
Abstract. The wavelengths, the rates of processes, and the
gains of spontaneous emission at the transitions of Pd-like
ions from ErXXIII to ReXXX are calculated for the érst
time. The high quantum yield of ampliéed emission in these
ions is possible at transitions in the spectral range from 10 to
16 nm. It is assumed that a plasma is produced due to the
interaction of an ultrashort laser pulse with a beam of
clusters, dust or nanotubes of one of the eight elements from
Er to Re. Laser action in such experiments can appear at two
transitions: at the 4d95d �J � 0� ÿ 4d95p �J � 1� transition,
for which the population inversion mechanism is similar to the
mechanism existing at the 0 ë 1 transition in Ne- and Ni-like
ions; and at the 4d95f �J � 1� ÿ 4d95d �J � 1� transition, for
which the population inversion is produced due to the
reabsorption of photons. Optimal conditions are determined
for achieving the most efécient short-wavelength lasing for
the speciéed geometry of a plasma élament of a homogeneous
density. It is shown that the conversion eféciency of the pump
pulse energy to the soft X-ray energy in the range from 10 to
16 nm exceeds 10% for all the ions studied.
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1. Introduction

During the last twenty-éve years after the advent of the érst
X-ray lasers, the active medium of these lasers was a plasma
produced upon the interaction of pump laser radiation with
a solid (foil) [1 ë 5]. The érst X-ray lasing experiments were
performed by using Ne-like ions [1, 3]. Later studies showed
that the scheme with Ni-like ions is more efécient because
Ni-like ions (emitting at the same wavelength as Ne-ions)
can be produced at electron temperatures lower by several
times. In addition, the optimal electron density in the case
of Ni-like ions and, hence, recombination radiation losses
in a plasma are considerably smaller than in the case of Ne-
like ions [5] (see reviews [2 ë 4]).

During the past decade, progress has been achieved in
the solution of main problems in the development of X-ray
lasers such as (i) the reduction of a laser size, (ii) increase in

the pump pulse energy, (iii) increase in a pulse repetition
rate, (iv) modiécation of the properties of a target surface
for increasing the pump pulse energy input, (v) improvement
of the plasma homogeneity for decreasing the divergence of
the output short-wavelength radiation and increasing its
coherence, (vi) increasing the radiation intensity homoge-
neity in the focal spot, etc. One of the most important
problems is the optimisation of parameters of a laser
emitting in the range 10 ë 16 nm, for which multilayer
mirrors with the high reêectance have been developed [6, 7].

The conversion eféciency of the pump pulse energy to a
short-wavelength radiation pulse in modern X-ray lasers is
Z � 10ÿ6 ÿ 10ÿ5: The maximum output energy of labora-
tory X-ray lasers achieves 20 ë 30 mJ [7]. At present these
lasers are used in biology, medicine, and physics.

The low conversion eféciency is caused by the following
reasons: (i) a weak absorption of the pump laser radiation in
a target due to its reêection and scattering; (ii) a small
volume of the active medium: a solid target is expanded
during and after irradiation by a pump pulse, and favour-
able conditions for lasing are achieved in a 40 ë 50-mm-thick
plasma layer; and (iii) a short lifetime of the population
inversion (a few tens of picoseconds).

The optimal electron density for amplifying spontaneous
emission at 10 ë 16 nm in Ne-like ions is n opt

e � 1021ÿ
1022 cmÿ3 and the electron temperature is Te 5 1:5 keV.
In the case of Ni-like ions, n opt

e > 1020 cmÿ3 and
Te > 0:5 keV. For such densities, in both cases the radiative
losses in the plasma due to recombination emission and
bremsstrahlung are so high that the optimal state of the
plasma cannot be maintained in modern laboratory setups.
Ampliécation is usually observed by using rather short (no
longer than 1 ps) pump pulses. In this case, rather high
values of Te are achieved, so that ampliécation occurs in the
ionisation regime: the optimal degree of ionisation of an ion
increases by unity for a few tens of picoseconds.

In this connection the search for more efécient X-ray
lasers providing the higher gains (compared to Ne- and Ni-
like ions) at the lower values of Te and ne is of current
interest. An X-ray laser based on Pd-like ions belongs to
such lasers. Another, no less urgent problem, is the study of
different pumping schemes providing considerably higher
absorption of the pump radiation in the plasma.

The érst observations of the ampliéed spontaneous
emission at the 4d95d� J � 0� ÿ 4d95p� J � 1� transition at
41.8 nm in the Pd-like XeIX ions [8, 9] showed that this X-
ray laser had a considerably higher gain and was more
efécient than X-ray laser based on Ne- and Ni-like ions.
This is explained by at least two reasons:
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(i) The ionisation of electron shells with the principal
quantum number n � 6, 7 occurs at comparatively low
values of Te due to relatively large ionisation cross sections.

(ii) The optimal electron density is relatively low:
n opt
e � 3� 1018 ÿ 5� 1019 cmÿ3 for Pd-like ions with the

atomic number Z � 54ÿ 75, respectively. Therefore, recom-
bination radiation and bremsstrahlung losses in the X-ray
laser based on Pd-like ions are considerably lower.

In [8, 9], a plasma was produced upon ionisation of
xenon gas in a capillary tube by a high-intensity ultrashort
pump laser pulse. Although the pump parameters and gas
pressure in tubes were quite close in both experiments [8]
and [9], the results obtained in these papers were conside-
rably different. Thus, the output radiation intensity
observed in [8] was not saturated in the plasma of length
L � 10 mm, whereas in experiments [9] the saturation was
achieved for L � 4 mm. We interpreted experimental results
[8, 9] in our previous paper [10]. We determined plasma
parameters Te and ne achieved in these experiments and
proposed a number of reénements of the pump scheme and
changes in the target parameters. This should result in a
considerable increase in the quantum yield of X-rays.

Paper [11] published in 1994 initiated the investigations
of plasmas produced in the interaction of intense laser
radiation with a beam of atomic clusters. It was shown in
many experiments of various authors that the interaction of
an intense laser pulse with a cluster target can lead to the
formation of the plasma whose temperature exceeds by a
few orders of magnitude the temperature of the plasma
produced by irradiating a gas or a solid target by the same
pulse. The main reason is that the pump radiation was
almost completely absorbed in such plasma.

The idea of obtaining X-ray lasing in the plasma
produced by irradiating a beam of xenon clusters by laser
pulses was discussed in our paper [12]. This approach was
érst realised in experiments [13] where a strongly nonlinear
dependence of the 41.8-nm radiation intensity of XeIX ions
on the concentration of xenon atoms was observed. The
optimal plasma density determined in [13] was consistent
with experimental results obtained in [8, 9] and our calcu-
lations [10].

Lasing at 10 ë 16 nm can be obtained on transitions of
heavy Pd-like ions with the nuclear charge Z > 67. During
the last decade, the spectra of Pd-like ions with Z � 52ÿ 60
have been experimentally investigated in detail ([14] and
references therein). The identiécation of the wavelengths of
transitions between the excited states of the Pd-like ion with
Z > 60 by the known experimental methods is strongly
complicated due to a high intensity of the background
spectrum of recombination radiation and bremsstrahlung.
Spectroscopic data for heavy Pd-like ions (64 < Z < 83) are
known from the only paper [15]. In [15], only the two most
intense 3d10� J � 0� ÿ 3d94f � J � 1� transitions were obser-
ved experimentally. This information is not sufécient for the
reproduction of the entire set of energy levels in the Pd-like
ion by using standard programs for calculating atomic
spectra.

The spectra of heavy Pd-like ions were calculated in our
recent papers [16, 17] by the method of relativistic pertur-
bation theory with the model potential in the zero-order
approximation. In [16, 17], the energy levels of Ag-, Rh-,
and Pd-like ions with Z4 86 were calculated.

At present rather simple technologies are being devel-
oped for manufacturing nanoobjects with controllable

dimensions such as nanowires, clusters, etc. For example,
a standard method for fabrication of a bundle of tin and
lead nanowires was presented in [18]. The production of
nanowires made of other heavy elements is also being
developed. A new direction ë the spectroscopy of dust
plasma is progressing extensively. In this connection the
investigation of the emission of plasma produced in the
interaction of an intense laser pulse with a beam of heavy
element clusters seems promising.

In this paper, the possibility of the development of X-ray
lasers is studied theoretically by assuming that plasma is
produced in the interaction of a pump laser beam with a
beam of clusters of elements from Er to Re. The plasma
parameters optimal for observation of ampliéed sponta-
neous emission in Pd-like ions from ErXXIII to ReXXX are
found. The rate constants of processes, the level populations
of Pd-like ions in plasma, and the gains at transitions in Pd-
like ions from ErXXII to ReXXX were calculated by using
results obtained in [17]. The method for calculating the rates
of processes and the gains is described in [19] and references
therein.

2. X-ray laser on transitions of Pd-like ions

Figure 1 shows the two main laser transitions in a Pd-like
ion:

(i) 4d3=25d3=2� J � 0� ÿ 4d3=25p1=2� J � 1� [(5dë 5p (0 ë 1)]
transition. Ampliéed spontaneous emission at this transition
was observed in [8, 9]. There also exist two other laser
transitions from the upper [J � 0] state to the lower
4d3=25p3=2� J � 1�; 4d5=25p3=2� J � 1� states. However, the
rates of radiative transitions to these states in Pd-like
ions with a small enough nuclear charge Z (in particular,
in XeIX) are considerably lower, and for this reason they
were not observed in [8, 9].

(ii) 4d3=25f5=2� J � 1� ÿ 4d3=25d3=2� J � 1� [(5f ë 5d (1 ë 1)]
transition. Ampliéed spontaneous emission at this transition
is caused by the reabsorption of photons at the wavelength
coinciding with the transition wavelength. The ampliécation
of this type is called `optical self-pumping' in the literature.
There also exist other transitions with the similar amplié-
cation mechanism, for example, the 4d5=25f5=2� J � 1�ÿ

4d93=25d3=2� J � 0�

4d93=25f5=2� J � 1�

4d93=25d3=2� J � 1�

1s22s22p63s23p63d104s24p64d10

1S0 ë ground state
4d10� J � 0�

5f ë 5d (1 ë 1)

5d ë 5p (0 ë 1)

4d93=25p3=2� J � 1�
4d95=25p3=2� J � 1�
4d93=25p1=2� J � 1�

Figure 1. Laser transitions in Pd-like ions.
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4d5=25d3=2� J � 1� transition. Note that ampliécation at
`optically self-pumped' transitions can occur in the sufé-
ciently dense plasma.

Figure 2 shows the wavelengths of three laser transitions
in Pd-like ions with Z � 67ÿ 78. In [8, 9], ampliécation at
transitions of the second type was not observed. In ions with
a relatively small Z, the gain caused by reabsorption of
photons is relatively small. However, the optimal density of
plasma increases with increasing Z and, therefore, amplié-
cation at transitions of the second type increases. This was
shown earlier for Ne- and Ni-like ions [20].

In this paper, the level population kinetics for Pd-like
ions from ErXXIII to ReXXX was calculated assuming
that:

(i) Plasma has the form of a cylinder of diameter
d � 100 mm and length L.

(ii) Parameters of an ultrashort pump pulse provide the
instant plasma production during the action of the pump
pulse on a beam of clusters (nanowires or dust).

(iii) The electron temperature Te and electron density ne
of plasma remain constant. Radiative losses due to emission
of ions and recombination radiation and bremsstrahlung for
plasma densities under study in the time interval t < 20 ps
are negligible. The expansion of plasma with d � 100 mm
during this time interval is insigniécant.

(iv) For t � 0, all ions in plasma are in the ground state
of the Pd-like ion.

(v) Ionisation of Pd-like ions is taken into account.
(vi) The energy distributions of electrons and ions are

Maxwell (it is found that the shape of the velocity
distribution of electrons is not important in our calculation).

(vii) The ion temperature is Ti � Te=10.
The time-dependent gains g(ne;Te; djt) were calculated

for each ion from ErXXIII to ReXXX for a set of values of
Te and ne. The optimal value ne � n opt

e was determined for
each transition for the speciéed Te from the condition that
the time-averaged value of ĝ(n opt

e ;Te; djt) has the maximum
value. The time interval for averaging was chosen by
considering the time dependences g(ne;Te; djt). Figure 3
shows the time dependences for the 13.15-nm 5d ë 5p (0 ë 1)
and 16.24-nm 5f ë 5d (1 ë 1) laser transitions in YbXXV.

Calculations were preformed for each transition for three
values of Te, the values of ne were taken close to optimal
ones. Note that the value of n opt

e for the 5d ë 5p (0 ë 1)
transition is approximately smaller by 4.5 times than n opt

e for
the 5f ë 5p (1 ë 1) transition. The decay of the gain for the
5d ë 5p (0 ë 1) transition (Fig. 3a) is mainly caused by
ionisation of YbXXV to YbXXVI, whereas the decay at
the 5f ë 5d (1 ë 1) transition occurs due to collision mixing of
the levels resulting in a decrease (disappearance) of inver-
sion. It follows from Figs 3a, b that the time interval of the
gain for the 5f ë 5d (1 ë 1) transition is considerably shorter
than that for the 5d ë 5p (0 ë 1) transition.

Figure 4 shows the emission spectra of YbXXV calcu-
lated taking into account ampliécation by using the time-
averaged values of ĝ(ne;Te; djt) for Te � 500 eV. The value
of ne was set equal to n opt

e for each of the transitions. The
length of a plasma élament was chosen from the condition
of short-wavelength radiation intensity saturation ĝLsat �
14ÿ 16. For transitions of the érst type in Fig. 4a, the
optimal length is Lsat � 0:6 cm, while for transitions of the
second type in Fig. 4b, Lsat � 0:2 cm. Figure 4a exhibits the
second intense peak at 14.41 nm corresponding to another
4d3=25d3=2� J � 0� ÿ 4d5=25p3=2� J � 1� transition of the érst
type. Apart from the main 16.24-nm 5f ë 5d (1 ë 1) transition
of the second type, Fig. 4b demonstrates other intense lines
in the region from 16.3 to 16.8 nm, which correspond to
transitions of the second type. One of them is the 16.34-nm
4d5=25f5=2� J � 1� ÿ 4d5=25d3=2� J � 1� transition.

For comparatively low Te (no more than 700 eV), the
saturation of the output radiation intensity is determined by
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Figure 2. Dependences of wavelengths of the 4d3=25f5=2� J � 1�ÿ
4d3=25d3=2� J � 1� (1), 4d3=25d3=2� J � 0� ÿ 4d5=25p3=2� J � 1� (2) and
4d3=25d3=2� J � 0� ÿ 4d3=25p1=2� J � 1� (3) laser transitions in Pd-like
ions on the atomic number.
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Figure 3. Time dependences of the gain at two transitions in YbXXV for
Te � 250 (*), 500 (*) and 1000 eV (~): the 13.15-nm 5d ë 5p (0 ë 1)
transition [ne � 2:2� 1020 cmÿ3, (a)] and the 16.24-nm 5f ë 5d (1 ë 1)
transition [ne � 2:2� 1020 cmÿ3, (b)].
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the time interval of ampliécation. For large values of Te (no
less than 1000 eV), the time-averaged values of ĝ can exceed
1000 cmÿ1; in this case, the exact value of Lsat should be
determined from calculations taking into account the
interaction between the optical éeld of short-wavelength
radiation and Pd-like ions.

Table 1 presents spectroscopic parameters and gains
calculated for transitions of two types in ions from ErXXIII
to ReXXX. The wavelengths l, probabilities of radiative
transitions (Aij) and transitions caused by collisions with
electrons (R) were calculated by the method of relativistic
perturbation theory with the model potential in the zero-
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Figure 4. Spectra of YbXXV calculated for Te � 500 eV and d � 100 mm taking ampliécation into account for ne = 5� 1019 cmÿ3, L � 0:6 cm (a)
and ne � 2:2� 1020 cmÿ3, L � 0:2 cm (b).

Table 1. Parameters of X-ray lasers on the 5d ë 5p (0 ë 1) transition and on the 5f ë 5d (1 ë 1) transition with inversion caused by reabsorption of
photons in Pd-like ions from ErXXIII to ReXXX.

Transition Parameter
Z

68 69 70 71 72 73 74 75

5d ë 5p (0 ë 1)

l
�
nm 14.61 13.84 13.15 12.49 11.88 11.32 10.78 10.29

Aul

�
1010sÿ1 4.70 5.52 6.44 7.45 8.57 9.80 11.2 12.7

Al0

�
1011 sÿ1 2.69 3.30 3.94 4.65 5.44 6.31 7.26 8.29

nopte

�
1019cmÿ3 3.0 3.0 4.0 4.0 5.0 5.0 6.0 6.0

R
�
1010 cmÿ3 sÿ1 9.04 7.90 7.15 6.16 5.64 5.07 4.64 4.04

Dn
�
1012 Ôÿ1 1.3 1.2 1.7 1.8 1.6 1.8 2.0 2.3

I0
�
1029 eV cmÿ3 sÿ1 0.6 0.6 0.8 0.8 1.0 1.2 1.3 1.4

ĝ
�
cmÿ1 23.5 21.9 27.8 12.1 29.0 22.7 28.1 14.3

5f ë 5d (1 ë 1)

l
�
nm 17.64 16.92 16.24 15.61 15.02 14.47 13.95 13.47

Aul

�
1010sÿ1 7.41 7.92 8.43 8.96 9.50 1.00 1.06 1.12

Au0

�
1012 sÿ1 1.06 1.33 1.64 2.00 2.39 2.83 3.31 3.85

nopte

�
1020cmÿ3 1.3 1.5 1.7 2.1 2.2 2.7 3.1 3.4

R
�
1011 cmÿ3 sÿ1 2.43 2.35 2.28 2.19 2.09 2.03 2.00 1.73

Dn
�
1012sÿ1 2.3 2.7 2.8 4.0 3.3 4.4 4.0 4.5

I0 �1029 eV cmÿ3 sÿ1 3.3 3.2 3.3 3.5 4.4 4.2 4.5 4.0

ĝ
�
cmÿ1 122.4 75.25 70.0 44.3 67.8 60.2 71.7 36.4

N o t e : Aul is the probability of the radiative transition from the upper working level to the lower working level; A10 is probability of the radiative

transition from the lower 4d3=25p1=2 � J � 1] working level to the ground state; Au0 is the probability of the radiative transition from the upper

4d3=25f5=2 � J � 1� working level to the ground state; R is the rate of level excitation by electron impact from the ground state; Dn is the Voigt width of the

level; I0 is the time-averaged radiation capacity of the plasma unit volume at a wavelength of l (by neglecting ampliécation);Dn, I0 and ĝ are calculated for
ne � n opt

e , Te � 500 eV, and d � 100 mm.
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order approximation [16, 17]. The Voigt linewidth Dn,
radiation capacity I0 of the unit volume, and gain were
calculated for all ions for Te � 500 eV and d � 100 mm. The
functions g(t), I0(t), and Dn(t) for the 5d ë 5p (0 ë 1)
transition in Table 1 were averaged over the time interval
from 0 to 20 ps, and for the 5f ë 5d (1 ë 1) transition ë over
the time interval from 0 to 5 ps. One can see from Table 1
that all parameters continuously change with changing Z.
However, the gain ĝ exhibits jumpwise variations depending
on Z, which demonstrates a strong sensitivity of inversion to
mixing of level populations caused by ion ë electron colli-
sions.

Figure 5 shows the dependences of time-averaged gains
ĝ on ne for all ions from ErXXIII to ReXXX for Te �
500 eV. One can see that the gain has large values in a broad
density range.

3. Conclusions

Our study has shown that for Te � 500 eV, d � 100 mm,
and optimal values of ne for the 5d ë 5p (0 ë 1) transition,
the value of ĝL is � 12ÿ 15 for L � 0:6ÿ 0:7 cm. The same
values of ĝL for the 5f ë 5d (1 ë 1) transition are possible for
L � 0:2 cm.

The gain decay time tlas for each ion decreases with
increasing ne: tlas � 30ÿ 60 ps for the 5d ë 5p (0 ë 1) tran-
sition and 6 ë 10 ps for the 5f ë 5d (1 ë 1) transition. The
value of n opt

e for the transition of the érst type is 4 ë 5 times
smaller than that for the transition of the second type.
Ampliécation at the second-type transition can be achieved
only by using suféciently intense picosecond pump pulses.
Ampliécation at the 5d ë 5p (1 ë 0) transition can be
obtained by using pump laser pulses of any duration, the
sufécient condition being Te 5 250 eV.

The scheme of an X-ray laser on transitions of Pd-like
ions with Z � 68ÿ 75 is undoubtedly the most promising
among all the monochromatic low-divergence X-ray sour-
ces. The most intense lasing can be obtained in YbXXV,
HfXXVII, and WXXIX ions. Laser action in LuXXVI and
ReXXX ions is considerably weaker.

The conversion of the pump pulse energy to the X-ray
energy in ions considered in the paper can achieve 10% and
more if the pump pulse energy is almost completely
absorbed and plasma is homogeneous. In this case, the
energy spent for plasma production is several times lower
than in X-ray lasers on transitions of Ne- or Ni-like ions
emitting at the same wavelength. This is caused érst of all by
a small electron binding energy of the shell with n � 6. Of
course, the most important factor is the rate of electron-
impact excitation of the upper working level and the
depletion rate of the lower working level. If the population
inversion exists long enough, the population kinetics of
levels taking into account transitions between all the levels
plays an important role.

An important advantage of the X-ray laser based on Pd-
like ions is a relatively low electron density under conditions
optimal for ampliéed stimulated emission. Without present-
ing general expressions for radiative losses dE/dn due
recombination radiation and bremsstrahlung (see, for exam-
ple, [21]), note that

dE

dn
� neniZ; (1)

where n is the frequency. The product n opt
e n opt

i required to
obtain lasing in Pd-like ions at 10 ë 16 nm is two ë three
orders of magnitude lower than that for Ni-like ions.
Because of a low density, radiative losses due to intrinsic
emission of ions are also insigniécant. This result shows
that optimal conditions in relatively large plasma volume
can be maintained during long enough time intervals by
using compact laboratory sources.

By using Table 1 and Fig. 5 and taking into account that
the average population of the upper working level is 0.01, we
can estimate the average output power of monochromatic
radiation at 10 ë 16 nm as 103 ÿ 104 W upon pumping by
1-J picosecond laser pulses with a pulse repetition rate of
104 ÿ 105 Hz. Such an estimate is presented in detail in [12].
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