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PHYSICAL REVIEW A VOLUME 55, NUMBER 4 APRIL 1997
Optimization of plasmas for recombination-pumped short-wavelength lasers

M. Murphy, C. Glasheen, F. A. Moscatelli, and T. D. Donnelly
Department of Physics, Swarthmore College, Swarthmore, Pennsylvania 19081
(Received 18 November 1996

We report on experiments investigating the optimization of laser-ablated plasmas which are used to produce
recombination-pumped, short-wavelength lasers. We evaluate the density of electrons and neutral atoms in
laser ablated lithium and carbon plasmas as a function of time and distance away from the ablated target
surface. We use an interferometric technique which can reveal information about the temperature of the plasma
electrons. We find that the cold electrons which result in gain in recombination-pumped lithium lasers on the
Lyman- transition are produced by the high-intensity pump pulse rather than the lower intensity ablating
pulse.[S1050-294{@7)51604-0

PACS numbds): 42.60.By, 52.50.Jm

Over the past decade there has been extensive effort tmmmon feature of these systems is that they require
explore and develop short-wavelength lasers; R&f.re-  electron-ion recombination to occur on a time scale that is
views of much of this work. The first soft x-ray laser was short compared to the natural lifetime of the laser transition,
demonstrated in 1984 at Lawrence Livermore Nationalthus requiring a plasma with high electron density and cold
Laboratory at a wavelength of 21 nj]. In this experiment electron temperature.
the NOVA laser was used to create a plasma containing en- We set out to empirically determine how this OFI plasma
ergetic free electron that collisionally pumped the laser trancan best be produced to achieve gain; we consider both
sition. Since then, also using the NOVA laser, lasers havédithium and carbon lasing media. Our considerations are mo-
been demonstrated at wavelengths as short as 4.33hm tivated by the experiments described in RgTs-10], and the
Following this original work, photoionization-pumpdd]  theoretical considerations found in R¢fl2]. Each of the
and recombination-pumpe{b] lasers were also demon- above experiments produce a plasma appropriate for a
strated. In each of these experiments, a kilojoule of energyecombination-pumped, short-wavelength laser in the fol-
from the pump laser was required to produce the proper erlewing, two-step manner. First, a sample of lithium is ab-
vironment for the short-wavelength laser. Pump lasers witHated by a low-intensity pulsé~10° W/cn? in Refs.[7,8],
these large energies are not generally available and, in thend >10'° W/cn? in Refs.[9,10)) to produce a vapor of
past, the necessity of their use has limited the developmerdtoms, which is, in turn, used as a laser target. After some
of short-wavelength lasers to large research facilities. time delay, the ablating pulse is followed by a high-intensity

Recently, however, high-intensity table-top lasers havepulse (>10'" Wi/cn?), which is capable of ionizing the
made short-wavelength laser experiments more accessiblithium vapor atoms to the appropriate ionization stage
Using such a table-top system, a collisionally pumped lase(Li®"). Under the proper conditions, the high-intensity pulse
has been demonstrated at 42 p@h, and gain has been re- will produce a plasma which undergoes rapid three-body re-
ported at 13 nm in a recombination-pumped schérel(]. combination, and subsequently lases. It is crucial that the
These experiments have demonstrated the downsizing afiree-body recombination occur quickly, so that the upper
short-wavelength laser experiments to pump lasers with agaser level(n=2) can be populated on a time scale which is
proximately 100 mJ of energy, an energy now achieved withshort compared to the natural lifetime of the sté2é ps9,
commercially available high-intensity, short-pulse laser sysotherwise the population inversion between thel and
tems. The ability to use smaller pump lasers in these experin=2 states is spoiled. Again, this necessitates a cold, dense
ments will increase the use and eventual application of shorkelectron population, as can be seen from the dependencies of
wavelength laser systems. R3g. Which of the above two pulses, the ablating pulse or

The gain reported in Ref$7-10] was on the Lymamr  the high-intensity pulse, produce these electrons, has been an
transition of LF*, and was demonstrated in the context of open question. Since the operation of such a laser depends
significant theoretical investigation of high-intensity, shortcritically on the electrons, knowing the mechanism by which
pulse lasers as possible drivers for recombination pumpethey are produced may allow optimization of the laser’s per-
short-wavelength laseree, for example[11,12). These formance. Further motivating our study, given the param-
lasers are attractive as pumps because optical-field ionizatiasters of the ablating laser, hydrodynamic models have been
(OFI) of atoms by these laser pulses can create high-chargémnable to reproduce the characteristics of the ablated vapor
state, nonequilibrium plasmas with a propensity for recomas stated in Ref§7-9].
bination. The primary mode of recombination in these sys- In our investigation, we establish which of the two laser
tems is three-body recombination, whose r&g;, depends pulses is responsible for producing the cold electrons in the
strongly on electron temperaturg, and electron density experiments of Ref.7,8], and we further determine the den-
Ne: Ryg~N2TY2[13]. OFI driven, recombination-pumped sity of the ablated plasma as function of both time and posi-
short-wavelength lasers have been proposed in plasmas tién off the target surface. With knowledge of the electron
aluminum[14], carbon14], and neori15], to name a few. A temperature and density, the most desirable experimental
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conditions for realizing a recombination-pumped short-
wavelength laser can be determined.

The optimal plasma conditions for gain occur with par-
ticular constraints o, andN,. In the lithium system, for
example, an electron density is required which is high
enough to create a substantial population inverstbrs is
calculated to be>10'® cm™ 2 [16]), yet is low enough to
avoid collisional heating of the electrons via inverse-
bremsstrahlung during the high-intensity pulkess than ap-
proximately 18° cm™2[17]). Considerations of the electron
temperature are twofold. If the electrons are produced by the

ablating pulse, hydrodynamics will set the electron tempera- PMT[Monochrometerfs:

ture as a function of time and distance away from the target Absorption Channel

surface. If, on the other hand, the electrons are produced by

the high-intensity laser pulse, their temperature will result FIG. 1. Diagram of the experimental setup.

from energy imparted by the pulse during the OFI process. In
this case, the temperature can be determined from modetstion, E , is the photon energy, and both polarizabilities are
described in Ref.11]. In either case, one would like to know in units of cm 3. The relevant lithium transition is 1.85 eV
the electron temperature and the mechanism by which it iabove the ground state, and for carbon it is 5 eV above the
established, to better control the lasing environment. ground state. The experimentally determined dc polarizabil-
Referenceg7-9] report some nonlinear growth of laser ities of lithium and carbon are, respectively, 12
signal as a function of the length of the gain medium; thisx 10724 ¢cm™2 and 1.5<1072* cm 3 [20].
indicates that a population inversion is forming, and, there- From our raw date, which consists of the intensity trans-
fore, it is believed that electrons of sufficiently low tempera-mitted through the interferometer as a function of time, we
ture are being produced. Refererid®] reports very strong extract the fringe shift functiots. SinceS= A ¢/27r,
evidence for lasinggain-length GI>5), and further con-
firms the belief that cold electrons are produced. We find that AS(t)=2mL[Ng(t) g+ Ne(t) ). 2)
for the conditions described in Reff7,8], the source of
these cold eI_ectrons is not the Iow—intens.ity abl_ating I.ase.r. To solve for both the electron and neutral atom densities
The experimental methods we employ in our investigationfom this single equation is, of course, impossible using a
follow that Ref. [18], and consist primarily of two- gjngle probe wavelength; therefore, data is collected at two
wavelength interferometry, plus absorption spectroscopy. Ayavelengths. We use the two strongest lines of an argon-ion
Mach-Zehnder interferometer was constructed with ongager operating at 2 W: \;=514.5 nm anch,=488 nm.
beam passing through the laser-ablated vapor, at a variable The Mach-Zehnder interferometer was constructed with
distance from the target surface. An optical difference begyne peam arm, focused to a diameter of 2@ directed
tween this beam and the reference beam accrues due ffrough our vacuum chamber and passing at a variable dis-
changes in the index of the ablated vapor. These phases diynce from the target surfa¢gee Fig. 1 The vacuum cham-
ferences result from the presence of neutral atoms and fre§s; is evacuated to 18 Torr. The target material was held
electrons. We assume the contribution due to the ions i§ 4 stage that could be “raster scanned” to fresh spots for
small because their polarizability is significantly less thanggch aplation shot. The ablation pulse was produced by a
that of the neutral species, and because their density_ is Sm@ﬂ-switched, frequency-doubleé@32 nm) neodymium-doped
compared to that of the neutralsee below. The optical yiriym aluminum gametNd:YAG) laser operating with
phase differencé ¢ between reference and probe beams, forr00.m3 pulse energy, and 10-ns pulse duration. The
light of wavelength), is given by A¢=27L(n—1)/\,  Nd:YAG pulse was focused by a 25-cm focal-length cylin-
wherelL is the length of the medium whose index of refrac- yyica| lens onto the target. Measurement of the focused beam

tion is n. The index of refraction of the plasma is showed that a 13@m line focus was achieved over a 2-mm
length. An abrupt edge of the line focus was produced on
n=1+2m(Noag+Neae), (1) target using an imaging system and horizontal slits. These

values yield 8<10° W/cn? as our maximum intensity of
where Np and N, are, respectively, the neutral atom andtarget. The intensity was varied during data collection using
electron densities, and we assume that the second term on theutral density filters.
right-hand side of the equation is small compared to unity. Although none of the lithium laser investigations refer-
The polarizabilitiesey, and «, are wavelength dependent. enced above use a Nd:YAG as an ablating laser, we believe
The electron polarizability is obtained through a classicalthat our results are applicable to a variety of experimental
treatment of the electron in an electromagnetic field of fre-setups. In the intensity range of interest, the temperature of
guencyw, while the corresponding value for the atomic po- the ablated plasma is relatively insensitive to the wavelength
larizability comes from a Lorentzian line-shape correction ofand the duration of the ablating pulse. Over the intensity
the DC value,aq(0), around the atom’s principal resonant range of 18—10"® Wicn?, temperatures of laser ablated
transition of frequencywy [19]. In our analysis we take plasmas vary by only a factor of 1@ee Table 4.2 of Ref.
ae(w)=€%(mw?), and ag(®) = ag(0)E?/(EZ—E2), where  [22]); this has been demonstrated using a wide range of tar-
E, is the transition energy of the nearest dipole-allowed tranget materials. For nanosecond duration ablating pulses,
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20x10 primeti Lo b bt n e ben b oo b no relevant density of free electrons is present after 550 ns.
1N 3 This indicates that in the experiments described in Refs.
. [7.,8], at the time the high-intensity pump-pulse arriap-
proximately 750 ns after the ablating pulsenly a fraction-

ally ionized plasma or a neutral atomic vapor is pregeaé

r Fig. 2.

] / ______ A S — e \ ; The carbon data was obtained for a higher ablating laser
o] CE B e f intensity than was used for the lithium data shown, and a
o 1w e a0 w0 6o correspondingly higher atomic density is observed. The ob-
time (ns) served density is similar to that required for the operation of
Lox10® bt a C*, recombination-pumped, laser operating at 18 8j.

' 1| : The lithium result, which was obtained for a probe beam

084~ d . distance 25Qum from the target surface, shows a time delay

06 A [ between the ablating pulsé=0) and the arrival of the

E / i plume. This delay is set by the hydrodynamic expansion of

04 s . the plume, and indicates an expansion energy of approxi-

02 /a’ \ [ mately 1 eV, which is consistent with previous experimental

] . \ : results(see Table 4.2 in Ref22)).

0.0 g e T — An important point is that both the lithium and carbon
0 100 200 ﬁmgﬁs) 400 500 600 targets produce only a fractionally ionized plasifaa the

peak of the neutral density in Fig. 2, carbon is 10% ionized

FIG. 2. Electron and neutral atom densities as a function of imednd lithium is 25% ionized Thus, if this plasma were the
measured for lithium and carbon targets. Lithium data: intensity ofSole source of the cold electrons, there would not be enough
ablating laser pulse on target is<20° W/cn?; probe beam is 250 of them present to produce gain through recombination with
wm from the target surface. Carbon data: intensity of ablating puls¢he highly stripped ions which are produced by the high-
on target is & 10° W/cn?; probe beam is um from the target intensity pulse(One of the authors has shown this in calcu-
surface. lations which relate electron density and gain under a variety

of conditions[16]). Therefore, our laser-ablated plasma is
plasma density will grow until the electron density is high incapable of providing the cold electrons that are critical for
enough to reflect the incoming pulE22]. This occurs when the operation of the short-wavelength laser. Since the ablat-
the laser frequency is equal to the plasma frequency, anihg laser is not able to provide these electrons, the cold elec-
therefore the final density should vary with the square of tharons must, in practice, be produced by the high-intensity
laser frequency. Since the frequency of our pulse is within ggump pulse. This also explains a perplexing aspect of the
factor of 2 of those used in Ref§’] and[8], and is of nearly  data reported in Ref16]. They report an electron density of
the same duratior(Ref. [7] uses a 20-ns pulse witw  2Xx 10 cm 2 in their ablated plasma, based on emission
=7.6x 10" Hz, and Ref.[8] uses a 10-ns pulse with  spectroscopy studies. They assume that this is also the elec-
=6.1x 10" Hz), we expect to create comparable plasmastron density that accounts for the rapid recombination in the
Plasmas of similar temperature and density will evolve simi-highly ionized plasma, and, therefore, is responsible for the
larly due to hydrodynamics. gain they observe. This electron density is, however, thought

In our setup, the argon-ion laser was operated in the allto be too low[16], by approximately a factor of 10, to ac-
lines mode so that five different lasing wavelengths werecount for the high gain that they report. We can now offer an
present in the probe beam. The gre®@i4.5 nm and blue explanation of these seemingly contradictory results. Nagata
(488 nm lines were spatially separated in the beam with aet al. treat their ablated plasma as fully, singly ionized, and
diffraction grating placed after the interferometer. The centhus the source of cold electrons. Our results suggest that
tral interference fringe was then directed through a interferNagata’s plasma igartially ionized, having the reported
ence filter(bandpass 3 nm) to a photomultiplier for detec- electron density, but a much higher neutral atom density.
tion. The signal-to-noise ratio of the interference fringes afTherefore, when the high-intensity pulse irradiates this
488 nm was lower than that at 514.5 nm. To improve thisplasma a significantly higher electron density is produced
situation, we further discriminate the 488-nm fringe signalthan that which was reported(perhaps above the
from the noise by sending it through a monochrometer bed0*® cm™2 required for gaih It is this plasma which results
fore it reaches the photomultiplier. in the observed population inversion and, thus, explains how

Data was collected for carbon and lithium targets overit was possible for their system to generate the observed
intensities ranging from 810° W/cn? down to one hun- gain. In short, the high, neutral-atom density is produced by
dredth that value, at four different positions above the targethe ablating laser. The particular atom density above the tar-
surface: 750, 500, 250, andgm. In Fig. 2, we show some get surface at a given time is determined by the intensity of
of the electron and neutral atom densities that are derivethis pulse on target and the ensuing hydrodynamics. The
from the fringe shift datacorrected for absorption of the high-intensity pump pulse then generates the ion density, and
probe beam in the plasmave estimate the uncertainty in produces the first cold free electron by multiphoton ioniza-
the density values to be as large as 50% as a result of then on its leading temporal edge.
noise on the interference fringes. Several features are notice- Finally, if the high-intensity pump pulse is responsible for
able. For both lithium and carbon targets it can be seen thairoviding the cold electrons, it is implicit that neither

n

density (cm’s)
=

o
n

density (cm‘3)
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inverse-bremsstrahlung, nor ponderomotive heating of thevhere temperature is measured in eV, density in gnand
electrons during the high-intensity pulse, is sufficient to pre-w is the laser frequency. Thus, from a measurement of the
clude the rapid formation of a population inversion. absorption and our knowledge Nf,, we can obtain the elec-
We are currently improving our detection system to re-tron temperature. In our continuing studies, we will deter-
duce the noise on our interference fringe signals. Thesgline the best time delay between the ablating and high-
improvements will allow us to do a more detailed study ofintensity pulses and the position above the target surface at
the density-time-position phase-space of the ablated plasm#hich the high-intensity probe should be incident to opti-
We will also be able to determine the temperature of theMize the production of a short wavelength, recombination-
electrons produced by the ablating laser as a function of timBUMped laser in lithium or carbon. _
and position above the target by measuring the absorption of ' Summary, we have used a two-color interferometry

a light beam traversing the ablated vapor. This absorptioﬁeChmq”e to show that the electrons that are critical for the
‘ operation of the lithium laser are produced by the high-

does not arise from the familiar mechanism of resonant tran: - S i
tensity pump pulse. This implies that electrons produced

sitions between discrete atomic states, but from invers y PHISE-
bremsstrahlung. We pick off a portion of the laser beage y multiphoton ionization are cold enough to form a popu-

Fig. 1) that traverses the vapor and extract the optical thickialion inversion on the Lymaa- transition of lithium. We-
ness,, from the incoming and outgoing intensitigs,and I, have also given an explanation of earlier seemingly contra-

respectively. From Beer's law,(w) =1, exf—7(w)]. The c.iﬁ.tory results concerning electron density and gain in the
optical thickness can be related to the inverse bremsstrahlurm] ium system.
absorption cross section to obtain the following expression \ye wish to acknowledge Carl Grossman for use of the

for 7[21]: Nd:YAG laser, Carr Everbach for the use of his oscilloscope,
LN2T - Y2 o the technical ass_istance of Steven Palmer and John [_)ou_gh-
r =9.93x 10—386—62 exp{ _) 1} 3 erty, and the assistance of Walter Luh and Gabe Benjamin-
(ho) Te Fernandez.
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