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Cooling of optical-field-ionized plasmas
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Time-resolved investigations of soft-x-ray radiation from helium and oxygen plasmas produced by optical-
field ionization in an intense laser field are performed. The possibility of rapid cooling of these plasmas by
metal pieces is studied. It is shown that the time duration of the radiation components produced by three-body
recombination pumping can be significantly reduced in the vicinity of metal surfaces. Soft-x-ray lasing at 37.4
nm in Ol ions with a gain-length produc L=4.4 is demonstrated S1063-651X99)15102-X]

PACS numbegs): 52.50.Jm, 42.55.Vc, 44.10i

. INTRODUCTION very rapid recombination can be achieved foHand G
ions. Experimental results reported[i8] are confirmed. In

Intense ultrashort-pulse laser systems can produc8ec. Il, possibilities of cooling OFI plasmas by thermal con-
strongly nonequilibrium plasmas by optical-field ionization duction are discussed. In Sec. lll, the experimental setup is
(OFI) of gaseousgor clustej media. In a previous papét| described. In Sec. IV, results of the experimental observa-
we demonstrated possibilities to manipulate the plasma paions and further explanations are given.
rameters and the temporal structure of the line emissions by
varying the pump laser frequency and polarization. It is well
known that to achieve amplification on soft-x-ray transitions
to the ion ground states, a rapid recombination and thus very The transport of large energy fluxes in nonstationary non-
low electron temperatures are necessary. Unfortunately, igquilibrium inhomogeneous plasmas is a very complex topic.
many cases the initial electron temperatures of OFI plasmalany theoretical effort§6,7] have been devoted to under-
are too high to provide efficient recombination pumping ofstanding the mechanisms responsible for the inhibition of a
the upper laser level. Therefore, additional cooling mechafree-electron heat flux and the role played by nonlocal trans-
nisms for OFI plasmas are necessary. port effects. In recent experimen®], nonlocal electron heat

The idea of cooling laser produced plasmas by metatransport in ps-pulse laser produced plasma in clustering
pieces is very old and has been successfully applid@fin  gases has been studied. It has been found that a semiempir-
where the first soft-x-ray laser with recombination pumpingical formula for the nonlocal energy transport suggested in
has been demonstrated. It is natural to ask whether the sarfg] is in good agreement with the experimental data. We
idea can be used for cooling of OFI plasmas. The OFilthink that for a further progress in this field investigations of
plasma can be produced very close to a metal surface in @ooling dynamics of OFI plasmas will be very important.
small well-defined volume determined by the focusing op- By focusing ultrashort-pulse laser radiation into a gaseous
tics. In this case the estimated cooling time due to thermalor clustej medium, OFI plasmas can be produced very
conduction(see below could be of the order of 100 ps. close to a metal surface. This allows to realize a plasma-

In previous experiments we demonstrated amplificatiormetal contact with well defined initial plasma parameters.
on the 23s(®P)—2p?(3P) transition in Qui ions at 37.4  Since the electron mean free path is density dependent, by
nm [3]. In these experiments the laser focus was positionegarying the gagplasma density the transition from the clas-
very close to the metal surface of the gas injecting nozzlesical diffusive heat flux to the free-streaming behavior can be
Several attempts of other groups to repeat our observatiorstudied. This offers a way for direct measurements of the
in a pure gaseous mediuffiar from solid surfaceshave  nonlocal heat conductivity.
failed [4,5]. It appears that in the pure gaseous medium the Neglecting hydrodynamic motion and density gradients,
initial electron temperature of the OFI oxygen plasma is nothe short-time scale evolution of the electron temperatyre
sufficiently low for a fast recombination and an inversion toin the OFI plasma can be described by
the ground state. Additional cooling of this plasma is re-
quired. In[3] cooling via thermal conduction to the metal T, 2 99
nozzle has been responsible for successful observation of St 3N. 9z’ 1)

D : e

amplification in Qi ions.

In this paper experimental investigations of OFI plasma

cooling by metal pieces are performed. It is shown that Avherez is the direction perpendicular to the metal surface,
N, is the electron densityyj= — «dT./dz is the electron heat

flux, and « is the thermal conductivity.
*Present address: A.F. loffe Institute of Physics and Technology, The expression for the classical diffusive thermal conduc-

Polytehnicheskaya 26, St. Petersburg, Russia. tivity is given by[9]
"Permanent address: P.N. Lebedev Physics Institute, Leninsky )
prospect 53, Moscow, Russia. k=14b(Z)NgvgTei, 2

Il. THERMAL CONDUCTION COOLING
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whererg=3X 10°(T/1 eV)*%(NZA) is the characteristic monochromator
time for electron-ion collisionsy .= \T./Mm, is the electron  Tisapphire — >
thermal velocity,b(Z)=(1+3.32Z) ! is a dimensionless
correction factor taking into account electron-electron colli- |J_

sions that become important for small values of ion charges
Z, and A is the Coulomb logarithm.

Collisionless heat transport is usually described by simply (b)
limiting the value of the maximum energy flux which can be metal picce
carried by Maxwellian electronsg,=(3/2y27)NgvoTe
=0.6NvT.. Calculations and available experimental data
(see[9], for example show that the heat flux tends to satu-
rate at a lower valug;=fN T, wheref~0.1 is the so-
called flux limit. For the transition region the heat flux is

usually approximated by,=q/(1+q9/gs). In a more accu- 2 ﬁ

output slits

rate modelling a semiempirical formul&] for the nonlocal ffu?s‘:é‘nmle
energy transport is used.

In our estimates of the OFI plasma cooling rate we con-
S'Fjer a cylindrical plasma coll,!mn ,pIaCEd. in a close ContacFesolved investigations of thermal conduction cooling of OFI plas-
with a metal surface. For the diffusive regime of the electron, .o
heat transport, the cooling tinte=t. can be defined from the
condition that the electron heat propagation lendth

= \2Dt, whereD=9h(Z)v27,, is the electron thermal dif-

FIG. 1. Experimental setuf@ and the nozzl¢b) used for time-

Ill. EXPERIMENTAL SETUP

fusivity, becomes equal to the OFI plasma diameterthis The experimental setup that has been used for investiga-
gives tions of optically field-ionized(OFI) helium and oxygen
plasmas is shown in Fig. 1. The plasmas are produced by
2r2 2 r\2 focusing of frequency-double400 nm Ti:sapphire laser
te= D 9b(2) Z) ei (4) pulses with af =1000 mm lens into gas jets. The pulse en-

ergy and pulse duration used in our experiments are 50 mJ
where vo;=1/r,, is the effective electron-ion collision fre- &nd 150 fs.

quency. For the collisionless heat flux the cooling time is Helium and oxygen gas is injected into the vacuum cham-
ber (10°° Torr) by a pulsed nozzléGeneral Valve Corpo-
3t ration, model lota One with an opening time of about 1 ms.
te==—. (5  The experiments are performed at backing pressures of 0.1—
2 fue 1.5 bar, which correspond to particle densities of

10'7-10"® cm~3 in the interaction region.

The maximum value of these two exprESSionS gives an esti- To Study the poss|b|||ty to cool OFI p|asmas by metal
mate of the cooling time. For the typical parameters, pieces, a nozzle consisting of two slits parallel to the pump
=20 pum,e~va=2x10% cm/s, as it follows from Eq(5),  |aser direction is used, as shown in Figb)l Each slit has a
the cooling time is of the order of 100 ps. length of 2 mm and a width of 0.2 mm. At the edge of the

Note that for soft-x-ray lasing to the ion ground states, theeft slit an aluminum piece is mounted. The distance from the
Cooling time should be of the order of the radiative |ifetime|aser focus to the metal surface is varied by mo\/ing the
of the upper levelt,~A~*. For the 23s(®P)-2p®(°*P)  nozzle perpendicular to the beam directisee Fig. 1
transition in Qu ions, which is investigated in this paper,  Time-resolved soft-x-ray spectra are obtained in the direc-
A~ is approximately 260 ps. tion of beam propagation with a grating monochromator

The electron distribution function produced by optical (Jobin Yvon, LHT 30, 550 lines/mm platinum grating, angle
field ionization in a linearly polarized laser field is strongly of incidence 19) equipped with a fast microchannel plate
anisotropic in directiond and L to the laser field withT,  (MCP) detector having a temporal resolution of about 2 ns.
>T, (see[1] for detaily. Therefore, one could expect that The signals are recorded by a digitizing oscillosceépek-
the electron heat flux and the corresponding cooling rate wiltronix, model TDS 620B, 2.5 GS/s, 500 MHand averaged
be different when the polarization vector of the laser field isover 50 laser shots. A narrow central part of the laser beam is
directed perpendicular or parallel to the metal surface. Irblocked in front of the focusing lens to protect our mono-
spite of the fact that with the time resolution of our detectionchromator from the direct laser radiation. The shadow pro-
system(see below we were not able to observe any differ- duced by this 2-mm beam block reduces the laser intensity
ence in the cooling rate between these two cases, in own the entrance slit of the monochromator by two orders of
experiments the polarization vector has been always chosenagnitude.
perpendicular to the metal surface. In this case the expected To investigate amplification on thep3s(3P) — 2p?(°P)
cooling rate is maximum. transition in QO ions (\ =37.4 nnj, the nozzle shown in
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The plasma is produced by focusing of frequency-doubled
Ti:sapphire laser pulses with an energy of 50 mJ into gas jets
expanding into the vacuum through &2 mm slits, as
shown in Fig. 1b). The pump laser intensity in the focus is
estimated to bé,=2x10® W/cn?, which is high enough
to produce a fully ionized He plasma and ionize oxygen to
OlV stage.
Figure 3 shows four oscillograms of the Hd.yman«
emission at 30.38 nm. In Fig(® the plasma is produced in
a gas ejected from the right slisee Fig. 1b)]. One can
clearly distinguish between a fast and a slow component in
the time-resolved line emission. As discussed in our previous
paper[1], the fast and the slow components are generated
due to electron collisions and three-body recombination, re-
laser focus spectively. The position of the fast component coincides with
the laser pulse within the time resolution of our detection
system(2 ns.
The oscillogram shown in Fig.(B) is recorded when the
FIG. 2. Nozzle used for plasma-length variation and gain meaOFI plasma is produced at the edge of the left slit close to the
surements. metal surfacdsee Fig. 1b)]. In this case the fast and slow
components can not be distinguished anymore. Due to the
Fig. 2 is used. This nozzle has five output slits with a widththermal cooling, the recombination component becomes very
of 0.2 mm and lengths ranging from 1 mm to 5 mm. Everyfast, with a rise time below the resolution limit of our detec-
slit is located inside a channel with a depth of 0.2 mm. Theor.
laser focus can be positioned inside these channels, which Close to the metal surface, it is reasonable to expect that
provides possibilities for cooling of OFI plasmas via rapidthe gas density profile will be changed. A density increase
heat conduction into the metal. By moving the nozzle persear the wall could also increase the recombination rate. To
pendicular to the laser beam axis the interaction length cagdliscard this effect as a possible explanation of the signal
be varied. This nozzle and the nozzle described above hawbserved in Fig. &), the backing pressure of the gas inject-
been manufactured at the Laser Zentrum Hannover with &g nozzle is varied. In Figs.(8,d) the plasma is produced

fs-laser systeni10]. again in a gas ejected from the right slit. Four and eight times
higher backing pressures than in Figa3are used. As can
IV. RESULTS AND DISCUSSION be seen, the peak strength of the recombination component

becomes much higher than in Figga®) and follows the
In this section results of the experimental investigations ofjuadratic dependence on the particle density. But still the
possibilities to cool OFI plasmas by metal pieces are disfast component signal can be clearly observed. This is very
cussed. Time-resolved studies of helium and oxygen plasmatifferent from the signal behavior shown in FighR where
are performed with the experimental setup shown in Fig. 1the cooling is present. These observations provide irrefutable
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10T (a) Hell Lyman-o (30.38 nm) 7 (©)

p = 100 mbar

FIG. 3. Oscillograms of the
Hen Lyman- line emission from
1ok @ ] the plasmas produced in a gas
p = 800 mbar - ejected from the right slifa,c,d
and from the left slit(b).
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Time [ns] componentgb) as a function of the focus position. The position of

the metal piece is marked by a box.
FIG. 4. Temporal evolution of the HeLyman- line emission

ifferent distan from the metal wall. S .
at different distances from the metal wa body recombination rate become smaller. The delay is dra-

matically reduced when the OFI plasma is produced closer to
evidence that the effect is due to the thermal conductionhe metal wall, as can be clearly seen in Fif)5

cooling. Analogous investigations are performed with OFI oxygen
In Fig. 4 the OFI plasmas are produced in the left jet. Toplasmas. The temporal behavior of thep33(3P)
study the temporal dynamics of the Lymanline emission —2p?(3P) line emission in Qi ions at 37.4 nm is studied.

and the importance of thermal cooling the position of theTypical signals are shown in Fig. 6. In Figathe plasma is
focus is moved towards the metal piece. In Figa)4he produced in the gas ejected from the right slit and in Fig.
focus position is moved in steps of »0n (starting from 200  6(b) in the gas ejected from the left slit, close to the alumi-
pum) and in Fig. 4b) in steps of 10um. The change in the num piece. It is remarkable, that in both cases there is no fast
intensity of the recombination component can be clearlyemission component in the IO line emission. This can be
seen. explained by the much lower initial electron temperature of
In Fig. 5 the peak intensity of the recombination compo-the OFI oxygen plasma compared to the helium plasma. The
nent of the Hel Lyman- emission(a) and the delay be- electrons are not hot enough to excite thE88(°P) state in
tween the fast and slow componefis is plotted versus the Ol ions. A significant change in the intensity can be ob-
focus position. The position of the metal piece is marked byserved due to the influence of the metal piece. The peak
a box. The center of the right slit is located at a distance ofntensity is increased by a factor of more than 10. The delay
about 3000um from the metal surface. As can be seen inbetween the slow component and the laser pulse reduces
Fig. 5(a), the intensity of the recombination component isfrom 10 ns in the free gas jet to the resolution limit of our
strongly enhanced by a factor of 10 in the vicinity of the detection system when the focus position is close to the
metal surface compared to the signal generated from thmetal surface.
right slit. When the focus is in the middle of the right slit the  In Fig. 7 the peak intensity of the © line emission and
minimum delay between the fast and the slow componentthe delay of the recombination component are illustrated as a
that can be reache@t a backing pressure of 600 mpas  function of the focus position. The dramatic increase of the
approximately 30 ns. This position corresponds to the highpeak intensity of the recombination component in the vicin-
est particle density. On the edges of the right slit the delayty of the aluminum surface can be clearly seen in Fig).7
increasegsee Fig. B)], since the particle density and three- Thermal conduction cooling results in a strong reduction of
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FIG. 7. Peak intensitya) and delay of the slow compone(i)

at a distance of 120@m from the wall the delay falls below as a function of the focus position.

the resolution limit.
To investigate amplification on thep3s(3P) —2p?(3P)
transition in Qi ions, which has been previously observed in

V. CONCLUSION

The possibility of rapid cooling of OFI plasmas by metal

[3], the nozzle shown in Fig. 2 is used. The plasma length i$ieces has been demonstrated. The OFI plasma can be pro-
varied by positioning the laser focus inside the differenty,ced in a gaseous medium very close to the metal surface.
channels. In all cases the plasma is surrounded by metahis allows to realize a plasma-metal contact with well-
walls from both sides which allows effective thermal con-defined initial plasma parameters. Investigations of the tem-
duction cooling. In Fig. 8 results of the variation of the poral evolution of this plasma offer a way for direct mea-

plasma length for the @s(3P) —2p?(3P) transition in Qui
ions (filled squaresare shown. In this figure the peak inten-
sity of the recombination component is plotted versus the
plasma length. A nonlinear growth of theD 2p3s(3P)
—2p?(®P) signal is observed. The solid line represents a
Linford fit [11]. The gain coefficient that can be estimated
from the data ilG=11 cm !, which provides a gain-length
product GL=4.4. The thermal conduction cooling can be
switched off by moving the focus out from the metal chan-
nels. In this case the observed sigfddtted line in Fig. 8
grows linearly with the plasma length.

These results demonstrate the importance of additional
thermal conduction cooling of OFI oxygen plasmas for the
observation of amplification. It should be noted that the
alignment of the laser focus inside the channels is very cru-
cial due to their small sizes. The channels can be easily de-
stroyed during positioning of the laser focus. Therefore, re-
producibility of the gain measurements is not very high.
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surements of the nonlocal heat conductivity. gain-length producGL=4.4 has been achieved. Further im-
A very important aspect of the demonstrated thermal conprovements can be expected by the use of metal capillaries
duction cooling of OFI plasmas is related to the developmentilled with oxygen gas.
of recombination type soft-x-ray lasers. In many cases the
initial electron temperature of the OFI plasma is too high. In
our previous experimen{$], reporting amplification on the
2p3s(®P) — 2p?(3P) transition in Qi ions at 37.4 nm, cool-
ing via thermal conduction to the metal nozzle has already This work was supported by the Deutsche Forschungsge-
been involved. These results have been confirmed with ameinschaft. We wish to thank S. Nolte for manufacturing
improved nozzle design. Soft-x-ray lasing at 37.4 nm with aspecial nozzles with a fs-laser system.
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