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Calculations of a high-gain recombination x-ray laser at 4.55 nm
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Detailed theoretical investigations of a hydrogenlike magnesium recombination laser at 4.55 nm (the

n =3~2 Balmer a transition) produced by psec and sub-psec laser pulses irradiating fiber targets are
presented. Shorter pulses are shown to produce larger x-ray laser gain with less pumping laser energy.

PACS number(s): 42.60.By, 32.30.Rj, 32.70.—n, 52.50.Jm

I. INTRODUCTION

X-ray laser research has made rapid progress in de-
creasing the wavelength and increasing the energy output
of lasing transitions since the first demonstration of a
high-gain amplifier in the soft-x-ray spectral region [1,2].
Collisional excitation in neonlike or nickellike ions and
recombination into hydrogenlike or lithiumlike ions are
the most successful schemes in the development of x-ray
lasers. By using the collisional excitation scheme,
arnplification has been observed at wavelengths as short
as 3.56 nm in nickellike gold ions [3]. Gain saturation
has been reached at wavelengths around 20 nm in neon-
like germanium and selenium ions [4,5]. Experiments
that use the x-ray laser in the area of holography and mi-

croscopy have started [6,7]. However, the current col-
lisional excitation scheme would require about a 10-kJ
driver energy for saturated and diffraction limited x-ray
laser operation in the water window. It is clear that re-
ducing the size and cost of x-ray lasers will be an impor-
tant step towards increasing their potential applications.

Recombination x-ray lasers operating with adiabatic
cooling are of continuing interest because they require a
much lower driver energy than collisionally pumped
lasers [8—14]. The driver energy requirement of recom-
bination lasers reduces when shorter laser pulses and nar-
rower fiber targets are used.

X-ray lasers with wavelengths near 4.5 nm are op-
timum for making x-ray holograms of biological struc-
tures in living cells as the absorption contrast between
carbon (protein) and oxygen (water) is greatest here [6].
The n =3~2 ( Balmer a) transition in the hydrogenlike
magnesium ion is at 4.55 nrn and much effort has been
dedicated to investigating the hydrogenlike magnesium
recombination x-ray laser. However, significant
amplification on the Balmer a transition in hydrogenlike
magnesium is still unproved [14—17]. Theoretical and ex-
perimental studies have indicated that high-gain opera-
tion could be possible when shorter driving laser pulses
and narrower targets are used [15,18—21]. The availabili-

ty of psec and sub-psec pulse chirped pulse arnplification
(CPA) beam on several high-energy Nd glass laser facili-
ties now offers the possibility of further investigation of

this lasing process [22,23].
In this paper we present a systematic theoretical study

of the recombination x-ray laser operating on the Balmer
a transition of hydrogenlike magnesium and show the
potential advantages for the recombination x-ray laser
driven by psec and sub-psec laser pulses. In particular,
our theoretical investigations suggest significant improve-
ment in gain performance of the recombination x-ray
laser.

II. BACKGROUND AND COMPUTER CODES

In the hydrogenlike recombination x-ray laser scheme,
a fully stripped plasma generated by short-laser-pulse ir-
radiation is rapidly cooled by adiabatic expansion. Elec-
trons preferentially recombine via three-body collisions
into the upper levels of hydrogenlike ions. If the expan-
sion is sufficiently rapid, the adiabatic cooling of the plas-
ma may induce population inversion between the n =3
and 2 levels of the H-like ions during the recombination
cascade by the rapid radiative depletion of the n =2 level
(the Lyman a resonance transition).

The optimum recombination laser operation relies on
production of maximum inversion density when local
thermodynamic equilibrium (LTE) conditions prevail for
levels above n =3, and the n =2 level is depopulated
mainly by radiative decay. This condition is reached at a
density scaling as Z at a later time when lasing gain ap-
pears (laser time). This can be understood by considering
the ratio of radiative decay of the upper lasing level
(n =3), which is proportional to Z, to the collisional
mixing rate, which is proportional to X,Z . This ratio
scales as Z N, . As Z increases, N, should increase as Z
in order to maintain the same relationship between radia-
tive and collisional processes. The actual electron density
initially formed in steady-state laser-driven ablation
scales only as Z, therefore the initial density needs to be
greatly increased to achieve the optimum operation mode
of hydrogenlike magnesium recombination lasers.

The initial density of the plasma can be enhanced by ir-
radiating targets with shorter pulses [14,15,18—20].
When the laser pulse duration is less than the hydro-
dynamic response time, hydrodynamic motion of the
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plasma is insignificant during the pulse, and electron
thermal conduction heats the target at close to solid den-

sity. This is in contrast to steady-state ablation with

long-pulse (nsec} lasers where the main heating occurs
close to the critical density, which depends on the laser
wavelength at A, and is typically two to three orders of
magnitude lower than solid density.

Thin fiber targets irradiated in line focus geometry
have the additional benefits of two-dimensional rapid
cooling as well as a reduction in trapping of Lyman a res-
onance radiation because of the cylindrical expansion
[24]. The end result is that lower temperature can be em-

ployed giving a higher population in the n =3 upper state
of the laser transition [23,25,26].

A one-dimensional Lagrangian hydrodynamic code,
MEDUSA, coupled to an atomic physics code, NIMP, are
used [27,28] to simulate the behavior of the targets under
irradiation. In the simulation, the laser energy is ab-
sorbed vip inverse bremsstrahlung and resonance absorp-
tion. The resonance absorption fraction is set at each
time step by calculating the scale length [27] at critical
density. Twenty percent of the resonantly absorbed ener-

gy is assumed to be dumped at critical density. The rest
is put into hot electrons which are transported in ten en-

ergy groups with an initial temperature at critical densi-
ty. Energy transport by thermal electrons (including a
0.1 flux limiter taken from Ref. [29] to represent heat
transport in regions of high-temperature gradient), radia-
tion cooling and recombination heating are treated.

The time-dependent atomic physics of all ion stages are
modeled in a non-LTE average-atom description. Reso-
nance linewidths are Doppler except for H-like C where
Stark broadening of the Balmer a line is calculated. Ra-
diation transfer in the resonance lines is treated by using
an escape factor, which accounts for Doppler decoupling
[28]. The escape factor is applied separately to each La-
grangian cell with the average velocity gradient taken
from the hydrodynamic simulation [28].As before [30], a
maximum multiplier [28] of the optical depth in the es-
cape factor is used in all these simulations to give a lower
limit of results. Excited states of hydrogenic ions are
treated by rate equations for levels up to n =10 with
higher levels in LTE with the continuum. Laser gain is
evaluated for the Balmer a line with consideration of its
fine structure [28].

For ultrashort pulse irradiation collisional absorption
is weak due to the small depth of plasma at the critical
density. Resonance absorption at the critical density is
then the major absorption mechanism [18,31].

The code (or earlier versions of it) has been used exten-
sively in cylindrical geometry to describe the recombina-
tion laser gain for fiber targets and it has also been tested
in predicting the performance of experimental targets in
several previous experiments [10,13,32,33], which used
pulse lengths of 10 psec or greater. It has not been tested
in the parameter space discussed in this article. Howev-
er, our present research mainly concentrates on the case
of psec laser pulses, which is close to the tested regime.
The discussion of the sub-psec pulses poses an exciting
challenge to the models in the code, and thus the results
predicted for this regime should be taken with an ap-
propriate amount of caution.

III. OPTIMIZATION OF LASING GAIN
FOR ULTRASHORT PULSE DRIVERS

Optimized conditions are calculated for 7-pm-diam
fibers irradiated by short pulse drivers with various pulse
lengths. It has been found experimentally that 7-pm-
diam fibers are the thinnest that can be self-supporting
and remain straight for lengths up to 1 cm [10,32]. Con-
sequently such targets have the optimum practical diame-
ter for x-ray laser action. Figures 1 and 2 illustrate the
computed peak gain coefficient (time resolved and space
resolved) as functions of absorbed energy at the 7-pm-
diam fiber surface for short-pulse drivers with wave-
lengths of 1.053 pm and 0.268 pm, respectively. The cal-
culation is one-dimensional and the energy incident at the
target surface is varied to find optimum conditions giving
the maximum gain. For each combination of the driving
pulse length and wavelength, there is a corresponding op-
timum absorbed energy. For too small an absorbed ener-

gy, the plasma temperature is not suScient to give the
early predominant population of bare nuclei that is the
necessary starting point of the recombination laser pro-
cess. If the energy is too large, the LTE populations of
the higher excited states are reduced by the increased
temperature, which results in reduced population of the
upper level and leads to a smaller gain.

The optimum absorbed energy increases with pulse
length for both wavelengths. The optimum operation of
the recombination lasers driven by the longer wavelength
needs higher absorbed energy than that driven by a short-
er wavelength with the same pulse duration. The value of
the maximum peak gain increases as the pulse length is
reduced. The relevant optimized conditions for the
recombination lasers at the later expansion time when
maximum laser gain occurs (x-ray laser time} are summa-
rized in Tables I and II. In the tables, s is the driving

TABLE I. Optimized plasma parameters at x-ray laser time for 1.053-pm driver.

~ (psec)

0.2
0.5
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FIG. 3. Time evolution of the electron tem-
perature, the electron density, the fraction of
the fully stripped nuclei, and the hydrogenlike
magnesium Balmer a (4.55 nm) gain coeScient
in the Lagrangian cell which gives maximum

peak gain for a 7-pm-diam fiber target cylin-
drically irradiated by 1-psec 0.268-pm pulse
driver with an absorbed energy of 21.9 J/cm.
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ing of any gain by nonlasing emission on the laser transi-
tion from other space and time regions particularly at
higher density and pressure in which amplification does
not occur. As a result, the effective gain deduced using
the Linford formula from space and (or) time integrated
axial to transverse intensity ratios, or from variation of
intensity with plasma length, can be substantially
different from the peak gain in the case of low-gain-
length product. Isolating the gain zone emission from
the bulk plasma emission in space and time (to prevent
the amplified spontaneous emission being swamped by
the bulk spontaneous emission) greatly reduces the
difference between the effective and peak gains [15]. For
emission from high-gain-length-product plasma, the rela-
tive difference becomes less important. The temporal dis-
tribution of the effective gain (spatially integrated and
time resolved) with the optimized absorbed energy for the

magnesium fiber target irradiated cylindrically by the 1-
psec pulse driver is illustrated in Fig. 5. The effective
gain is calculated from the nonlinear increase from the

2.5-mm length of the spatially integrated axial intensity
using the Linford formula [34]. This effective gain is
what is measured experimentally by spatially integrated
and time-resolved spectroscopy along the axis of the tar-
get [32].

IV. COOLING CHARACTERISTICS
OF RECOMBINING PLASMAS

In the recombination laser scheme presented here,
short CPA pulses heat the fiber surface and ionize the
atoms in the surface layer of fibers to bare nuclei. In the
heating phase plasma is formed from the surface of the
fiber [23,25]. During the subsequent adiabatic expansion,
recombination into H-like ions leads to population inver-
sion and gain.

The initial plasma conditions and the cooling charac-
teristics are important features in the recombining plas-
ma determining the lasing gain. Figures 6 and 7 show the
initial plasma conditions and the conditions when x-ray
lasing occurs in the optimum Lagrangian cell for different
ultrashort pulse drivers with the optimized absorbed en-
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FIG. 4. Spatial gain profile of hydrogenlike magnesium
recombination laser calculated at 7.0, 12.5, 20.0, and 32.0 psec
after the start of the laser pulse under the same conditions as in
Fig. 3.

TIME (psec)

FIG. 5. Time evolution of the spatially integrated gain of the
hydrogenlike magnesium recombination laser under the same
conditions as in Fig. 3
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FIG. 6. Variations of the initial electron density and the elec-
tron density at x-ray laser time in the optimum Lagrangian cell
with the pulse length for 1.053-pm (~ ) and 0.268-pm ( X ) wave-
lengths, respectively (the absorbed energy is optimized separate-
ly for each pulse length).

ergy. The simulations show that maximum lasing gain
always occurs with approximately the same plasma con-
ditions in the cells exhibiting gain, i.e.,
N, -(1.0—2.0)X10 ' cm and T, —155—185 eV. The
initial peak electron density at optimum irradiation inten-
sity decreases almost linearly with pulse length. The ini-
tial electron temperature at optimum irradiation intensity
(defined as the peak electron temperature at the early
heating period) has a weak dependence on the driving

pulse length. As the pulse length increases, the optimum
initial temperature decreases slightly.

The recombination rate and gain depend strongly on
the plasma cooling rate. Increased cooling rate leads to
reduced temperature at the optimized electron density
and then to induce larger density of inverted population
for the Balmer a transition and consequently induce
higher lasing gain. In order to illustrate the dependence
of the cooling rate on the driving laser pulse length, the
cooling time from the initial temperature to the tempera-
ture at x-ray laser time is shown against the driving pulse
length (Fig. 8). It can be seen in Fig. 8 that the plasmas
produced by the 0.268-pm wavelength laser driver cools
more rapidly and that the difference between the cooling
rates for 1.053-pm and 0.268-pm pulse drivers becomes
the largest for the drivers with pulse lengths between 500
fsec and 2 psec. This explains why the lasing gains pro-
duced by the 0.268-mm pulse driver are about 20% larger
than those produced by the 1.053-pm pulse driver with
the pulse length in the range between 500 fsec and 2 psec
(see Tables I and II).

The initial depth of the optimum Lagrangian cell from
the surface of the fiber target has been computed for
different driving pulse lengths. An example of the depen-
dence of the initial depth on the irradiance for 1-psec
driving pulses is shown in Fig. 9. The Lagrangian cell,
which is initially 30 nm from the target surface, with the
optimum conditions of N, -(1.6—1.7)X10 ' cm and
T, —150—158 eV at the x-ray laser time, mainly contrib-
utes to the amplification. The plasma, which comes from
initial depths closer to the surface, expands too fast for
attaining optimum density and temperature. Initial
depths less than 10 nm do not contribute to the
amplification. In contrast, the plasma initially too far
from the surface cannot reach a temperature high enough
to achieve sufficient ionization. the optimum initial
depth against the driving pulse length is plotted in Fig.
10. For shorter driving pulse, the initial depth is smaller.
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FIG. 7. Variations of the initial electron temperature and the

electron temperature at x-ray laser time in the optimum La-
grangian with the driving pulse length for 1.053-pm and (~ )

0.268-JMm ( X ) wavelengths, respectively (absorbed energy is op-
timized separately for each pulse length).

FIG. 8. Variations of the cooling time taken the initial elec-
tron temperature to the required temperature for optimum las-

ing operation with the driving pulse length for 1.053-pm (~ )

and 0.268-pm ( X ) wavelengths, respectively.
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FIG. 9. Initial depth of the optimum Lagrangian cell from
the surface of the fiber target against the irradiance on the sur-
face of the target irradiated by 1-psec pulse drivers with 1.053-
p,m (~ ) and 0.268-pm ( X ) wavelengths.

FIG. 10. Initial depth of the optimum Lagrangian cell from
the surface of the fiber target against the driving pulse length
for 1.053-pm (~) and 0.268-pm ( X ) wavelengths.

The smallest optimum initial depth is 20 nm for sub-psec
pulse drivers. For the longer pulse drivers, the optimum
lasing operation requires greater initial depths for the
0.268-pm wavelength drivers than for the 1.053-pm
drivers.

There is no significant hydrodynamic motion of the
plasma during the psec and sub-psec ultrashort pulses
and thermal electron conduction dominates the energy
transport process. At the end of the laser irradiation, a
body of plasma is formed with large density and tempera-
ture gradients. Rapid cooling starts immediately becuase
of rapid electron thermal conduction into the bulk of the
solid and the rapid adiabatic expansion into the vacuum.
If the inner portion of the plasma had larger conductivity
than the outer portion, faster cooling could be achieved.
It is therefore interesting to study the effect of increasing
the cooling rate by substituting materials under the lasing
layer producing plasma of higher conductivity.

It should be noted that the effects of imbedding a plas-
rna filament in a cold background plasma to increase the
thermal conduction cooling have been explored theoreti-
cally [35]. Thermal conduction has been shown to be
very effective in cooling the plasma filament in that case.
However, imbedding a plasma filament in another cold
background plasma seems hard to be implemented exper-
imentally and the cold background plasma will influence
adiabatic expansion of the plasma filament. Cylindrical
targets with a higher conductivity layer under the lasing
layer is, however, easier to achieve and has the benefits of
increasing the thermal conduction into the bulk of solid
as well as inhibiting adiabatic cooling.

At the early time of heating, the plasma experiences

very rapid heating. After the termination of the laser ir-
radiation, rapid cooling can be divided into two stages
dominated by thermal conduction and expansion cooling,
respectively. At the first stage of the cooling, thermal
conduction predominates over expansion cooling becuase
the sufficiently high initial temperature and small initial
size of the plasma [35]. Thermal conductivity in the ini-
tial plasma can be orders of magnitude greater than that
of a room-temperature solid [36].

V. CONCLUSIONS

In summary, we have presented a detailed investigation
of the hydro genlike magnesium recombination laser
driven by psec and sub-psec ultrashort pulses. Significant
improvement of gain performance of the recombination
lasers at 4.55 nm has been shown using the ultrashort
pulse drivers. The optimized initial depth, which corre-
sponds to the plasma cell where maximum gain occurs at
a later expansion period, from the surface of the fiber is
found to be small (several tens of nm) for the ultrashort-
pulse-laser drivers. Cooling characteristics of the recom-
bining plasmas are studied. Thermal electron conduction
predominates over expansion cooling at early stages. Sa-
turated gain operation requires a high-gain-length prod-
uct. The calculations presented here, however, do not in-
clude the effects caused by nonuniform irradiation along
the plasma length. However, our recent research shows
that increasing the irradiation intensity can avoid the
production of absorbing zones along the plasma length
and lessen the problem of mismatch of the space-time
gain windows of the hydrogenlike magnesium recombina-
tion x-ray laser [37]. It would therefore be expected that
a significant gain-length product might be achieved using
this scheme.
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