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Abstract. Ultrashort-pulse, high-intensity laser drivers have the potential for creating 
tabletopsize x-ray lasers by ionizing the target gas via the electric field of the laser pulse. 
For appropriate plasma conditions following ionization, lasing can occur during the 
subsequent rapid recombination. A review of the theory and modeling for these optical- 
field-ionized x-ray lasers is presented. Particular attention is given to the issues of electron 
heating and ionization-induced refraction. We summarize modeling in support of 
experiments where evidence of lasing in H-like Li' at 135 8, was obtained. In addition, we 
present modeling results for lasing in Li-like N at 247 A. We briefly discuss new 
applications appropriate for tabletopsize high-repetition-rate x-ray lasers. 

I. INTRODUCTION 

Since the last conference in this series in Schliersee, Germany,l the major 
development in recombination x-ray lasers based on optical-field ionization has 
been the observation of faster than linear growth of the intensity with length for the 
La line in H-like Li at 135 A. The initial observations2 were at the RIKEN 
laboratory h Japan with similar results being obtained in a UC BerkeleyLLSL 
collaboration.3 Other observations that are indicative of lasing in H-like Li are the 
directionality measured at RIKEN and the short period of emission (At = 20 psec) 
seen first in the UC BerkeleyLLNL experiment and subsequently also observed in 
the RIKEN e~per imen t .~  In addition to the experiments in Li, there was an 
observation of enhanced intensity for a transition between excited states in Li-like N 
(5f-3d line at 512 A).5 However, for all these experiments the measured gain- 
length product is relatively small (gL 2 4). While lasing has most likely been 
observed, a definitive demonstration and sufficient output for applications awaits 
experiments with significantly larger gain-length products. In the RIKEN 
experiments, the lasing length is limited by the power available from their field 
ionizing laser.4 Ionization-induced refraction appears to be the factor limiting the 
length in the Berkeley/LLNL experiments.3 Recent experiments showing plasma 
waveguiding are very relevant to solving the refraction problem.6~7 

There has also been significant progress in the theory and modeling of 
recombination x-ray lasers based on optical-field ionization. The importance of 
collisional heating at higher densities has been calculated by a number of authors,8-9 
but there are still some unresolved issues that would benefit from additional theory 
and experiments. There has been significant progress in understanding the 



importance of ionization-induced refraction.1@12 While using an additional laser to 
create a plasma waveguide is one potential solution to the problem of rektion,6,7 
we are also investigating optimum placement of the gas jet or ablating vapor with 
respect to the location of vacuum best focus and the relative benefit of larger focal 
spots that give shallower density gradients as compared to using higher intensities 
that give narrow but nearly flat-top density profiles. Recent modeling for H-like Li 
shows the importance of recombination and collisional cascade heating and has 
shown the effects of two temperature electron distributions on the calculated gain 
coefficient.13 Modeling for Li-like N has shown that a significant gain-length 
product is possible by using an element with lower ionization potential which 
a ~ o w s  for a larger spot size.14 

Lasing during rapid recombination following field ionization is only one of the 
approaches being considered for tabletop-size x-ray lasing. A number of different 
tabletop-size x-ray lasers, aU with relatively small gain-length products, have been 
demonstrated in the past few years.15 In this proceedings Rocca, etal., present the 
first demonstration of a tabletop system based on a capillary discharge that achieved 
a gain-length product of 7 in Ne-like Ar at 469 A.16 In addition, a variation of the 
OFI x-ray scheme, discussed in this paper, using circularly polarized laser was 
recently used to achieve a gain-length product of 11 in Pd-like Xe at 418 A.17 The 
basic difference in this latter scheme, as compared to the one discussed here, is that 
the electrons ionized by the circularly polarized field are left with enough energy to 
collisional populate the upper-laser state as compared to having cold electrons that 
populate an upper-laser state via rapid recombination. Since both schemes are based 
on forming a plasma using a confocal geometry, problems associated with 
ionization-induced refraction that affect the scheme discussed in this paper will also 
be important for the other OFI approach for shorter wavelengths where higher 
densities are required. 

Following an overview of theoretical issues for OFI x-ray lasing discussed in Sec. 
II, we summarize modeling results for H-like Li and Li-like N in Secs. III and IV. 
In Sec. V, we briefly discuss some appropriate applications for table-top size x-ray 
lasers having relatively high repetition rates. We conclude with some comments on 
future prospects in Sec. VI. 

II. THEORETICAL ISSUES FOR OF1 X-RAY LASING 

During rapid recombination following field ionization, lasing can occur between 
two excited states and between an excited state and the ground state. Most of the 
attention has been on lasing down to the ground state because of the relatively 
shorter wavelengths that can be achieved. For applications requiring less energetic 
photons, lasing between excited states is a potential x-ray source. There are some 
initial results for transitions between excited states of Li-like N, e.g., 5f-3d line at 
512 A.5 In the rest of this paper we will restrict our attention to lasing to the 
ground state, although many of the results can be applied to lasing between excited 
states. 

The basic requirement for achieving a significant gain coefficient in lasing down to 
the ground state, e.g., n=2 to n=l or the La transition in H-like ions, is that the 
recombination to the upper Rydberg levels and subsequent collisional cascade down 



to the upper-laser level occur on a faster time scale than the radiative and collisional 
filling of the lower-laser (ground) level. This requirement places constraints on the 
density and temperature following field ionization. A lower density quim a lower 
temperature to ensure sufficiently fast 3-body collisional recombination. Except at 
very high intensities where Raman heating can be important,18 the dominate heating 
mechanisms are above-threshold-ionization (An) and electron collisions. ATI 
heating is associated with the phase mismatch between the time of ionization and the 
peak of the oscillatory electric field.19920 Since the amount of energy given to the 
electron for a given phase mismatch depends on the quiver velocity, there is a 
benefit in using a shorter wavelength ionizing laser. Collisions by the rapidly 
oscillating electrons can give significant heating at higher densities.8sgsm There are 
differences in the choice of the Coulomb logarithm used in the different calculations 
that resdt in significant differences in the predicted heating.14 For the H-like Li 
experiments, the densities are low enough that collisional heating is not be 
important for any of the choices used for the Coulomb logarithm. For the proposed 
Li-like N scheme discussed in Sec. IV., the collisional heating contribution varies 
from being very minor to being very significant depending on the model, Additional 
theoretical work is required to accurately treat collisional heating for OFI plasma 
parameters. 

In most conventional x-ray lasing schemes a plasma is heated with a laser using a 
line focus geometry and the x-ray lasing axis is perpendicular to the driving laser 
axis. However, in OFI lasing schemes a confocal geometry is used and refraction 
of the driving laser as a result of field ionization is a major issue. In general, laser 
.pulses have maximum intensity on axis which results in the electron density also 
having a maximum on axis giving the potential for refraction. One approach to 
reducing refraction is to use a short wavelength driving laser and operate at a low 
density. This is the case for the FUKEN experiments where 0.25 pm light is used 
and the electron density was measured to be of order 1017 cm-3.2 (As discussed 
below, modeling results for H-like Li predict very little gain for this low value of 
density.) Even if the density electron density is a factor of ten higher, refraction 
should not be a major problem. The UC BerkeleyLLNL experiments use a longer 
wavelength of 0.4 pm, and a simple calculation shows that the fall off in gain for 
lengths longer than 1.5 mm could be the result of refraction.3 While there has been 
significant progress in modeling refraction,l0-12 a detailed study that self- 
consistently calculates transverse intensity and electron density profiles has not been 
completed. We have started such a study with one issue being the optimum 
placement of the gas jet or ablating vapor with respect to the location of vacuum 
best focus. If more energy is available by using an element with a lower ionization 
potential or by increasing the driving laser energy, there is a question if it is better 
to increase the size of the focal spot and thus produce a shallower density gradient 
or to use higher intensity to give a narrow but nearly flat-top density profile. We 
take the first approach in our discussion of potential lasing in Li-like N in Sec. IV. 
For some situations, the second approach might be better. We believe that the 
refraction study in progress will help answer these questions. 



III. SUMMARY OF MODELING FOR H-LIKE LI AT 135 A 
Motivated by the recent experiments in H-like Li, there has been interesting 
modeling that has led to an unexplained discrepancy with experimental 
measurements of density. The electron density measured in the RIKEN experiment 
of order 1017 cm-3 is too low to produce any significant gain for an arbitrary cold 
electron distribution.13 (Our understanding of the H-like Li experiments is based on 
the assumption of a two-component electron distribution, with the colder 
component arising from the outer electron and the hotter component arising from 
field ionization of the two inner electrons.) The key factor that has to be included in 
the modeling, to show the discrepancy with the density measurement, is heating of 
the free electrons by collisions associated with %body recombination and cascade to 
the lower levels. While a constant temperature of a fraction of 1 eV could produce 
significant gain for an electron density of 1017 cm-3, the free electrons rapidly heat 
to temperatures above 1 eV thus slowing down recombination and inhibiting gain. 
Since the density measurement is based on time integrated data of He-like lines, 
there is a potential that the density could be higher for some time in a region that 
could have significant gain. Additional data on densities would be very useful, 

The recent modeling of H-like Li also addressed the question of the effect of two 
electron components with different temperatures on the calculated gain 
coefficient13 Our initial calculations neglected the effect of the hotter distribution? 
The modeling shows that the hotter component has the largest reduction on the gain 
when its temperature is of order 100 eV for a cold component having a temperature 
of 1 eV. For very high temperatures, the hot component no longer slows down the 
recombination and cascade because collisions with the hot component are very 
infrequent. However, an interesting effect results from having the same number of 
recombining cold electrons as ions. The electrons rapidly recombine to the upper 
Rydberg levels but this results in a large reduction in the free electron density which 
slows down the collisional cascade to the lower levels. In this case, one is better off 
having a "hot" component having a temperature of order 10 eV or less than having a 
hot component that does not interact at all because the temperature is too high. For 
details of these calculations see the proceedings in this collection by Donnelly.13 

IV. SUMMARY OF MODELING FOR LI-LIKE N at 247 A 
One solution for problems associated with refraction is to use an element with a 
lower ionization potential which thus requires a lower laser intensity to field ionize. 
This allows for the use of a larger focal spot which gives shallower density 
gradients and less refraction. For this reason we have done calculations for lasing in 
Li-like N at 247 A.14 The required intensity to ionize N to the required He-like 
ionization stage is 3 x 1016 Wcm-2. For a pulse duration of 100 fsec and an energy 
of 0.5 J, a focal spot with a radius of 70 p is possible. A very rough estimate of 
the lasing length as a result of refraction is given by L = 2b[n&2&2)]1/2, where nc 
is the critical density, ne is the electron density, and b is the radius of the focal 
spot.3 For a wavelength of 0.4 pm, an electron density of 2.5 x 1019 cm-3, and a 
focal spot radius of 70 pm, a lasing length of 3 mm is estimated. The density 
assumed here results in this length being only a factor of 2 greater than the 1.5 mm 



length in the UC BerkeleyLLNL experiments where refraction appears to be 
limiting the length. The need for the higher density is because a cold electron 
component, with a temperature significantly below that obtained from ATI heating, 
can not be justified in this case. To obtain a significant gain-length product (SL > 5)  
with only a lasing length of 3 mm, one requires a gain coeffxient greater than 
15 cm-l. Based on our calculations of gain this implies that the tempera- must be 
12 eV or less for an electron density of 2.5 x 1019 cm-3 as shown in Fig. 1. O u r  
estimates of ATI and collisional heating indicate that a temperature as low as 10 eV 
are possible for this system.14 
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FIGURE 1. Calculations of the gain for the to 2~312 transition in Li-like N at 247 A. 

V. APPLICATIONS FOR TABLETOP-SIZE X-RAY LASERS 

An important aspect of most existing and proposed tabletop-size x-ray lasers is a 
relatively high repetition rate. The current repetition rate for the OH Pd-like Xe x- 
ray laser operating at 418 A is 10 Hz,l7 and the laser used to pump the OH H-like 
Li scheme at 135 8, could also have this repetition rate. This allows one to have 
quite high average powers, with relatively small amount of energy per pulse, that 
can exceed the average power available from current 3rd generation synchrotron 
facilities. For example, the Advance Light Source (ALS) synchrotron facility is 
quoted to have an average flux of 2 x 1013 photondsec at 150 A for a 10-4 
bandwidth.21 An x-ray laser operating at 10 Hz would require 25 ClJ per pulse to 
have the same average power. Most tabletop-size x-ray laser schemes are calculated 
to have a saturated energy per pulse of this order cr greater. The big advantage of 
tabletop x-ray lasers is that they would be low cost and small enough to be in 
individual laboratories. A large number of the applications currently being studied 



using synchrotrons are not well suited to tabletop x-ray lasers because of the low 
bandwidth required (synchrotron flux levels are much higher for a 10-2 bandwidth) 
or the desire to have continuous tunability. However, there are many applications 
currently being studied with synchrotrons and other devices, as well as applications 
that can not be studied with synchrotrons, that are very well matched to the output 
properties of tabletop x-ray lasers.= 

Photoelectron spectroscopy of core electrons to study dynamical processes on 
surfaces is one example where tabletop x-ray lasers could make an important 
contribution. Continuous tunability is not required because the measurement of the 
energy of the ejected electron combined with a well know photon energy (i.e., the 
narrow bandwidth x-ray laser source) determines the time dependence of the 
binding energy of the core IeveL The shifts in the binding energy of the core levels 
give important information on the dynamics of impurities, chemical processes, etc. 
In many case these shifts are relatively small which places the requirement on 
having a narrow bandwidth source. ‘The quasi-continuous output of synchrotrons 
(tens of psec pulses separated by time intervals in the nsec range) makes the study 
of dynamical processes and the use of pump/probe techniques very difficult. In 
photoelectron spectroscopy a very wide range of photons wavelengths are of 
interest including the relatively long wavelengths (A > 400 A) of c m n t  tabletop x- 
ray lasers that have obtained significant gain-length products. 

VI. CONCLUSIONS AND FUTURE PROSPECTS 

Experiments in H-like Li at 135 8, have provided evidence that is very indicative of 
lasing during rapid recombination following optical-field ionization. In addition, 
substantial progress has been made in the theory and modeling of this new type of 
x-ray laser. Continued work in electron heating and refraction is clearly desired. 
Modeling has shown that significant gains are possible for the H-like Li scheme 
provide there is a cold electron component and the density is approximately 
1018 cm-3. There is a conflict between modeling and current experiments in that the 
measured density in the RIKEN experiment is significantly.less than 1018 cm-3. 
Additional measurements of density are clearly needed. The modeling results for Li- 
like N at 247 8, show that a significant gain-length product (gL > 5) is possible 
provided the electron temperature is of order 10 eV for electron densities of order 
1019 cm-3. 

The future prospects for tabletop x-ray lasers, in general, are very good with many 
applications to explore. The outlook for x-ray lasers based on rapid recombination 
following field ionization appears to be very promising provided that work 
continues on propagation problems. Modeling for these schemes would benefit 
greatly from more measurements of electron density and temperam. Hopefully by 
the time of the next conference in this series these goals will be met. 
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