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We have demonstrated the amplification of the 13.5-nm Lyman-a transition in hydrogen-like 
Li+ ions, using a novel optical-field-induced ionization. A small-signal gain coefficient of 20 
cm"1 was obtained. The use of preformed Li+ plasma as an initial laser medium plays important 
roles for the production of suitable plasma conditions for an optical-field-induced ionization x-
ray laser. 
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1. Introduction 
Recent research in x-ray lasers has focused on the development of more efficient and shorter 

wavelength lasers which can be pumped by a compact driver. Present x-ray lasers [1,2] require 
large scale and very expensive drivers to heat a plasma medium to a desired ionization state by 
collisional excitation. Recently, Burnett et al. [3,4], Amendt et al. [5], and Eder et al. [6] have 
proposed a new scheme for x-ray lasers based on an optical-field-induced ionization (OFI). In 
this scheme, an ultrashort high-intensity laser produces a plasma consisting of fully stripped 
ions and cold free electrons on a time scale much shorter than their recombination time. Because 
of a sufficiently low electron temperature of such a plasma, a rapid three-body recombination 
can be realized, which could lead to a population inversion. 

The use of OFI for the production of an x-ray laser plasma medium introduces some favor
able characteristics. First, it is possible to produce population inversions with respect to the 
ground state of an ion [7,8], leading to a laser transition of a much shorter wavelength compared 
with that between excited states. For example, the transition between n = 2 and 1 in H-like ions 
has a photon energy five times as large as the transition between n = 3 and 2 state. Second, the 
use of ultrashort pulses requires a lower pump energy compared with that used for conventional 
x-ray laser schemes. The recent progress in the technology of ultrashort laser pulses would 
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make it possible to realize table-top drivers 
for OFI x-ray lasers. 

2. OFI using a preformed Li+ plasma 
In order to realize the OFI x-ray laser, 

requirements for conditions of a pump laser 
as well as an initial laser medium are inves
tigated theoretically [3,9]. Above threshold 
ionization (ATI) heating is reduced by us
ing a short wavelength laser because the 
ATI heating is inversely proportional to co2' 
where co is the angular frequency of the 
pump laser. Furthermore, the temperature 
of electrons produced by OFI becomes 
lower for a linearly-polarized laser pulse 
compared to a circularly-polarized one. As 
for a pump laser pulse width, shorter pulse 
duration is not always preferable. An ad
equate laser pulse width makes the required 
intensity lower, which results for the de
crease of the ATI heating[9]. 

Recent works show that an average electron temperature may be kept below the ionization 
potential of a medium after die OFI plasma production [10,11]. However, the electron tempera
ture, which was predicted theoretically or was measured experimentally, was larger than one 
required forlasing. 

This paper reports the demonstration of the amplification of spontaneous emission on the 
Lyman-a transition (13.5 nm) in H-like Li ions, using a novel OFI scheme[12]. Our method 
which is illustrated in Fig. 1 is a unique modification of the original OFI scheme proposed 
previously [3-6]. In our scheme, singly ionized lithium ions which are initially prepared by a 
nanosecond KrF excimer laser are further ionized to a fully stripped state by a subpicosecond 
high-intensity KrF laser. This modified scheme provides some advantages for the production of 
cold electrons and for the pump beam focusing. 

The use of subpicosecond KrF excimer laser as a pump source is essential because its high 
frequency effectively decreases the ATI heating. In the OFI scheme, ionization should occur in 
the tunneling regime. Figure 2 shows the Keldysh (y) parameters which are calculated from the 
ionization potentials and threshold intensities [13] of rare gases and rare-gas-like ions for KrF 
laser pumping. For neutral atoms having low ionization potentials, the Keldysh parameter be
comes larger than unity, indicating that multiphoton ionization occurs dominantly over tunnel-

Schematic energy diagram of the 13.5-
nm Lyman-a laser by OFI using a pre
formed plasma. 
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ing ionization. While the Keldysh parameter 
becomes smaller than unity for a singly ion
ized Li because of its large ionization potential 
of 75 eV. The ionization of Li+ thus occurs in 
the tunneling regime. The high ionization po
tential of Li+ also plays a role to decrease the 
ATI heating because the electron is released 
near the crest of the optical cycle, and thus the 
phase mismatch becomes small [9]. Further
more, this high ionization potential of Li+ 

minimizes the defocusing effect of a 
subpicosecond KrF laser pulse because the 
leading edge of the subpicosecond pulse can
not further ionize the plasma medium. There-
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fore, the uniformity of the medium will be 
maintained until a high-intensity part of the picosecond KrF laser pulse reaches the plasma 
medium. 

3. Experiment 
Figure 3 shows the experimental arrangement. Two KrF excimer lasers were used; a 20-ns 

KrF laser was for the preparation of a singly-ionized Li plasma, while a subpicosecond KrF 
laser produced fully stripped Li ions by optical-field-induced ionization. Both lasers were oper
ated at 3 Hz. By using a combination of two cylindrical lenses, a 20-ns KrF laser pulse was line 
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focused onto a solid Li target in a vacuum chamber at an intensity of 10^ W/cm^. This intensity 
was optimized to create a singly ionized Li plasma dominantly. After a certain delay with 
respect to a 20-ns KrF laser pulse, a 50-mJ, 500-fs high-power KrF laser was focused into a 
singly ionized Li plasma column at 0.5 mm above the target. With a f = 300 mm achromatic 
lens, the focused spot size and the confocal length were measured to be approximately 10 u.m 
and 2 mm, respectively. A maximum focused intensity was thus calculated to be 1017 W/cm2. 
This intensity is high enough to produce fully stripped Li ions [9,14,15]. Line emission spectra 
from a recombined H-like Li plasma were detected by using a flat-field grazing-incidence xuv 
spectrograph with a multichannel detector. A thin film filter made of a carbon alloy was placed 
behind an entrance slit of the spectrograph to eliminate a stray light of the subpicosecond KrF 
laser pulse. 

Time resolved Lyman-oc emission from H-like Li ions was measured with an x-ray streak 
camera coupled to an xuv spectrometer. A 50-p:m input slit was located 1 m from the plasma. 
The photocathode used in this experiment was consisted of parylene (500 nm thick), thin-foil 
aluminum, and fluffy cesium iodide. The fluffy cesium iodide evaporated in Ar atmosphere was 
used as a photoemitter because of its high quantum efficiency for a relevant soft x-ray spectral 
region [16]. 

4. Results 
We first estimated an electron tem

perature of this plasma from an intensity 
ratio of Lyman series line emission. 
When an upper level of the transition is 
located higher than the local thermal 
equilibrium (LTE) boundary, the elec
tron temperature can be estimated from 
the intensity ratio of transitions [17]. The 
intensity ratio of 9 : 1 : 0.25 for the I4-1: 
15-1 •' 16-1 was obtained from the time 
integrated spectra. Here, corresponds to 
the intensity of the transition between 
n=4 to n=l. We, thus, estimated the elec
tron temperature of the plasma to be ap
proximately 1.5 eV. This value gives an 
upper limit for the electron temperature, 
because the population distribution of the 
low lying levels slightly departs from 
LTE due to its fast radiative decay [17]. 
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Appearance of gain on the Lyman-a transi
tion was expected from this extremely low 
electron temperature, which may be com
pared to the ionization potential of Li2+ 

(122 eV). 
Figure 4 shows the 13.5 nm and 19.9 nm 

line intensities as a function of a plasma 
length. The plasma length was changed by 
masking the nanosecond KrF laser beam. 
Uncertainty of the plasma length due to its 
expansion was evaluated based on the 
cos2<|> distribution [18] and is shown in the 
figure as error bars. The 13.5 nm intensity 
of the H-like Li increased exponentially, 
while the 19.9 nm line of the He-like Li in
creased linearly with the increase of the 
plasma length. In order to determine a gain 
coefficient, g, for the 13.5-nm line, the data 
were fitted by an equation [19], I=(exp(g€)-
l)3/2/(g^.eXp(g^)l/2, which describes the 
frequency-integrated relation between the 
output intensity, I, and the plasma length, I. A small-signal gain coefficient of g = 20 cm-1 was 
obtained for the Lyman-a transition of H-like Li from the fitting. 

In order to further confirm the gain of the 13.5 nm transition, we took an off-axis spectrum 
with a plasma length of 2 mm. On- and off-axis spectra are shown in Fig. 5. When a grazing-
incidence spectrograph was tilted by 10 milliradian from an optical axis of a subpicosecond KrF 
laser, the 13.5 nm line intensity decreased to the same level as the 19.9 nm line intensity. By 
comparing with the on-axis spectrum with the same plasma length, the directionality of the 13.5 
nm line emission was ascertained. 

Shown in Fig. 6 is a typical streak image of the Lyman-a transition. The time resolution was 
approximately 10 ps. A dashed and solid line show a time evolution of the KrF pump laser pulse 
and the Lyman-a radiation, respectively. The peak intensity in the Lyman-a transition appears 
15 ps after the pump laser irradiation. A typical pulse duration of the 13.5 nm signal was less 
than 20 ps. 

We made numerical calculations using the rate equation model [4] in order to explain the 
time-resolved data. According to the results of the calculations, when the electron temperature 
is less than 1 eV, three-body recombination occurs within the order of 1 ps at an electron 
density of the order of 1017 cnr3- The delay of the Lyman-a radiation after the subpicosecond 
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Shown in Fig. 6 is a typical s釘eakimage oftheLyman-α釘ansition.The time resolution was 

approximately 10 ps. A dashed and solid line show a time evolution of the KrF pump laser pulse 

and the Lyman-αradiation， respectively. The peak intensity in the Lyman-α回 nsitionappears 

15 ps after血epump laser irradiation. A typical pulse duration of the 13.5 nm signal was less 

出創120ps. 

We made numerica1 calculations using the rate equation model [4] in order to explain出e

time-resolved data. According to the resu1ts of the calculations， when the electron temperature 

is less than 1 eV， three-body recombination occurs wi出in出eorder of 1 ps at an electron 

density of the order of 1017 cm-3. The delay of the Lyman-αradiation after the subpicosecond 
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KrF laser irradiation is explained due 

to a collisional relaxation process fol

lowing the fast three-body recombina

tion. The calculated result well repro

duces a small-signal gain coefficient of 

20 cm*1 with a gain duration of 20 ps 

after a delay of approximately 20 ps. 

On the other hand, the model predicts 

that the pulse width (FWHM) of the 

spontaneous emission of the transition 

becomes longer than 50 ps with a long 

tail. This model also shows that the 

gain becomes much smaller and 

unmeasurable when the electron tem

perature is higher than 1 eV. 
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line emission. 

4. Conclusion 

We have demonstrated the amplification of the 13.5-nm Lyman-a transition of the H-like Li 

by optical-field-induced ionization. The measured electron temperature was approximately 1.0 

eV, while the ionization energy of Li2+ is 122 eV. A streak camera measurement of the 13.5 nm 

line emission showed a risetime of 15 ps and a pulse duration of 20 ps. These values also 

support the low electron temperature produced by the OFI. According to our kinetic analysis, 

finally, this low temperature of the plasma and the short duration of the signal provide direct 

evidences that the plasma conditions produced by our OFI scheme are appropriate for die soft x-

ray lasing. 
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to a coI1isiona1詑laxationprocess fol・

lowing出efast three-body recombina-
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tai!. This model also shows that the 
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Time history of the 13.5・nmLyman-α 

line emission. 

perat町 eis higher than 1 e V. 

4. Conclusion 

We have demonstrated the amplification of the 13.5-nm Lyman-α釘ansitionofthe H-like Li 

by optical-field-induced ionization. The measu児delec釘ontemperature was approximately 1.0 

e V， while the ionization energy of Li2+ is 122 e V. A streak camera measurement of the 13.5 nm 

line emission showed a risetime of 15 ps and a pulse duration of 20 ps. These values also 

suppon the ln.w electron temperature produced by the OFI. According to our kinetic analysis， 

fina11y， this low temperature of the plasma and the shon duration of the signal provide direct 

evidences that the plasma conditions produced by our OFI scheme are appropriate for the soft x-

ray lasing. 
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