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Abstract.  Model calculations are performed of the radiation gain 
for the 4d5d (J = 0) – 4d5p (J = 1) transition with a wavelength of 
41.8 nm in Pd-like xenon ions in the plasma produced by femtosec-
ond laser irradiation of a xenon cluster jet. Conditions for the exci-
tation of an ultrashort-pulse (~1 ps) X-ray laser are discussed.

Keywords: X-ray laser simulations, atomic kinetic calculations, 
Pd-like xenon ion.

1. Introduction

At present, the search is on for ways of obtaining holographic 
diffraction images with a high spatiotemporal resolution for 
visualising rapidly varying nanoobjects.  In particular, mod-
ern free-electron X-ray lasers (XRLs) with a radiation wave-
length l = 1 – 10 nm and a pulse duration tlas = 15 fs permit 
recording the holographic images of intermediate nanoobject 
states in a time comparable to the time of atomic motion 
[1, 2]. Recent papers [1, 2] showed the feasibility of observing 
the  dynamics  of  phase  transitions  in  solids:  formation  of 
cracks, nucleation of phases and their separation, fast fluctu-
ations in liquids and biological cells. High-power XRLs with 
a subpicosecond pulse duration may be validly employed for 
the diagnostics of rapidly varying laser plasma in the critical 
density region. 

For  many  applications,  use  can  be  made  of  compact 
XRLs with sufficiently short output wavelengths and a pulse 
duration below 1 ps. A basic requirement is that the images of 
nanoobjects should be obtained in one pulse, which requires 
that the number of outgoing photons should be no less than 
1012 per each XRL pulse. 

The basic prerequisites to the development of ultrashort-
pulse XRLs were developed in Refs [3 – 8], where the plasma 
was produced by a laser prepulse, which was followed by an 
ultrashort  pulse  producing  a  large  population  inversion 
between the working levels. In this scheme, use can be made 
of the pulses of two lasers; however, the use of a high-order 
harmonic (HOH) pulse with a wavelength close to the output 
XRL  wavelength  has  turned  out  to  be  most  efficient  (the 
HOH may be produced in the nonlinear conversion of femto-
second  laser  radiation  using  the  transition  of  a  specially 
selected atomic gas. The duration of the output XRL radia-

tion pulse is defined by the pump parameters and the plasma 
density. 

With the use of an ultrafast streak camera, in 2002 mea-
surements were made of the time-resolved energy output of 
l = 13.9 nm XRL radiation arising from the 4d (J = 0) – 4p 
(J  =  1)  transitions  of Ni-like  silver  ions  (Ag19+)  [3]. Under 
optimal  pumping  conditions,  the  temporal  half-amplitude 
width of an XRL pulse was equal to 1.9 ±0.7 ps and its energy 
amounted  to  2 – 6 mJ. The  delay  between  the  long  prepulse 
(300 ps, ~1012 W cm–2) and the main pulse (1.3 ps, 1.1 ´ 1015 
W cm–2) was equal to 200 ps. In Ref. [3] it was determined that 
the highest XRL output  (Eout) was  reached earlier  than  the 
highest  electron  plasma  temperature.  Proceeding  from  this 
fact as well as  from the data of  time-resolved spectroscopic 
measurements, a conclusion was drawn that the gain lowered 
due to ionisation of the working ion Ag19+ to higher charge 
states (Ag20+, Ag21+, etc.). 

In  2009,  with  the  use  of  an  ultrafast  streak  camera  the 
temporal width of an XRL pulse was estimated at 1.13 ±0.47 
ps [9]. The study of Ref. [9] was concerned with the investiga-
tion of an XRL (l = 32.6 nm) on Ne-like titanium ions, where 
the working medium was produced by three sequential pump 
pulses: A 120-ps long prepulse with an energy of 10 mJ, the 
second prepulse with an energy of ~350 mJ delayed by 5 ns 
relative  the  first  one  (both  prepulses  were  focused  nearly 
along the normal to the titanium target surface), and the third 
6.7-ps long heating pulse with an energy of 0.9 J directed at a 
grazing angle of 23º. As a result, the working plasma with a 
density of ~1020 cm–3 was produced for the amplification at l 
=  32.6 nm  in Ne-like  titanium  ions. The  remaining part of 
Ti : sapphire  laser  radiation  was  employed  to  generate  the 
25th  harmonic  radiation,  which  was  directed  to  the  active 
medium at an angle of 9º. The wavelength of this harmonic 
generated  in  gaseous  argon  was  hardly  different  from  the 
working  wavelength  l  =  32.6  nm.  Its  interaction  with  the 
XRL radiation resulted  in a  significant  improvement  in  the 
coherence of XRL radiation [9]. A similar scheme was used in 
Ref. [6], where it was possible to reach gain saturation at XRL 
wavelengths  in Ni-like  ions  of molybdenum  (l  =  18.9  nm) 
and  silver  (l  =  13.9 nm). Both XRLs were  induced by  the 
HOHs at the corresponding wavelengths. High intensity short 
XRL  radiation  pulses  were  obtained,  which  exhibited  an 
extremely  high  spatial  coherence  and  a  low  divergence. 
Furthermore, owing to the small spectral width of these pulses 
the spectrum of HOH pulses became narrower, i.e. their tem-
poral coherence was improved. 

The possibility in principle of achieving complete spatial 
coherence of XRL radiation with the use of a HOH pulse was 
demonstrated in Ref. [4]. The main problem consisted in pro-
ducing the HOH beam of high optical quality. An investiga-
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tion was made of an XRL on the 4d (J = 0) – 4p (J = 1) transi-
tion of Ni-like krypton ions with l = 32.8 nm in the plasma 
produced by optical  field  ionisation (OFI) of gaseous kryp-
ton. The HOH pulse was delayed so that it was focused into 
the working plasma volume at the moment the gain was at its 
maximum. 

The plasma is produced by OFI under longitudinal target 
pumping; a strong gradient of the refractive index appears in 
the working medium because of a  lower electron density at 
the  plasma  edge.  In  this  connection,  different  waveguide 
schemes  are  developed  for  the XRL plasma  to  improve  its 
uniformity  and  lower  the  divergence  of  the  output  short-
wavelength radiation. In particular, a 400-fold increase in the 
l = 32.8 nm radiation energy output of a Kr IX ion XRL was 
attained by using an axicon to form a waveguide. 

Recent years have seen the development of a new line of 
XRL research, which involves the OFI of krypton (Kr IX, l 
= 32.8 nm [10, 11] and xenon (Xe IX, l = 41.8 nm) [12]) clus-
ter  jets. Ultrashort-pulse XRLs were  not  produced  in  this 
case, but the resultant data may be employed for their devel-
opment. In particular, an original experimental scheme was 
developed  [11], whereby  the amplified  spontaneous l = 
32.8  nm  Kr  IX  emission  interacts  during  its  propagation 
with  the  HOH  radiation  of  the  same  wavelength,  which 
propagates  in  the  same direction.  In Ref.  [11]  the krypton 
cluster  jet  was  formed  by  a  slit  nozzle;  the  plasma  was 
pumped by irradiating clusters along the slit direction. The 
plasma parameters were as follows: L = 8  mm length, d = 
25 mm diameter, n i = 1.6 ´  1019  cm–3  ion density, ne » 
1020 cm–3 electron density. The plasma was pumped by three 
sequential Ti : sapphire laser pulses (10 TW, 38 fs, 810 nm, 
10 Hz).  The  first  circularly  polarised  radiation  pulse  (235 
mJ, 38  fs) was  employed  to prepare by OFI  technique  the 
plasma dominated by the Kr IX working ions. In 2.5 ns this 
pulse was followed by two other pulses – an ‘igniter’ (45 mJ, 
38 fs, linear vertical polarisation) and a ‘heater’ (270 mJ, 160 
ps,  linear  horizontal  polarisation),  which  were  used  for 
plasma  waveguide  formation.  The  time  interval  between 
them was equal to 200 ps. An optical scheme was developed 
for  radiation  focusing,  which  comprised  an  axicon  for 
plasma  waveguide  formation  [10].  In  the  thus  produced 
XRL,  a  spatially  uniform plasma density  distribution was 
prepared.  In  this  case,  the wavelength of  the 25th Ti : sap-
phire laser radiation harmonic generated in a neutral argon 
jet coincides closely with the wavelength of XRL radiation. 
The  optimal  time  delay  of  the HOH  pulse  relative  to  the 
onset of X-ray lasing was equal to 2 ps. These parameters of 
the pulses provided a maximum photon output of 1011 pho-
tons pulse–1. Using the 25th harmonic resulted in a 4.5-fold 
decrease in XRL radiation divergence. In this case, measure-
ments  of  the  spatial  coherence  performed  using  a  two-slit 
Young  interferometer  showed  that  it  became  ~4  times 
higher.  The  use  of  the HOH  raised  the  photon  output  by 
10 %. 

The stimulation of XRL emission under resonance inter-
action  of  the HOH of  femtosecond  laser  radiation with  an 
inverted working transition is a unique instrument for mea-
suring the time of gain existence in the XRL. This method was 
demonstrated in Ref. [13], where a procedure was developed 
for measuring the XRL gain as a function of time. By varying 
the time delay between the instant of XRL medium formation 
and  the arrival of  the HOH pulse  it  is possible  to  trace  the 
time evolution of the XRL gain with a time resolution of sev-
eral femtoseconds. In Ref. [13], measurements were made of 

the time-dependent gain factors in Xe8+ (Pd-like xenon ion, 
l = 41.8 nm). The plasma was produced by OFI of gaseous 
xenon. The time dependences of the gain were given for gas-
eous xenon pressures of 5 – 25 Torr (Figs 2 – 4 in Ref. [13]); in 
this case, the time of XRL gain existence shortened from 34.1 
to 5.5 ps. 

The technique developed in Ref. [13] is efficient for verify-
ing theoretical models and the atomic data values employed. 
The results of this work are in good agreement with our simu-
lations of the time evolution of the gain in Xe8+, which were 
performed in Refs [14, 15] prior to the execution of the exper-
iment of Ref. [13]. Our simulations [14 – 17] suggest that the 
lowering  of  XRL  gain  is  due  to  the  ionisation  of  Xe8+  to 
higher charge states (Xe9+, Xe10+). The duration of the output 
XRL radiation pulse  shortens with  increasing electron den-
sity as ~1/ne, which  is also confirmed by  the experiment of 
Ref. [13]. 

We note that the resonance interaction of the HOH with 
the XRL working transition radiation may lead to an increase 
in HOH intensity. In particular, in the experiment of Ref. [6] 
measurements were made of the radiation parameters for an 
XRL on Ni-like silver ions (l = 13.9 nm). Improvement of the 
l  =  13.9  nm XRL  radiation  coherence was  induced  by  the 
59th  harmonic  of  Ti:sapphire  laser  radiation  produced  in 
neon,  whose  energy  output  was  also  measured.  Upon  the 
interaction, a 400-fold increase in HOH-pulse energy (up to 
75 nJ) was recorded in Ref. [6]. 

The  idea  of  making  an  XRL  with  an  ultrashort  pulse 
duration  relies  on  the  fact  that  the pulse duration becomes 
shorter than 1 ps with increasing electron density. In this case, 
the average value of the gain may range up to several hundred 
inverse centimetres, so that the gL product ( g is the time-aver-
aged gain and L is the length of the plasma filament) will be 
sufficient for providing a high XRL photon output  even for 
L »  300  mm.  Increasing  the  electron  density  increases  the 
upper level excitation rate, the population inversion, and the 
gain, and the ionisation rate of the working ion also rises. On 
the  other  hand,  as  the  plasma  density  becomes  higher,  the 
reabsorption of photons lowers the depopulation rate of the 
lower working level, with the consequential lowering (quench-
ing) of the population inversion. 

In the present work, we calculate the energy output for a 
Xe8+ XRL for different plasma parameters for the purpose of 
determining optimal XRL schemes with subpicosecond pulse 
duration. The proposed scheme involves the use of one pump 
pulse, an axicon, and a HOH. It is noteworthy that the XRL 
experiment schemes of Refs [3 – 8] described above are quite 
low in efficiency, because they make use, as a rule, of several 
pump prepulses with a high energy. 

2. Prerequisites to the development 
of an ultrashort-pulse XRL in the plasma 
produced in the interaction of a laser pump 
with a xenon cluster jet

The prospect of making an XRL with a subpicosecond pulse 
duration relies primarily on the anomalously large cross sec-
tion for the excitation of the upper working level 4d5d (J = 0) 
in Xe8+.  The  electron  impact  excitation  rate  coefficient  for 
this level as a function of temperature was given in our earlier 
paper [16]. This rate coefficient is approximately three orders 
of magnitude  higher  than  that  for  the  upper working  level 
2p 53p (J = 0) of Ne-like argon ions (Ar8+). 
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In  the  first  Xe8+  XRL  experiment,  large  values  were 
obtained for the gL product (~10) and the pulse duration tlas 
³ 20 ps [18]. The plasma was pumped by the OFI of gaseous 
xenon in a cell. Even higher gL values were achieved in similar 
experiments that followed [19]. 

In the experiment of Ref. [12], a high-intensity emission at 
l = 41.8 nm was observed under pumping by a single pulse 
(without a prepulse) with the use of a slit nozzle, which served 
to produce a cluster jet. A Ti : sapphire laser system (10 TW, 
55 fs, 810 nm) was employed for OFI plasma pumping. The 
half-height width of the focal spot was equal to 25 mm, which 
contained  85  %  of  the  pump  energy.  The  peak  intensity  
Imaxpump  = 7 ´ 1017 W cm–2 for a pump energy of 350 mJ. The 
plasma length – the diameter of the cluster jet – was fixed: 
L = 1.7 mm. The highest output (95 ´ 10–9 J) was observed 
for ni = 7.5 ´ 1017 cm–3 and ne » 6 ´ 1018 cm–3 (see Fig. 3 in 
Ref. [12]). 

XRL  radiation  pulses  were  recorded  for  an  atomic 
density varied by a factor of 300: 1.1 ´ 1017 £ ni £ 3.3 ´ 
1019 cm–3. The xenon pressure in the stagnation chamber 
was varied  in  the 0.013 – 4 MPa (0.13 – 40 atm) range;  in 
this case, and the average cluster size increased from 50 to 
500 Å. 

We give the main merits of an XRL involving cluster jets: 
(1)  The  capability  of  absorbing  more  than  90 %  of  the 

pump  energy;  this  was  demonstrated,  for  instance,  in  the 
experiment  of  Ref.  [20]  for  rare-gas  cluster  jets  for  a  peak 
pump intensity below 1017 W cm–2. 

(2) Weak reflection of the pump beam from a cluster jet 
and the absence of debris from the plasma.

(3) The possibility of attaining electron energies as high 
as several kiloelectronvolts [21]. In other early experiments 
[22] it was determined that a high electron temperature Te 
is achieved in the irradiation of sufficiently large clusters: 
Te > 1 keV for a cluster diameter of 150 Å and an intensity 
of ~1016 W cm–2, and Te ~ 10 keV on increasing the inten-
sity to 5 ´ 1016 W cm–2 (see Fig. 9 in Ref. [22]). 

(4)  The possibility  of  controlling  the plasma density  and 
temperature  as  well  as  the  charge-state  distribution  of  the 
plasma. 

(5) For a high velocity of  the cluster  jet,  the XRL pulse 
repetition rate may range up to ~125 kHz [23]. 

A  large  number  of  parameters  that  characterise  (i)  the 
plasma and  its geometry,  (ii)  the nozzle,  the gas pressure  in 
the stagnation chamber, and the cluster size, (iii) and the laser 
pump  pulse  should  be  matched  using  a  theoretical  model. 
Then  it will be possible  to produce  the active medium by a 
single principal pump pulse. This is possible when the model 
adequately reproduces experimental data. 

The  experimental  data  of  Ref.  [12]  were  interpreted  in 
Ref.  [16] for the purpose of determining the electron tempera-
ture for each experimental atomic density; the value of Te was 
selected in such a way as to reproduce the experimental curve 
in Fig.  3  of Ref.  [12].  The  density  dependence  of Te  deter-
mined in this way was plotted in Fig. 4 of Ref. [16]. One can 
see from this Figure that the temperature Te rose from 300 to 
1000 eV with increasing atomic density from 1017 to 8 ́  1018 cm–3. 
At higher densities, the XRL output was too low [12]. 

The cluster size  is critically  important  for producing the 
high-temperature plasma  in  the  interaction of an ultrashort 
pump pulse with a cluster jet. The pulse pedestal duration is 
usually equal to several nanoseconds;  in the course of pulse 
pedestal – cluster interaction the clusters are heated, electrons 
are ejected from their surface, and the clusters expand. The 

highest Te value in the cluster nanoplasma is achieved when 
ne = 3ncr [ncr = pc2me /(e2l2)]; in this case there occurs a reso-
nance energy input into the plasma [20 – 22]. To maximise the 
energy input, the pedestal duration and intensity should cor-
respond to the cluster size: when the cluster is too small (rap-
idly expands to ne ~ 3ncr),  its disintegration takes place too 
early  (prior  to  the  arrival  of  the main  high-intensity  pulse) 
and the temperature Te  is not high. When the cluster  is  too 
large  (expands  for  too  long a  time),  its disintegration  takes 
place after the passage of the high-intensity pulse, and its tem-
perature Te is also not high. For the cluster of requisite size, ne 
lowers to 3ncr at the instant of arrival of the main femtosec-
ond pulse, and Te is highest in this case. 

The dependences of cluster size on the pressure and tem-
perature of gas  in the stagnation chamber as well as on the 
nozzle geometry have been much studied for conic nozzles of 
circular section, for which the number atoms in rare-gas clus-
ters  is  usually  determined  by Rayleigh  scattering  technique 
with the use of an empirical formula [24]. Recently a start has 
been made on the investigation of how the cluster size depends 
on the stagnation gas pressure for a slit nozzle. In particular, 
in Ref. [25] it was shown that a supersonic slit nozzle provides 
a substantially higher number of atoms in a cluster  in com-
parison with a conic nozzle. This circumstance explains  the 
high intensity of the XRL pulse obtained using a single pump 
pulse and a slit nozzle in Ref. [12]. 

The plasma electron and ion energies as functions of cluster 
size were investigated in many experimental works, for instance 
in Refs [21, 26]. In Ref. [21], a xenon cluster jet was irradiated 
by laser radiation with a peak intensity of 1016 W cm–2. In this 
work it was shown that the clustering of xenon atoms sets in 
with increasing stagnation pressure for a pressure of ~1 bar. 
With  increasing  pressure  the  cluster  size  becomes  larger, 
which results  in a rapid growth of the electron plasma tem-
perature (see Fig. 2 in Ref. [21]). The density dependence of Te 
is in qualitative agreement with that obtained in Ref. [16]. To 
extrapolate this dependence to the domain of higher plasma 
ion densities (ni ³ 1018 cm–3, which corresponds to a cluster 
size of no less than 103 atoms cluster–1), we take advantage of 
Fig. 4 from Ref. [26]. The dependence of Te on ni resulting in 
this  case  is plotted  in Fig. 1. The  inset  in Fig. 1 shows the 
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Figure 1. Plasma electron temperature Te as a function of Xe8+ density 
(ni). The initial portion of the curve, up to ni ~ 6 ´ 1018 cm–3, was calcu-
lated in Ref. [16]; the remaining portion was determined with the use of 
experimental and theoretical data of Ref. [26]. The inset shows the de-
pendence of the plasma electron temperature on the number N of atoms 
in a cluster (on the cluster size).
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corresponding dependence of Te on the cluster size. We shall 
use this dependence in the calculation of the gain g(t). 

3. Subpicosecond Xe8+ ion laser
with l = 41.8 nm

The model for calculating the XRL operation was employed 
in our previous works [14 – 17], which give references to the 
detailed description of our theoretical approach. In our cal-
culations the plasma was assumed to be a uniform cylinder 
of diameter d = 25 mm, and Te, Ti  were assumed to be con-
stant during amplification (Ti  is the ion temperature). The 
density of Pd-like Xe8+ ions immediately after OFI amounts 
to 0.9 of the total ion density ni for a laser pump intensity of 
1016 – 1017 W cm–2 [18]. As a result of the tunnel ionisation of 
xenon atoms, as determined in Ref. [18], the outer 5l electrons 
are detached and almost 100 % of the ions find themselves in 
the state with a closed 4d10 shell. In our work [16] the initial 
Xe8+  ion  density  was  determined  from  the  experimental 
dependences  of  the  photon  yields  on  the  plasma  filament 
length [18, 19]. Furthermore, also determined in Ref. [16] was 
the  effective plasma diameter. The  calculations of Ref.  [16] 
showed  that  the  initial Xe8+  density  in  the  experiments  of 
Refs  [18,  19] was  equal  to ~0.9 and 0.85,  respectively. The 
OFI of a gaseous target provides a low ion temperature Ti 
[13,  18,  19],  so  that  its  effect  on  the  laser  transition  line-
width  is  negligible;  in  this  case,  Te  may  be  equal  to 
100 – 300  eV [13, 18, 19]. When a cluster jet is employed as a 
target, the plasma heating results from the explosion of ion-
ised  clusters;  initially,  after  the  explosion, Ti >> Te,  but  the 
electron-ion thermalisation proceeds in a time no longer than 
100 fs for the high plasma density involved (ni ³ 1019 cm–3). 
That is why in the present calculation we assume that Te = Ti. 
This condition has a strong effect on the Doppler contribu-
tion to the  laser transition linewidth; at high densities (ni ³ 
1019 cm–3) the line broadening caused by collisions with elec-
trons nevertheless exceeds the Doppler broadening. 

To compare  the  results of our g(t)  calculations with  the 
experimental  data  of Ref.  [13],  where  the  plasma was  pro-
duced by the OFI of atomic xenon in a cell, we give Fig. 2. 
This Figure shows the time dependences of g  for the   l = 
41.8 nm  line of Xe8+. Like  the  experiment of Ref.  [13], our 
calculation was performed for Te = 300 eV and different pres-
sures of atomic gaseous xenon (Ti << Te). In our calculation 
the plasma diameter d = 25 mm; in this case, its variation in 
the range between 20 and 50 mm has no appreciable effect on 
the result. A comparison of Fig. 2a of the present work with 
Fig. 4 from Ref. [13] shows a very close agreement concerning 
pulse durations, the peak values of g(t), as well as the curve 
shapes. Our preliminary calculations of g(t) were given in Ref. 
[15].  The  data  reported  in  our  work  confirm  our  inference 
about the output XRL pulse duration tlas drawn in our earlier 
papers [14 – 17]: tlas shortens with increasing plasma density as 
~1/ni. 

Figure 2b shows the results of similar calculation of g(t)
performed for the same atom number densities as in Fig. 2a, 
but in this case the plasma is assumed to result from the OFI 
of  a  xenon  cluster  jet.  The  temperature  Te  is  determined 
according to Fig. 1, and Ti = Te. The changes in the form of 
dependences in Fig. 2b in comparison with those in Fig. 2a 
are caused by two factors: an increase in the linewidth due to 
an enhancement of the Doppler effect and due to an increase 
in population inversion and gain owing to an increase in Te 
with increasing ni. For low plasma densities (ni £ 1018 cm–3, 

Te £  1000  eV)  the  effect  of  line  broadening  prevails,  and 
therefore the  g(t) dependence lies below the corresponding 
curves in Fig. 2a. At higher densities (ni ³ 5 ´ 1018 cm–3, Te 
³ 5000 eV) there prevails the effect of rapid population of 
the upper working level, with the result that the peak values 
of  the  g(t)  coefficient  exceed  the  corresponding  values  in 
Fig. 2a. 

The  dependences  plotted  in  Fig.  3a were  calculated  for 
high-density plasmas [(6.25 – 43.75) ́  1018 cm–3, Te = 4 – 8 keV] 
assuming an ultrashort pump pulse (tpump < 100 fs). One can 
see that for ni ³ 3 ´ 1019 cm–3 the decay time is equal to ~1 ps 
and the target length L may be equal to only ~300 mm; this is 
due to the energy and conditions of the pumping as well as to 
the desired tlas. The quantum l = 41.8 nm photon outputs 
(N ph

out )  as functions of the target length are shown in Fig. 3b. 
We note  that  all  the  curves  approach  constant  asymptotes, 
because the radiation loss is neglected for so short a time. The 
plasma  parameters  that  correspond  to  the  highest  output 
N ph
out  » 1.7 ́  1013 photons pulse–1 for tlas » 1 ps are as follows: 

L » 300 mm, ni = 2.5 ´ 1019 cm–3, Te = 8 keV. Figure 4 shows 
how the photon output N ph

out  from the plasma volume V = 
p(d/2)2L » 1.5 ´ 10–8 cm3 in a time of 1 ps depends on ni. One 
can  see  that  the  optimal  conditions  for  the  subpicosecond 
laser utilising the  technique of OFI of xenon clusters corre-
spond to a rather narrow atomic density range: (2.25 – 2.75) ´ 
1019 cm–3. 

Evidently, to cut off the afterglow 1 ps after the onset of 
lasing  at  l  =  41.8  nm  requires  developing  a  shutter  at  the 
plasma output. 
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Figure 2. Time dependences of the gain on the Xe8+ ion transition with 
l = 41.8 nm in the plasma produced by the OFI of gaseous xenon for 
Te = 300 eV, gas pressures of 5, 10, 15, and 20 Torr, and ion densities 
ni = 1.75 ´ 1018, 3.5 ´ 1018, 5.25 ´ 1018, 7.0 ´ 1018, and 8.25 ´ 1018 cm–3, 
respectively (a), as well as in the plasma produced by the OFI technique 
in a xenon cluster jet for the same pressures and the electron tempera-
tures Te = 300, 350, 450, 600, and 750 eV, respectively (b).
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4. Conclusions

Three fundamental conditions underlie ultrashort-pulse Xe8+ 
XRL scheme with the l = 41.8 nm: a rapid excitation of the 
4d95d (J = 0) upper laser level from the 4d10 ground state; a 
fast ionisation of Xe8+ to higher charge states (Xe9+, Xe10+); a 
high gain g averaged over the 1-ps time interval. 

The charge state distribution is determined by the inten-
sity  of  pump  laser  radiation;  in  particular,  an  intensity  of 
1016 – 1017 W  cm–2  would  be  sufficient  to  produce  plasmas 
dominated by Xe8+ ions. Ordinary femtosecond lasers gener-
ate a prepulse of duration several nanoseconds, which should 
be matched to the cluster size for maximising the energy input 
from the main  femtosecond pulse. To obtain a high-tempe-
rature  plasma,  the  average  cluster  size  should  be  equal  to 
~500 Å;  such a cluster  contains no  less  than 5 ´ 104 atoms 
[26].  The  most  efficient  way  of  producing  large  clusters 
involves  the  use  of  a  supersonic  slit  nozzle  [25]  with  a  slit 
width of  500 mm;  the  transverse  section of  the  cluster  jet  is 
rectangular-shaped. We note that additional ways of cluster 
plasma heating using auxiliary pulses during its expansion are 

presently  under development  [27]. The  cluster  size  distribu-
tion  and  the  fraction of  atomic  xenon  in  the  cluster  jet  are 
special  problems. There  is  no way of  estimating  the  cluster 
size distribution by the Rayleigh scattering technique [24, 25]. 
In our calculation we rely on numerous experimental depen-
dences of  the  electron plasma  temperature on  experimental 
conditions. 

In the approach under discussion the beam of pump laser 
radiation should be directed perpendicular to the slit, so that 
the  plasma  length   L »  300  mm.  For  a  plasma  volume  of 
~10–8  cm3,  the  figure  N ph

out  ~  10
13  photons  pulse–1 may  be 

reached for ni = (2 – 3) ´ 1019 cm–3  (see Fig. 3b for L ~ 
300 mm) and a pump pulse energy of ~10 – 20 mJ. 

The reliability of the gains g(t) obtained in our work for 
different plasma parameters and, as a consequence, the reli-
ability of our estimate of the XRL photon yield are confirmed 
by comparison with the data of the corresponding experimen-
tal measurements of the time evolution g(t) [13]. We note that 
these data were partly presented in our earlier paper [15]. 

A 41.8-nm Xe8+ XRL with the indicated cluster size and 
plasma density was described in the very first experiment to 
make an XRL in the plasma produced by laser irradiation of 
a  cluster  jet  [12].  However,  the  single-pulse  scheme  of  this 
work made use of neither an axicon nor an HOH, so that the 
plasma was rather nonuniform along the radius. The pump 
laser beam and the XRL radiation were strongly defocused in 
the  propagation  through  the  rather  long  plasma  (L  = 
1.7 mm). The XRL energy was expended for the heating of 
cluster layers adjacent to the plasma. This may be seen from 
the inset of Fig. 3 from Ref. [12]. The output XRL pulse for 
the  highest  atomic  density  (~3.3  ´  1019  cm–3)  nevertheless 
turned out to be intense enough to be recorded. 

We believe that an experimental facility made for the gen-
eration of an ultrashort pulse of Xe8+ XRL radiation should 
produce  three  Ti : sapphire  laser  pulses.  The  first  pulse  is 
intended  for  plasma  pumping  in  the  cluster  jet,  the  second 
pulse should pass through a delay line and serve to generate 
the HOH, and the third one should pass through the second 
delay line to produce an ultrafast shutter which absorbs the 
residual radiation ~1 ps after the onset of X-ray lasing. For 
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Figure 3. Time dependences of the gain (a) and dependences of the photon output on the plasma length (b) for an XRL with l = 41.8 nm and an 
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Figure 4. Photon output for an XRL with a pulse duration of ~1 ps as 
a function of ion density.
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the Xe8+ XRL with l = 41.8 nm advantage is usually taken of 
an aluminium filter – a 300 – 400 nm thick  foil. The  second 
delay line provides a radiation pulse for the ultrafast ionisa-
tion (explosion) of the outer part of the foil filter, which trans-
forms  it  to a  low-temperature plasma capable of absorbing 
the  residual  part  of  the  radiation  from  the  active  plasma 
region. Modern delay lines ensure an accuracy of the order of 
several  femtoseconds.  (For  instance,  the  delay  line  in  the 
experiment of Ref. [13] was made accurate to 7 fs for synchro-
nising the HOH radiation pulse with the onset of X-ray las-
ing.) The ultrafast shutter provides a sharp termination of the 
XRL pulse. 

The experiments of Refs [20 – 23] suggest that the plasma 
is produced in the cluster jet immediately after its irradiation 
by the pump pulse. For a high plasma density the intensity of 
X-ray lasing attains its maximum within several hundred fem-
toseconds (see Fig. 3a). Therefore, in the XRL scheme under 
consideration it is possible to produce an output pulse with an 
extremely  steep  leading  edge  and  without  a  pedestal.  This 
pulse  shape  holds  promise  for  studying  ultrafast  processes. 
The scheme of the experimental facility will be detailed in one 
of our subsequent papers. 
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