all other frames of the present paper. An intense
ticular to a discharge in a gas mixture that contains a strongight emission arises from the cathode in frame B. Hot spots
electronegative component [13,21,22]. Such a feature regre distributed all along the electrode length. The volume flu-
flects the competition between electron losses by attachmegfescence, less intense, is also homogeneous. These features
and electron production by ionization processes during thgre characteristics of a spatially homogeneous distribution of
discharge. current density.

1.3 Optical diagnostics 2 Laser characterization at low capacitance

The optical cavity comprises a total reflector an@da, win- .

dow. The laser energy is measured with a Gentec ED509-1 Output energy and overall efficiency

joulemeter and the temporal shape of the laser power is mon-

itored with aGe-Au detector. Absolute value of the power In Fig. 4 the laser energlf, at C = 72 nFfor the CoHg and

is obtained by normalization of the integrated detector signaH, mixtures is plotted against the stored enefgy,. For

against the measured energy. eachRH-pressure value, the stored energy threshold for the
A Hamamatsu CCD camera, equipped with a high-speelhser emissionEqh, corresponds to the voltage threshwlg,

gated image intensifier, has been implemented on the lasdetermined by the critical fieldE/N)o. at which electron



; f t the laser energy measured from one shot to another. This ef-
fect is encountered at airy values studied. Thus, in thé,
Ethane oo mixture, the efficiency rapidly decreases wheg, increases
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2.2 Discharge dynamics and effect on laser emission

° Figures 5a and 5b show measurements on the discharge dy-
namics and on the laser power for thie mixture atC =
A ° 72 nFk Results are given for two consecutive discharges at
o) prr = 7.5 TorrandV, = 28.35kV, i.e. Eso = 29 1 The tem-
H b poral evolution of the voltagé/o, and of the current are
plotted for each discharge. The temporal evolution of the laser
B A power, which arises at the end of the discharge, is given for
3 the first one. Frames denoted 1 and 2 in Fig. 5b have been ob-
0 t = l tained at the same time for the camera opening, whose signal
is plotted in the upper diagram in Fig. 5a. This time corres-
10 20 30 40 >0 ponds to the time of the laser peak power for the conditions
. . . of the figure.
Except for a charging voltage value very close to the
21 H d T threshold valué/yy, the discharge behaviour is identical to
ydrogen the example given in the upper diagram in Fig. 5a fongll
O values lower thai28 kV at pry = 7.5 Torr. The plasma vol-
Qa %Q a® | ume fluorescence is homogeneous during the current pulse,
:
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and a residual voltag¥®.s is established after the discharge.
A One or several arcs can appeared, but at a time of sqveral
IoS) In that case a few cathodic spots are detected at the end of
- A o T the voltage drop as illustrated in frame 1, but examination of
L o) the fluorescence at later times shows that the cathodic emis-
sion intensity decreases during the voltage plateau. The laser
50 : emission arises in a medium which presents no spatial inho-
mogeneity in the discharge volume, and the laser energy is
A ® reproducible from one shot to another.
A d On the other hand, at a charging voltage higher 2takV
0 : = : at 7.5 Torr of hydrogen, the laser behaviour is not shot-to-
shot reproducible as shown in Fig. 5a and 5b, for whigls
10 20 30 40 50 justallittle higher thar28 kV. In that case the discharge is al-
ternatively, from shot to shot, homogeneous (first discharge,
Stored energy (J) frame 1) or inhomogeneous (second discharge, frame 2) at
the end of the current pulse. A second current pulse is meas-
Fig.4. Lase_r energy plotted a_gainst the init_ially stored electrica_l energy, foryred in the lower diagram in Fig. 5a, whose waveform is not
;”g“f?z"‘r’]'lt:h Sf:‘a;gr‘{'igf’%rrgs'zgg?‘m)?g%‘;"r':’h (x%’%%rr(r"c"zvg;ﬂ'gg;i’r‘;") reproducible, and the fluorescence measurement during this
(®)22 Torr pulse shows localized intense filaments. Frame 2 shows that
appearance of these filaments is correlated to the development
production and loss rates are equal. The discharge developssome of the cathodic spots. It reveals a discharge insta-
for (E/N)o higher than(E/N)qc. bility onset before the end of the first current pulse, which

Figure 4 shows that the laser energy is an increasing funds characterized by the development of an inhomogeneous
tion of the stored energy at all ethane pressures, i.e. 2, 7.8istribution of current density. Correlatively the laser energy
11.5, and22 Torr. At a fixed CoHg pressure, examination of achieved with the second discharge is atb lower than
the overall efficiency), defined byy = E| /Ego, emphasizes the energy obtained with the first one, although all parame-
that n rapidly increases a&g increases fromEqy, up to  ter values are identical for the two discharges. Mpwell
avalue above which slightly decreases. Moreover, at a givenabove28 kV, the duration of the residual voltage plateau is
Esto value, the laser energy and efficiency decrease when thheduced to a few tenths of and the discharge is always non-
ethane pressure increases. Hence the maximwalue ob-  uniform with the presence of bright filaments during the laser
tained a2 Torris 3.5%, whereas it is abo% at2 Torr. emission.

At a low stored energy, fronkey, up to about30J the We have established that addition Hp to the binary
evolution of the laser energy and of the efficiency obtainedNe/SFs(1/1) mixture has little influence on the discharge
for the H, mixture, againstEg,, are qualitatively identical dynamic. Plasma inhomogeneities appear atHalpressure
to those obtained for th€;Hg mixture. HoweverE, satu-  studied, and similar measurements to those shown in Fig. 5
rates asgy, increases abov@0 Jin the case of hydrogen, in have been obtained for dischargedNe/SFs(1/1). The only
contrast to the case of ethane, with important fluctuation oéffect of H, addition is the increase of the threshold charg-
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Thus, as a result of the instability onset in tHe mix-
ture, the laser energy saturates and the efficiency decreases
when Eg, increases abov@0 J Fig. 4. In contrast, no insta-
bility has been observed in th&Hg mixture atC = 72 nF
in the whole range of charging voltage and ethane pressure
values studied. The discharge behaviour and the laser energy
are very reproducible from shot to shot. As for tHg mix-
ture a high-intensity cathodic emission is detected, but none
of the hot spots develops in the discharge volume and the dis-
charge quality appears as good as in Fig. 3. No arc occurs
at the end of the current pulse. Correlatively the laser en-
ergy continuously increases when the stored energy increases,
Fig. 4, without saturation effect. In fact the addition@fHg
to Ne/SFKs(1/1) induces the stabilization of the discharge,
and thus the homogenization of the active medium. This ef-
fect arises even at low ethane concentration in the mixture,
1.6% at a low capacitandgé = 72 nkE

2.3 Energy deposition and intrinsic efficiency of the
homogeneous medium

The energy deposition, which is characterized by the trans-
mission efficiencynians defined byniyans= Etans/ Estor CaN

be readily optimized td00% in the case of ethane, without
loss of discharge homogeneity. This is obtained by choosing
V, so thatV,es= 0, which is achievable for a charging volt-
age of at least a factor two higher than the discharge threshold
value Vo Such an optimization is much more difficult to
perform in the case of hydrogen, because part of the ini-
tially stored energy is transmitted into arcs whé&rincreases
aboveVons. However, atV, less thanvy,s, it is noted that the
charge and energy deposition in the medium is about the same
for the H, and CoHg mixtures. It results from the electron
kinetics in these mixtures [21].

On the other hand, it is known that the increase of the
transmitted charge, and energy, leads to the increase of the
total fluorine atom density produced in the dischaf&éyod.
Moreover,[Flpoq decreases whe; is replaced byCoHe at
a high pru value [21]. Consequences are twofold for a ho-
mogeneous medium. First, a continuous increase of the laser
energy E_ is readily achieved at a fixeggy value, Fig. 4
(Esto less than30J, by the increase oQyans and Eyans
which is obtained from the increase ¥, i.e. the increase
of (E/N)o. At a low RH partial pressure, thiF]pq value
is quasi-identical in théd, and C;Hg mixtures so that the
corresponding laser energy and efficiency values are very lit-
tle different. Second, at a fixeBans value, the laser energy
obtained withCyHg decreases more rapidly whewky in-

mixture with hydrogen aF.5 Torr partial pressure, for two consecutive dis- Creases, thaB, obtained withHy. This s illustrated in Fig. 6,
charges aC = 72nF and V, = 28.35kV. Measured laser energy values: in which is plotted the intrinsic efficiency of the mediumgy,
first dischargel.4 J second dischargé.15J The signal for the camera defined bynint = EL/Etans against the transmitted energy at
opening, whose corresponding frames are displayed in Fig. 5b, is ShOWBRH — 75 and22 Torr. At a low pressure7.5 TOrT, nint is

in the upper diagramb Fluorescence measurements in the conditions
Fig. 5a: frames 1 (first discharge) and 2 (second discharge) have been

ch,i,gi_entical for theH, andC,Hg mixtures. However, a22 Torr,

tained at the same time for the camera opening (time of the laser pedke intrinsic efficiency is lower for th€;Hg mixture than for
power). Optical attenuation for both frames75 dB

ing voltage value for the instability onsé¥ons, as pry in-

creasesVons = 28 kV at pry = 7.5 Torr, andVons = 30.5 kV

the H, one. For that pressure value, the difference between
nint(H2) andnini(CoHe) is aboutl%, in absolute value, on the
whole range of transmitted energy values studied. In addition,
guenching of theHF rovibrational levels byC,Hg, through

v-v and v-T processes [25], could also contribute to the de-

at pry = 22 Torr. It corresponds to an initial reduced field crease o andn when the ethane pressure increases.

equal to271 Tdand265 Td respectively. Hence instabilities

appear at a roughly constati/N), value.

Both forH, andC,Hg mixtures,nin: decreases wheByans
increases at a fixepgry value, Fig. 6. As a resulf, which is
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Fig. 6. Intrinsic efficiency of the active medium plotted against the trans- )2 Torr, (A)4 Torr, (a)7.5 Torr, ()22 Torr

mitted energy for mixtures with hydrogen or ethane,Cat 72 nk Hy-
drogen partial pressuréA)7.5 Torr, (0)22 Torr, Ethane partial pressure:

A)7.5Torr, (@)22 Torr _ .
w © the laser energy and the efficiengyeach maximum values

at critical stored energy valuegs., which depend orpgrp.
simply equal to the produatyansning, Saturates and slightly For the laser energgsc increases frond0 Jat 2 Torr, up to
decreases, in the case of ethane, wggincreases. This sat- 55Jat 15 Torr, Fig. 7. BothE, andn decrease a&gy in-
uration also occurs in the case of hydrogen, but it is rapidlyreases above the critical values,paty lower thanl5 Torr.
dominated by the effect of discharge instabilities as soon a&t a given low stored energy, belo8b J the laser energy
Esto is higher tharB0 1 and the efficiency weakly depend on tHe pressure apry
less thanlO Torr. In contrast, at a stored energy higher than
45 J E| andn rapidly increase whepgy increases from 2 up
3 Dependence on circuit configuration to 7.5 Torr. However, in that range oEsy, values,E. andn
weakly depend on thkl, pressure fompry between 7.5 and
Interest in the increase of the storage capacitance, as far 28 Torr. It should be observed th&s: has not been reached
a factor two higher than the configuration studied in the previat 22 Torr, but E; clearly begins to saturate whefy, in-
ous section, is to determine if the laser performance achievetieases abov&s J For that high pressure value, the efficiency
with H, and C;Hg mixtures can be improved through the is constant and equal ®65% at Est, higher tham5 J
increase of the charge and energy transmitted to the active As a result of the parametric study, the maximum laser
medium, without enhancement of the initial fie{@/N), energy achieved & = 144 nFis E_ = 1.8 Jat an efficiency
above the critical valu€65 Td established for the instability 7 = 3.1% [18]. TheseE, andy values are quasi-identical to
onset aC = 72 nF. In the present work the total inductarice the performance achieved &= 72 nF. Thus the increase
has also been increased owing to the increase of the geomef-the capacitance does not lead to an improvement of the
rical dimensions of the energy storage unit as the number d&ser performance for thel, mixture. The specific output
capacitors increases. It leads to the increase of the dischargeergy and the overall efficiency are limited3@’5 JI| and
duration of abouttO ns 3.5%, respectively, for the X525 laser, in the rangélefpres-
sure values studied. Examination of the discharge dynamics
coupled to the laser power measurement gives clear answers
3.1 Gas mixtures with hydrogen to these limitations, as discussed below.

3.1.1 Laser performanceFor theH, mixture, the laser en-

ergy EL measured a€ = 144 nFis plotted in Fig. 7 against 3.1.2 Discharge dynamics and implications for the laser
the stored energisio, at pry = 2, 4, 7.5, an®@2 Torr. Atall  power. At pry = 4 Torr, Fig. 8a shows the temporal evolu-
pry Values studied, the laser threshold vaktig, is a factor  tions of the current, of the voltage, and of the laser power
two higher than in Fig. 4 owing to the doubling of the capaci-at C = 144 nF and at three values of the charging volt-
tance. AtEgy slightly higher thanEey, the evolution ofE. age Vo, : 20.5kV, 25.05kV, and 29.15kV (Esp = 30.3J,
aspru Or Ego vary is nearly the same as@t= 72 nk How- 452 J and61.2 J). The maximum laser energy is achieved at
ever a strong saturation effect is seennvalues wherEg,, Vo = 25 kV for thatH; pressure value. Camera measurements
increases well above the threshold. At a giténpressure, atV,=2505kV (frame 1) and29.15kV (frame 2), both at
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for Vo, = 20.5kV in Fig. 8a. The discharge is homogeneous.
205kV ‘{60 However a second current pulse, evidence of an instability,
307 v is measured close to the main discharg&ascreases just
= "ﬁ‘“ @ a fewkV above the discharge threshold voltagg,. In that
M e {a0 = condition, from shot to shot, the statistical delay time be-
g E 07T e eamaane ] ¢  tween the first peak currei¢ and the second current pulse
8 B a is, at maximum, a few times the discharge duration. This is
23 ii 1y @ hot the case a€ = 72 nF, for which the residual voltage re-
1 = mains across the electrodes during a time much higher than
~  the discharge duration, for a charging voltage value up to at
0 leastVoin + 10 kV. Thus the increase &, from 72 nFup to
144 nF induces a decrease of the threshold voltslgg for
the instability onset.
301 % At Vo, = 25KkV andC = 144 nF, the delay time between
s g & I and the second current pulse is more or less equal to the
) g discharge duratiorl,25 ns Fig. 8a. The laser emission arises
o g 20 ¢ well before the instability onset @iz = 4 Torr, and frame 1
8B e in Fig. 8b shows that the active medium is homogeneous at
S 6 2 the time of the laser peak powE, with few hot spots on the
10 1 = cathode. However, the higher the charging voltage is above
~ 25kV, the shorter is the appearance time of the second cur-
rent pulse with regard to the time @f. It means that the
0 increase ol, induces a rapid decrease of the delay time be-
tween P; and the development of plasma inhomogeneities.
30wt — At V,=29.15kV, the instability appears when the current
e § is about half of its maximum value, at less tha@nsafter
5@ 2 the first peak current. In that condition, frame 2 in Fig. 8b
T 20 + 3 shows that the maximum value of the laser power, which
8 g g is less than the power af, = 25KkV, is achieved at a time
S 5 ~.  for which strong plasma inhomogeneities have already de-
10 1 120 £ veloped. Measurement of the evolution of the peak power
33 against the charging voltage shows tHat first increases
whenV, increases up t@5kV, and thereafter decreases for
0+ . * b3 F 0 higherV, values. It explains the saturation and the decrease of
a Time (50 ns/division) the laser energy as increases aboveg, Fig. 7.

As a result of the rapid development of plasma inho-
mogeneities whelW, increases, thél, pressure value takes
a prominent part in the optimization of the laser performance.
Forinstance, at, = 29.4kV, C = 144 nF andprn = 2 Torr,
the peak poweP; is reached during the second current pulse
and is only abou20 MW. For the same values & andC,
but at pry = 7.5 Torr, the laser emission begins to growth
very close to the first peak current, aRd= 70 MW. It re-
flects, at7.5 Torr, a lesser influence of the instability on the
laser emission than & Torr. Thus the maximum laser en-
ergy achieved a?.5Torr is a factor of 2 higher than the
energy obtained & Torr, Fig. 7. However discharge instabil-
ities prevent the achievement of a better laser performance at
et C = 144 nFthan at72 nF

Fig. 8. a Temporal evolutions of the currentidtted ling, upper voltage . . . . o
(dashed ling and laser powerfill line) at C =144 nF for the mix-  3.1.3 Parameters involved in dlscharge instabilitieSev-

ture with hydrogen a# Torr partial pressure. The initial applied voltage eral parameters could take a part in the instability onset

value is indicated on each diagram. Arrows in the medium and lower dlm Ne/SFs, and thus inH» mixtures. Comparlson between

agrams give locations of the camera opening for frames 1 and 2 in Fig. 8b | b d, f h 2 X525 | @t— 72 nF and

b Fluorescence measurements in the conditions of Fig. 8a. Optical attenugesu ts obtaine or the aser, @t= nFand at

tion: frame 1 —4.75 dB, frame 2 —7.5 dB = 144 nFindicates that the temporal shape of the current
pulse the duration of this pulse, and the charge transmitted
to the medium are amongst those parameters. In particular,

the time of the laser peak power (arrows in diagrams), arthe inhomogeneous second current pulse detectédZnF

displayed in Fig. 8b. appeared at a transmitted charge value less @ghs meas-

At a low charging voltage value, the discharge current andired at the thresholdg/N), value for the instability onset
voltage behaviours measured@t= 144 nFare of the same at 72nk However the main discharge duration 144 nF

type as aC = 72 nFandV, lower than28 kV, as can be seen (L = 15.25nH) is 40 nshigher than a2 nF(L = 11.25nH).
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Work is in progress to determine the correlation, for the devel- 25 f = = ; y al
opment of inhomogeneities, between the discharge duration ’ a -
and the transmitted charge, as well as to examine the influ- y
ence of the cathode shape and of 8¢ concentration in the (_-; 71 ™ r 1
mixture. ~ J
~
o &0 Ya .
3.2 Gas mixtures with ethane 5 157 [ﬁ o T
g °
At C = 144 nF, the stabilization of the discharge due to the o A N °
substitution oH, by CoHg is illustrated in Fig. 9, which gives § 11 QIA ° +

results obtained apry = 7.5 Torr and V, = 28 kV. Frames a A
1A and 1B, which correspond to the same time but for differ- Q‘
ent optical attenuation values, emphasise that the laser pe)zikJ 05+ B & N T
power is achieved in a homogeneous medium, and that the ca-
thodic luminescence is homogeneously distributed along the
electrode length without significant spatial gradient of inten- 0 } i } f
sity. Some cathodic spots remain intense at the end of the
discharge, frame 2, but no plasma filamentation develops and 20 30 40 50 60 70
the residual voltag®,esis established in a time much higher
than the current pulse duration, as@#= 72 nF. Thus, the in- Stored energy (J)
crease ofC leads to the increase of the transmitted charge angi . - )

. L . . . .. FIg. 10. Laser energy plotted against the initially stored electrical energy,
energy without significant deterioration of the spatial qua“tyfor mixtures with ethane &€ = 144 nk Ethane partial pressuréz])2 Torr,
of the active medium. Moreover the transmission efficiencya)7.5 Torr, (W)15 Torr, (®)22 Torr
nransdoes not depend on the circuit configuration.

Consequences on the laser performance are given in
Fig. 10, in which is displayed the evolution of the laser energy
EL against the stored enerds, at pry = 2, 7.5, 15, and than those achieved with hydrogen owing to the very differ-
22 Torr. Figures 7-10 clearly demonstrate, for the first time,ent behaviour of the dischargelity andC,Hg mixtures. For
that the laser performances achieved with ethane are highethane, the enhancement®f,ns through the increase &,
leads to the enhancement Bf , except at a very low pres-
sure. In that way the best performance with ethdhe=3J
at an efficiencyy = 4.7%, is obtained a€C = 144 nFfor the
X525 laser [18]. It corresponds to a maximum specific output
energy equal t8.6 J/I.

Results obtained a2 Torr in Fig. 10 are particular. In-
deed, a concentration of at le&@% of ethane in the mix-
ture is necessary to induce the discharge stabilizati@h-at
144 nE This minimum concentration value is higher than at
C = 72nF so that the stabilization effect by ethane should
be correlated to the values of the parameters involved in the
instability onset inNe/SFs. Discharge instabilities induce
a decrease OE; andn when Eg increases at a low ethane
concentration. However, @iky = 2 TorrandC = 144 nF, the
laser maximum energy is abaugdhigher than the energy ob-

'- = 0 tained with theH, mixture at the samery and C values.
Time (50 ns/division) This is explained by_ the shorter delay_time, for ethane, of the
laser peak power with respect to the time of the peak current,
owing to a higher rate constant for the formation of thie
molecule [26].
“ “ h At pry higher than2 Torr, the evolution ofE_ with re-

= - spect toEsy, and pry atC = 144 nFare qualitatively identical

to those obtained at2 nF, Fig. 4. This is also the case for
the efficiency. The laser energy and the efficiency are lower
for the C;Hg mixture than for theH, mixture at a highpry
value,22 Torr, as already established & nFand explained
by the decrease of the totBlatom density produced in the
Fig.9. Temporal evolutions of the currenddtted ling, upper voltage discharge [21]. On the other hand, at a given ethane pressure
o il s, 2 Lok Ao 28K, gar i Value the maximum effciency a4 nFis lower than the
orescenge meapsuremen'ts. Arrows show Io?:ations of thg camera opening %ﬁ'c'_e”CY gt72 nF: This is mainly dl_"e toa decrgase of the in-
frames 1A, 1B, and 2. Optical attenuation: frame 1A — none; frame 1B -trinsic efficiencyyint, as the transmitted energy increases with
4.75 dB frame 2 — none the capacitance value.
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4 Conclusions growth and the development of plasma inhomogeneities de-
pends very much on that pressure.

In contrast, a stable and homogeneous discharge has been
. . . obtained over a large range GfHg pressure, charging volt-
A detailed experimental study of an X-ray photo-triggetiéd age, and capacitan?:e vall?esﬁvix;heﬁnpethane is ad Ig | %Fe
laser has been performed Ne/SFs/H, andNe/SFe/CoHs o7 result, the transmission efficiency in tNe/SFs/CoHg
mixtures. Main characteristics of this laser, X525, are an aCan be readily optimized up 0% by the increase of the
tive volume of312cn¥, an inter-electrode gap d1.5cm . e . S .

' ’ . harging voltage, whatever the circuit configuration is, with

Zgﬁi ea\‘/ e%rci:'slﬁng %?rt]f;c;]dee.. aﬂlgntéﬁee[ ngtreg;grdr?c%r:?:sggr?df)e% e condition that the ethane concentration in the mixture is
: i ' : e equal to or higher thaB%. It implies that the laser energy can
Ic?fg 4tc;0;;1 sggcrzrl]flc;reer:je:’%i)t/hcﬁ.?e\\]{iloits zr:u%liee Csm[iil igimﬁnggn_be readily enhanced by the increase of the capacitance value

A P P L in order to increase the transmitted charge and energy to the

firms that the active volume of the photo-triggetdH laser
can be increased without loss of performance. In particula
the photo-triggering technique has allowed us to achieve th
highest efficiency reported to date.

The discharge dynamics have been examined through cur-

e

rent and voltage measurements coupled to a spatially anad;

temporally resolved diagnostic of the plasma ﬂuorescenc%
intensity in the inter-electrode space. These measuremer
have been performed together with the measure, in absolu
values, of the laser energetic characteristics, i.e. the temp
ral evolution of the laser power, the laser energy, and th

I;active medium. However the overall efficiency saturates and
lightly decreases at higBansandEgansvalues, owing to the

crease of the intrinsic efficiency of the medium.

Finally, as the most important result, it has been un-
biguously demonstrated for the first time that the high-
discharge-pumpedF laser performance achieved with
eavy hydrocarbon, i.e. ethane in the present work, with re-

ect to performance achieved with hydrogen, follow from
Te stabilization of the discharge BFs by addition of this
ydrocarbon.

electrical efficiency. As a result the correlations between, OR cknowledgementdhe authors wish to thank the DEBTTC (DGA) for
the one hand, the discharge-pumpdfetlaser performances s financial support through contract No./8&092.

which are achieved witlsFs and hydrogen or witlsks and
ethane, and, on the other hand, the discharge dynamics, are

precisely determined for the first time. Parameters involve@References

in this study have been the storage line capacitance and the
circuit inductance, the capacitors’ charging voltage, R
molecule type and partial pressure.

For a homogeneous active medium, the laser engigy
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2
3
4
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